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THE DESIGN OF A DYNAMIC CORROSION AND CHEMICAL CONTROL

TEST LOOP AND PRELIMINARY OUT-OF-PILE TEST RESULTS

ABSTRACT

A project having the objective of developing and demonstrating in actual
operation a system for the chemical control of nuclear reactors has been carried
to partial completion and now is temporarily discontinued because of interruption
of funds. The design developed by this project embodies a circulating loop in the
E TR, replacing one of the conventional mechanical control rods. Control of the
reactor is to be effected by varying the concentration of a boric acid solution
circulating through the loop. A second objective of the project is the performance
of long-term corrosion tests on boric acid-aluminum alloy combinations. At the
time of interruption the design was complete and 80% of the necessary components
had been purchased. These components are being held in readiness, pending
resumption of the project.

This report describes the overall loop design and the means by which this
design was developed. These include critical facility measurements, analog
computer calculations, hydraulic and heat transfer computations, and the con-
struction and operation of an out-of-pile mock-up loop to determine the dynamic
characteristics of the loop.
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THE DESIGN OF A DYNAMIC CORROSION AND CHEMICAL CONTROL

TEST LOOP AND PRELIMINARY OUT-OF-PILE TEST RESULTS

I. INTRODUCTION

1. PROJECT HISTORY

In October 1960 the Atomic Energy Division of Phillips Petroleum Co. pro-
posed that a study be undertaken to determine the feasibility of using a chemical
control system for the ATR. The objective was to determine the ability of the
poison system to maintain an arbitrary power distribution among the four lobes
of the reactor. As a part of the program, an out-of-pile loop (a full-scale working
model) was proposed for dynamic studies with a reactor simulator.

In addition to the evaluation of the concept from the point of view of reactor
shim control, considerable work was proposed which would yield information on
a wide variety of chemical and corrosion problems which would arise from the
use of a boric acid-aluminum system.

Actual work on the project began April 1, 1961, and the program was pursued
as a major effort until interrrupted in the fall of 1961 by order of the AEC. At
that time the design of the in-pile loop had been completed and majority of the
loop components had been purchased or fabricated. In addition, the out-of-pile
loop had been built and operated to obtain experimental data regarding the dynamic
characteristics of the loop. One purpose of this report is to describe in some
detail the design of the loop, and to discuss the results obtained by operation of
the out-of-pile loop. A second purpose is to show, in part by means of the photo-
graphs throughout the report, the extent to which the in-pile loop had been
carried to completion at the time of cessation of the project.

1.1 Chemical Control

Early discussions relating to the possible differences which might arise be-
tween the design of a test facility intended for operation in the ETR, and a full-
scale system for the ATR, led to the following design bases:

(1) The system would be a recirculatory one, with nuclear cleanup
and poisoning effected by the differential injection of concentrated
boric acid and demineralized water. The volume of solution within
the loop would be kept constant by the automatic maintenance of the
pressurizer liquid level, which would result in the discharge of
solution to the warm drain as rapidly as water and/or boric acid
solution was injected. This would eliminate the need for a repro-
cessing or cleanup facility which, it was felt, was a relatively
routine type of chemical engineering problem, the cost of which, in
terms of manpower as well as dollars, should not become a part of
the effort aimed at achieving true chemical control. Since the total
planned operating time as a chemical control loop was small (a few
weeks) compared to the planned operating time as a corrosion loop
( a year or more) and the estimated loop discharge volume for
chemical control was tolerable, and for corrosion work negligible,
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it was felt that with the use of natural (unenriched in B-10) boric
acid, this approach was economically justifiable.

(2) System response requirements would be upgraded to meet those
of a true control rod rather than shim control.

1.2 Dynamic Corrosion

With the establishment of early design bases for the chemical control work
came similar decisions pertaining to corrosion testing. These are:

(1) The loop would be primarily a dynamic corrosion loop, but with
careful consideration given to those design features which would
make it a dual purpose loop, meeting the requirements of the rela-
tively short duration chemical control experiments. The loop design
was in no way to be interpreted as representing a design solution to
the hardware problems associated with a full sized chemical control
system for the ATR.

(2) The purpose of the corrosion work is to yield information con-
cerning the corrosion-resistant properties of aluminum in boric
acid-aluminum systems, but the strength requirements of the loop
necessitate the use of stainless steel as a structural material.
Accordingly, the loop design specifies 316 and 347 stainless steel
with provision for the insertion of an experiment train of aluminum
corrosion samples.

2. OBJECTWES OF EXPERIMENT

The primary objective of Phase I of this experiment is to test the feasibility
of the concept of chemical control of a nuclear reactor and, subsequently, to
provide information on problems, such as corrosion, which may be associated
with this type of control. The purpose is not to test a specific loop or control
design.

It is anticipated that because of its dual nature (to serve both as a control and
a corrosion test, although not simultaneously) this experiment will not necessarily
represent the optimum in performing the functions of a conventional control rod.
Nevertheless, it is expected to demonstrate to all concerned the feasibility of
chemical control and to provide information of value to designers of future
reactors using chemical control.

It has been decided that the following tests represent the minimum necessary
to accomplish the objective of demonstrating the feasibility of a chemical control
system:

(1) Holding the reactor at each of several power levels (i 0.5%)
under normal operating conditions.

(2) Tracking a xenon transient, or a simulatedxenontransient, at a
rate of 0.01%Ak/k per second.
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(3) Taking the reactor up and down on motor-operated relay (MOR)
at constant period.

Phase II of this program will be concerned with more fundamental aspects
such as the absorption of H3B0 3 (or borate ions) on A1 203 followed by the sub-
sequent B-10 (n,a) Li- 7 reaction which will occur in the neutron field.

Some progress has been made on studies of the sorption of boric acid on
alumina and will be described later in this report.

It is conceivable, although at present there is no experimental evidence to
support this conjecture, that the energetic particles resulting from the B-10 (n,a)
Li-7 reaction (the a and Li-7 recoil nuclei have an effective total energy of 2.33 x
106 ev) could damage the A12 03 film on the aluminum surface, resulting in ad-
verse effects on the corrosion rate of the aluminum. These considerations, how-
ever, are beyond the scope of this report and will form the basis of future experi-
mental work and reports.
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II. DESIGN OF EXPERIMENTAL EQUIPMENT

1. DYNAMIC CORROSION LOOP

The loop design (see Figure 1) calls for a recirculating, top reentrant type,
featuring two primary system main pumps, heat exchangers, heaters, a pres-
surizer, an auxiliary purification system, a makeup system, and concentrated
boric acid and demineralized water pumping systems. The design also calls for
associated process control instrumentation, and instrumentation specifically
designed for conducting the chemical control experiments. This instrumentation
is described later in this report.

The design criteria of the loop for corrosion work are:

(1) Flow medium: boric acid, 0- to 50-g/l concentration, variable
and controllable

(2) Temperature: 150 to 300*F variable and controllable; measured
at the sample train center

(3) Pressure: Up to 300 psig, variable and controllable

(4) Flow rate past test specimens: 0 to 15 ft/sec, controllable

(5) pH: 5.5 to 6.5, depending on concentration of boric acid solution
used

(6) Neutron flux: 5.0 x 1014 to 1.0 x 1015 n/cm2 -sec (thermal)

(7) Gamma heating: 10 to 15 watts/g

Since the longer term use of the loop will be for corrosion testing, the maxi-
mum limits on all operational parameters are satisfied by the appropriate
selection and sizing of components, as outlined above. In some cases, the oper-
ation of the loop as a chemical control experiment will increase the required
range of some of the hardware components, but in all cases design solutions were
obtained which resulted in a wide choice of all operating parameters.

Basic design solutions to the various operating criteria listed above are as
follows:

(1) Flow medium: A continuous recirculating system employing
canned motor pumps (Figure 2) is used. Two pumps in series, one
on commercial power and one on failure-free power, provide the
required degree of dependability. The pumps are sized so that one
pump has the capability of maintaining minimum flow requirements
at any time. The design solution to the requirement of variable,
controllable boric acid concentration is to differentially inject into
the main stream boric acid and/or demineralized water at a point
on the in-pile tube as close to the top of the core as is feasible.
This is accomplished by two secondary pumping systems, one for
the H3B03, and one for the water. Since the system is normally

4
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under pressure at times of demand,
positive - displacement - type pump s
(Figure 3) are used, and sized for peak
demand flow rates. A boron detector
measures the boron concentration of the
main stream, upstream of the in-pile
tube, and for corrosion work this is com-
pared to a controller set point with a
given concentration being maintained.
Since, for corrosion work, boron concen-
tration modulation requirements come
only from burnup, the injection system
would operate only a small portion of the
time, and reliability and freedom from
maintenance are a maximum. Other types
of injection pumping systems were con-
sidered, some of which would give better
response for chemical control, but they
involved continuously operating rec ircu-
lating subsystems, and since the demands
upon these systems for corrosion work
are infrequent and of short duration, the
first design solution is used.

(2) Temperature: Line heaters, shown
in Figure 4, downstream of the in-pile
tube, controlled by a temperature con-
troller - magnetic amplifier - saturable
core reactor system, provide stepless
control to heat power input. This heat
power input is bucked against a cooling
function provided by cooling heat ex-
changers located downstream of the main
pumps. This makes possible close control
of inlet temperature and improves
system response.

Fig. 2 Photograph of canned motor pump. (3) Pressure: The heater -pressurizer
system of pressure control is used to

provide and maintain system pressure. The heat power input is a
separately controlled system, and the components are sized to
provide only enough heat to maintain the required steam dome and
associated pressure. This system also is the basis for the off-gas
system for removal of radiolytic hydrogen and oxygen which is
described in detail later in this report.

(4) Flow rate: A flow-measuring system utilizing "Gentile" (Foster
Engineering Co.) flow tubes for primary flow-sensing elements
(Figure 5), and a transmitter-recorder-controller flow control valve
for the remainder of the system is used. Flow tube outputs are
standardized at 0 to 50 in. of water for various flow ranges, hence
multiple elements in line are used. This makes possible standardiza-
tion of transmitter input signal range, keeps pressure drops across
the flow elements low, and improves system accuracy.

6
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Fig. 5 Photograph of primary flow-sensing

element.

Fig. 4 Photograph of line heater assembly.

(5) pH: This is fixed by the concentration
of the boric acid main stream.

(6), (7) Neutron Flux and Gamma Heat-
ing: Position J-12 in the ETR was
selected for insertion of the experiment.
As early design work proceeded, some
uncertainty existed as to the exact core
position that would be used, so a gamma
heat generation rate of 15 watts/g was
used as the basis for designheat transfer
calculations.

1.1 In-Pile Tube Design

The corrosion in-pile tube design (Figure 6) largely duplicates the design
solution to the requirements of the chemical control in-pile tube. Here the flow
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Fig. 6 Cross sectional drawing of dynamic corrosion in-pile tube assembly.



velocities, flow annuli ratios, and other details had to satisfy certain inflexible re-
quirements, which are discussed in detail later inthis report. To avoid designing
two separate and different tubes, the chemical control tube was designed with the
inner flow tube assembly removable from the outer pressure tube. To change
from chemical control operation to corrosion loop operation, the inner portion of
the chemical control in-pile tube is removed, and in its place is inserted a cor-
rosion train flow tube assembly. The outer pressure tube remains the same for
both types of experimental work.

The test specimens are 11/16 in. wide x 8 in. long, and are assembled into
the specimen holder three in parallel, and in two groups of three each in series.
The holder is Coors ceramic type Al-200, fired and finish ground to dimension.
A ceramic is selected for the specimen holder to prevent galvanic corrosion of
the specimens. Eight slots are provided in the outer surface of the specimen
holder to accommodate four flux wires and four thermocouples. The ends of the
thermocouples are fed through slots in the specimen holders, and sense bulk
water temperature in the specimen flow channel at different vertical heights.
The upper end of the specimen tube assembly features a modified Amphenol
receptacle AN-3102A-22-27S to permit uncoupling of thermocouple extension
leads for specimen train removal.

1.2 Instrumentation and Supporting Equipment

All process control instrumentation (Figure 7) is Minneapolis Honeywell
"Electrik-Tel-O Set". All-electronic (all-transistorized) instrumentation is used
for the following reasons:

(1) All transmitters have a 4 to 20 ma proportional output. This
signal is compatible with the ETR data logger and may be used with-
out reconditioning.

(2) The cost of installation is less, arising from the difference be-
tween pulling wires in conduit, and running many hundreds of feet
of 1/4-in, tubing for pneumatic transmitter output.

(3) Transmitter ranges are very easily changed in the field by the
replacement of a small spring.

(4) System response (excluding transmitters) is many times faster,
making for better controllability.

(5) If the response of the bellows-type transmitters should prove
inadequate, they may easily be replaced with unbonded strain-gage-
type transmitters having very high frequency response character-
istics, the output of which is easily made compatible with the
receivers.

(6) Using all-electronic current-sensitive systems made possible
the design of an all-electronic set point system having greater
accuracy and which is much less sensitive to vibration than com-
parable pneumatic systems.

1.21 Primary Sensing Elements-Flow. The primary flow-sensing elements
are Gentile Flow Tubes (Foster Engineering Division of General Controls). A

9
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photo of a typical element is shown in Figure 5. They are designed for a 0 to
50 in. of water differential pressure output at the instrument impulse lines for
the particular flow range which they are intended to measure. This type of sensing
element is used because it introduces a minimum unrecoverable head loss, and
is readily designed for welding into the system. A butt weld end preparation is
specified which enables the manufacturer to assemble the elements into their
calibrating test loop using compression fittings with nylon ferrules; thus, no
ferrule damage requiring remachining is experienced. Individual calibration
sheets are furnished for each element, giving the value of the element flow co-
efficient for the following expression:

gpm = C (G) 0.5 gal/min

where

C 1 = element flow coefficient (dimensionless)

H = pressure drop (inches of water)

G = specific gravity of flowing medium at specified operating temperature

Thermocouples are provided adjacent to all flow elements throughout all
flowing systems for measuring the bulk temperature. This permits the determi-
nation of a correction factor to be applied to the instrument output, for flow-
medium temperatures different from flow-element design specification.

All flow elements have attached to them a metal tag on which is stamped
(along with other information) the throat diameter. This proved to be a calculated
value rather than an actual value as
inspection using an optical comparator
revealed that the manufacturer had found
it necessary to progressively ream the
throat diameter during calibration runs
to achieve the specified AP versus gpm
rating. Quality of workmanship on all
elements is excellent. The first 10% of
output is not accurate, and elements
should be sized on 15 to 100% of flow
basis.

1.22 Transmitter -Flow, AP, and
Liquid Level. The Minneapolis Honey-
well "Electrik-Tel-O Set" systems are
used for the measurement and control
of most of the process variables. These
transmitters are the Electrik-Tel-O Set
AP/I type and are shown near final stages
of assembly in the cubicle structure in
Figure 8. Input is 0 to 50 in. of water
(0 to 300 for tube AP), with a 4 to 20 ma
proportional output. Detailed specifi-
cations appear in Minneapolis Honeywell
specification sheet FS301-7.

a

.

Fig. 8
cubicl

e.
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1.23 Very Low Flow-Sensing Elements. There are four places in the loop
where the flow rate is so low as to require a different type of primary flow-
measuring element. The flow through the crud probe, ion exchange column, and
the H3BO 3 and demineralized water injection flows are all measured by an in-line
integral orifice Foxboro 14-A flow transmitter. These have a range of 0.003 to
5.0 gpm through the use of five interchangeable orifices. The output is a 3 to 15
psi proportional pneumatic signal which is transduced to a 4 to 20 ma proportional
signal for input to the all-electronic control systems.

1.24 Main Loop Pumps. The two main loop pumps are the centrifugal,
canned motor type (Figure 2). They are installed in series, and each is electri-
cally connected to an independent power supply, one of which is failure-free, and
the other commercial power. Maximum flow rate is 10 gpm at 430 ft (of water)
head with two operating in series. They operate in a vertical position, motor end
down, and feature two-way double-pivot-shoe-type (Kingsbury) thrust bearings.
Operating the pumps vertically, motor end down, minimizes the possibility of
entrained gas getting into a bearing surface, and causing bearing failure. The
pumps have a mean time to failure rating of 9000 hr (continuous operation).
Suction and discharge nozzles are machined with socket-weld-type end prepa-
rations. Hot loop performance tests at rated pressure, temperature, and flow
rates were conducted with the pumps connected in series, and two- and one-pump
performance data obtained.

1.25 Heat Exchangers. All heat exchangers (Figure 9) are "Heliflow"
(Graham Manufacturing Co.) type, constructed of 347 stainless steel, and conform
to ASME code requirements. The only difference between heat exchangers is the
size and number for each application based upon a 50% maximum flow rate through
the pressurizer, a 100% flow rate through the cooling heat exchangers, and a
10% flow rate through the ion exchange system. Heat transfer calculations on the
in-pile tubes established the design basis for them and are tabulated in Tables I,
II, and III. The extremely small flow rate through HE-1 for chemical control
operation resulted in such a low value for the overall heat transfer coefficient
U that five in series are required. Tables I, II, and III list the operating re-
quirements, and each case was calcu-
lated to find the dominant operating re-
quirements, as U varied with flow. 3

1.26 Ion Exchange System. The ion
exchange system is designed for the
removal of corrosionproducts and traces
of lithium (formed by decomposition of
boron-10) from a boric acid solution. A
maximum temperature of 250 F, a mini-
mum bed life of four weeks, and a
working pressure of 300 psig are design
criteria. The system will also remove
traces of cations which might be present
as impurities, derived from the equip-
ment.

The results of preliminary labora-
tory work have indicated that probably no
anions other than borates will be present
in the loop solution, and on this basis a

)

Fig 9 Hetechne. Ti cniurto
is typca ofalha xhngr ntelo)
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TABLE I

DATA FOR HEAT EXCHANGER HE-1

T

Number: Five in series

Area: 147.5 ft 2

Tube side: 1/4 - 21 BWG

Type: Regenerative interchangee)

Flow Rate(a) (gpm)

1 1-2

280 220T (b) (*F)

T2(c) (*F)

t 1 (d) ( F)

t2(e) (*F)

(a) Pressure: 300
H5B03. pH: 5

1 1
1-2 1-2

320 420

415 415 415 425 415 415

430 430 430 430

295 235 335 425

psig (nominal) tube
.5 to 6.5.

3 3 28-2 -2 _4-2

183 283 383 161 261 361

415 415 415 415

430 430 430

176 276 376

Medium: 50 g/1

430 430 430

198 298 398

and shell side.

(b) Primary inlet temperature.

(c) Primary outlet temperature .

(d) Secondary inlet temperature.

(e) Secondary outlet temperature.

hydrogen cycle cation exchange resin (Nalcite HCR-W) may be used. This resin
will remove only the metallic cations, converting the lithium, aluminum, or iron
borates to the free boric acid. Initial full-scale operation of the loop will confirm
this, by the installation of Nalcite HCR-W in the hydrogen cycle column. The
generation of a strong acid such as HC1 or H2SO4 by the hydrogen form of the
resin will result in a marked drop of the pH in the effluent solution. This test will

13
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TABLE II

DATA FOR HEAT EXCHANGER HE-2

t, - 1-

[~A~~]

-v-il

Number: Two in parallel

Area: 59 ft2

Tube side : 1/h - 21 BWG

Tube and shell inlet and

as shown

discharge connections may not be interchanged.

Primary Stream Flow Rate(a) (gpm)

2

T (b) ( F) 280

T2 (c) (*F) 130

t1 (d) (*F) 120

t2 (e) (*F) 150

3 3
230 330 )i

130 230 J

-- 120

- 150

6 6

190 290

6 9

390 170

130 230 330

-- - 120

- - 150

9 9

270 370

130 230 330

- - 120

- - 150

(a) Flow rate at t1 and t2 to suit.
Pressure at t1 : 230 to 200 psig

(b) Primary inlet temperature.

(c) Primary outlet temperature.

(d) Secondary inlet temperature.

(e) Secondary outlet temperature.

Pressure at T1: 350 psig.
maximum available.
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TABLE III

DATA FOR IEAT EXCHANGERS HE-3 AND HE-4

HE-3 HE-4
T

5

T1  T2 T2  T

T4 t 2 t 1

Number: One each as shown

Area: 6.31 ft 2 each

Tube side: 1/4 - 21 BWG

HE-3: Tube and shell inlet and discharge connections may be
interchanged. This is a regenerator (interchanger).

HE-4: Tube and shell inlet and discharge connections may
not be interchanged.

T1 : Primary inlet temperature

T2 : Primary outlet temperature

t1 : Secondary inlet temperature

t2 : Secondary outlet temperature

Main Process Stream Flow Rate(a) (gpm)

0.2 0.3 0.6 0.9

Tl ("F) 130 330 330 330

T2 (*F) To suit To suit To suit To suit

T ( F) 110 110 110 110

T4 ( F) 105 105 105 105

T5 ( F) To suit To suit To suit To suit

(a) Main process stream system pressure at T1 = 350 psig (nominal).
Auxiliary cooling water temperature at t1 = 100 F at 230 to 200 psig
(maximum). Flow rate at t1 to suit.
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be used for corroborating evidence as to whether demineralization resin mixtures
are required. If the need for only a cation exchange resin is confirmed, Nalcite
HGR-W, which is a 10% cross-linked resin which has had intensive use in hot (240
to 270 F) process service, may be used. Use of this resin presupposes the re-
moval of dissolved oxygen. Should early operating tests indicate the need for a
mixed bed resin, then equal amounts of Nalcite HCR-W and SBR may be used. The
SBR will be in the borate form. These resins will remove all cations other than
hydrogen ion and all anions other than borate ion from solution.

The vessels (Figure 10) are designed for filling and emptying by flow and
sluicing of the spent and new resins.

1.27 H3BO3 and LDW Injection Pumps. The H3BO 3 and low-pressure de-
mineralized water (LDW) injection flow rates are 0.4 and 2.0 gpm, respectively.
The flow analysis is given in Appendix L Milton Roy Constametric positive-
displacement pumps (Figure 3) are used for all injection and makeup systems,
all being 1/2-hp units, with the following performance specifications:

(1) LDW Injection Pumps:

(a) Flow medium temperature: 130 F

(b) Working pressure: 300 psig

(c) Plunger diameter: 1.125 in.

(d) Capacity range: 0.055 to 1.08 gpm

(e) Strokes per minute: 93 maximum

(2) H3B0 3 Injection Pumps:

(a) Flow medium temperature: 130 F

(b) Working pressure: 300 psig

Fig. 10 Ion exchange columnns (rear), off-gas diluting vessel (front, left), and B-10 detector (front,
right).
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(c) Plunger diameter: 0.625 in.

(d) Capacity range: 0.013 to 0.26 gpm *

This type of positive-displacement pump is used because of its high degree
of reliability, and because the delivery is nearly pulse-free. The pump head is
the dual piston type, cam driven. The cam profile and the phase relationship be-
tween the two driving crank arms is such as to produce nearly pulsation-free
delivery. However, out-of-pile dynamic tests with Statham unbonded, strain-gage-
type pressure transmitters indicated the need for accumulators in the pumping
system, to remove the remaining small pressure surges. The pump output
diagram is shown in Figure 11.

3
4

2

Discharge

Total Pump
Delivery

Suction

6 5

TIME

1, PLUNGER DISCHARGES AT MAXIMUM FLOW AND CONSTANT RATE

2, PLUNGER 1 AT START OF DECELERATION

3, CROSSOVER POINT WHERE PLUNGER 1 DISCHARGE EQUALS PLUNGER 2 DISCHARGE

4, COMBINED DISCHARGE OF PLUNGERS 1 AND 2

5, END OF PLUNGER 1 DISCHARGE STROKE, AND START OF PLUNGER 2 SUCTION

6, END OF PLUNGER 2 SUCTION AND START OF DISCHARGE

7. MAXIMUM DELIVERY, PLUNGER 2

Fig. 11 Plot of injection pump flow rate vs time.

* Subsequently modified to 0.025 to 0.5 gpm with change in main-loop flow rate.
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Two LDW pumps are driven simultaneously, as the required flow rate is
approximately double that of the largest available size in the type of pump. The
controls for the pumping system are described later in this report.

1.28 Pressurizer and HE-2 Bypass Flow Control. Close control of bypass
flow through both the pressurizer and HE-2 are required. To accomplish this,
in each application, two identical single-plug-type flow control valves are used,
operating simultaneously in opposite directions from the same signal. The plug
flow characteristic is linear, so that the sum of the flow through the two valves
is constant with valve stem position. The advantage of this type of system over a
single three-way valve is improved controllability and linear-control charac-
teristics. Three-way valves featuring double-skirt, guided v-ported plugs would
not afford the required close control and freedom from leakage after being welded
into the system at the three ports. A photograph of the pressurizer vessel is
shown in Figure 12.

Fig. 12 Loop pressurizer.

1.3 Parameter Studies

1.31 Main Pumping System Flow Rate. The calculations establishing the
flow rate for corrosion testing are given in Appendix A. The maximum flow rate
is determined by the requirement of a maximum velocity of 15 ft/sec past the
corrosion specimens. Preliminary in-pile corrosion tube design led to the es-
tablishment of 10.8 gal/mmn as achievingthe required velocity in the test section,
past the necked-down portion of the test specimens.

1.32 Demineralized Water and Boric Acid Injection Systems PumpingRates.
The flow rates for these two systems are determined from the requirements of
the chemical control experiment, and the detailed calculations are given in
Appendix B. For corrosion experimentation work, the demands upon these two
pumping systems will be those arising from B-10 burnup. The boron detector-
concentration controller system is set to maintain a given concentration through-
out a given experimental run, and small deviations in concentration from a set
point will result in corrective injection pumping action. These pumping demands
are less than the demands made on the system for maintaining reactor control.
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1.33 Flow and Pressure Drop. Based upon an equivalent 250 ft of 3/4-in.-
od x 0.065-in.-wall, seamless, stainless steel tubing and a pumping rate of 10
gal/min, the total head loss is calculated to be 430 ft. These calculations are
shown in detail in Appendix C. This is the sum of tubing friction losses, test
section losses, and flow control valve losses. For good control over the required
range of flows, 50% of the loop AP is assigned to the control valve, resulting in a
Cv value of 1.4.

1.34 Heat Transfer. Heat generated in the corrosion and chemical control
in-pile tubes is derived from gamma heating in all materials, the basis for which
is 15 watts/g, and the heat from the (n,a) reaction in the boric acid solution, the
basis for which is 35 watts/g. With the flows noted in Tables I, II, and III the
maximum heat load is 5.5 x 105Btu/hr for HE-1, 1.5 x 105 Btu/hr for HE-2, and
9.6 x 104 Btu/hr for HE-3 and HE-4. Each heat exchanger in HE-2 is designed
to take 90% of the total heat load.

1.35 Off-Gas System. The B-10 (n,a) Li-7 reactionproduces highly energetic
particles which, when the irradiated boron compound is in water solution, results
in a high rate of production of radiolytic H2 and 02 in the stoichiometric
proportion for water. This explosive gas mixture, if allowed to accumulate any-
where in the loop, could present a serious hazard. A quantitative estimate of the
rate of gas generation under the in-pile conditions was necessary in order to
design the off-gas system to remove this explosive hazard. Since the literature
contains references [1, 2, 3] to this radiolytic gas generation only at low boric
acid concentrations and low neutron fluxes it was deemed necessary to determine
the gas generation rate under conditions similar to those anticipated in the in-pile
control and corrosion test loops. Accordingly, capsule experiments were per-
formed in the hydraulic rabbit facility of the MTR [4], showing a production rate
of 1.28 liter (STP) of H2 per liter of solution per 1 x 101 6 nvt of exposure for
20 g/1 natural H3 B03 solution, together with one-half this quantity of oxygen. This
extrapolates to give an estimated 0.7liter of H2 + 02 at STP per liter of solution
per minute as the rate of production of H2 + 02 in the in-pile control tube for a
boric acid concentration of 10 g/1 and a thermal neutron flux of 2 x 1014 n/cm2

sec.

The design objectives of the off-gas system (Figure 13) are:

(1) To provide flow control of the off-gas stream as a function of
the amount of H2 being produced.

(2) To provide simultaneous proportional flow control of air (as a
diluent), keeping the H2 and 02 concentration in the off-gas stream
always below the explosive point

(3) To obtain a continuous record of the production rate of H2. The
gases, H2 and 02, resulting from the (n, a) reaction accumulate in
the steam dome as a noncondensible gas mixture.

The ratio of (H2 + 02) to steam must be kept below the explosive point. To
accomplish this, an off-gas stream (consisting of H2 + 02 + steam) is bled off
from the top of the pressurizer, allowed to flash across a flow control valve, and
is discharged into a diluting vessel where it mixes with incoming air. At all
times this gas mixture containing H2 and 02 is kept diluted sufficiently to be well
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OFF GAS
--- TO VENT HE ADER --

I HEAT EXCHANGER

$---2 PR COOL ING H

0 m WATER ANALYZER

F P/I -12O- - - A

IP/ F T - 2 20 psig r-- - - - r --- , - - -

INST. AIR SUPPLY 3-15 psig H~M~-~ .I Mv/I - H2R -2 -

FR-12-2 FRC-12-I HMv/I-IIISF - Tr

H2RC-I-II -F -2 2 l.
-- F C - - - - - - - -- r-- - - - -- --- -JI- R

ERROR J HIJ A HINN-HI

CONTROL- i cp-B HI HI-HI

I 4-20ma '_HEC-5

PV F I/P - 12 -ISECONDARY COOLING COMPUTER COMP.-

TRAVEL LIMIT -~ I/P 225*F 4 xB=KC
SWITCH - 35 psig

psig CONDENSATE TO c4-4--20 ma
AN DRAINN HEADER

CLOSED DILU-TING L_-_._ K

VESSEL

300 psia FCV-257 I 232F F I/P-2-2 20 psig

PROCESS OFF-GAS 50psia - -
ST RE AM 50 psia PRV si

FCV- 345

INST. AIR SUPPLY

100 psia

-AIR (DILUENT)

I P P Co.-C-43%6

Fig. 13 Off-gas control system instrumentation and flow schematic.

below the explosive limit. This is cdoled, the condensate removed, and the
combined flow of gas and air is measured. A sample stream is simultaneously
analyzed for H2 , and the output from the H2 analyzer is fed into a controller. As
the H2 concentration changes, an error signal is generated which is fed into a
flow controller (cascade control) to modulate the off-gas flow rate. The output
from the flow controller modulates the flow of both the off-gas stream and the
air-diluent flow. Finally the output of the flow transmitter (FT-12) and the H2
analyzer is fed into a computer (multiplier) the output of which is recorded and
is in terms of volumetric units of H2 per unit time. Detailed design of the valves
Cv selection, and control of the AP across them, permit the achievement of
proportional off-gas stream/air (diluent) control.

2. CHEMICAL CONTROL LOOP

The description of the loop under II-1 of this report applies here for the
requirements of the corrosion experiments. All physical equipment is identical
except that when the loop is operated for the control experiments, a different,
inner flow-sleeve assembly is used in the in-pile tube, and additional instru-
mentation is used for reactor control.

2.1 In-Pile Tube Design

The in-pile tube is shown in Figure 14. The principal feature is the small
downward-flowing outer annulus and the relatively large upward-flowing inner
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MANIFOLD BLOCK A FLEXIBLE CONDUIT
TO REACTOR TANK NOZZLE

MAIN PROCESS STREAK

MAINI

M RETURN

PROCESS STREAM INLET

-DEMINERALIZE WATER INLET
I r TOP OF REACTOR CORE

I '-CONCENTRATE HBOs INLET

WATER INJECTION HOs INJECTION
MULTIPLE INJECTION PORTS MULTIPLE INJECTION PORTS

EVENLY SPACED AROUND EVENLY SPACED AROUND PPCa-E-460

Fig. 14 Cross sectional drawing of in-pile tube for chemical control loop.



flow path. A plot of p (where p = reactivity) vs control rod position for the ETR
(Figure 15) shows two points of inflection at each end. To avoid introducing an
additional change in the time rate of change of reactivity with position, the outer
annulus was designed to produce not more than 0.1% per second, Ap to avoid the
possibility of control system instability. Points of injectionfor water and concen-
trated H3B03 are located as close to the top of the core as possible to minimize
transport lag.
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Fig. 15 Plot of reactivity vs position for E TR control rod.

2.2 Process Control Instrumentation

All instrumentation for process control, as has been described for the
dynamic corrosion loop, is used unchanged for the chemical control experi-
mentation. Additional instrumentation for reactor control and B-10 concentration
measurement is used and described later in this report.

2.3 Calculations for Model Design

Due to the complexity of the loop, much of the data that were needed would
have to be empirical in nature. For this reason it was decided to build a full size
mock-up. This allowed testing many components under conditions similar to those
expected during actual in-pile operation. The nature of the demands on the loop
both as a corrosion test and as a control system required knowledge of the
operating characteristics of many components under both conditions.

From isometric drawings of the cubicle layout, the loop line sizes and lo-

cations were determined. The vessel volumes were measured and calculated

from detail drawings. Equivalent pressure drops were then computed for various
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sections of the loop. It was planned to obtain these drops by the use of valving
in the mock-up.

The "in-core" portion of the out-of-pile control tube was a replica of the
one designed for reactor use. It was anticipated that the fabricated reactor in-pile
tube would be tested in this loop prior to insertion in the reactor.

2.4 ETRC Measurements

In order to fix the design of the in-pile tube used during the control phase of
operation, it was necessary to obtain the reactivity effects of boric acid solutions
as a function of tube configurations and sizes. The necessary tests were con-
ducted principally in the J-10 position of the ETR Critical Facility (Figure 16)
and some correlation measurements were made in a possible alternate position,
I-12. The mock-ups consisted of core-length aluminum tubes in either parallel
or concentric configurations (Figure 17) in which the concentration of the boric
acid-water solution was varied. Table IV summarizes in detail the dimensions
and volumes of these containers. To determine the coupling between tubes, the
concentrations were varied independently.

A B C D E F G H / J K L M N O P 4 P

PC.P F.C.

5 6

#I

S8 9 11 /

/S13 3 / 4

Source

Rod Number

Inserted Rod

D
D

Withdrawn Rod

Fuel Element

D Experimental Position

Li Beryllium

- Aluminum

-- Beryllium Oxide

PPCo.-B-4603

+ I _ _ _ _ _ 1 l J
Fig. 16 Diagram of ETR Critical Facility.

Sizing of the in-pile control test section was based on some given design
parameters. These included the requirement that the maximum rate of change
of reactivity (Ak/k) should not exceed 0.1% per second. It also was decided to
limit the amount of reactivity change to 0.35%, which is comparable to the worth
of the existing ETR regulating rod. Due to the considerable self-shielding of the
solution at higher concentrations, it was felt necessary to have a test section of
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Control Rod Guide

H 3 803

H 3 B03

Tank Water

PARALLEL TUBES CONCENTRIC TUBES

Fig. 17 Arrangement of aluminum cans in the two types of boric acid containers for ETRC measure-
ments.

TABLE IV

SUMMARY OF GEOMETRY DATA FOR CONTAINERS

Geometry
Classification

Parallel tubes

Parallel tubes

Parallel tubes

Parallel tubes

Concentric tubes

Concentric tubes

Tube Diameter
(in. od)

Large
Tube

1-1/4L

1-1/2

1-1/4

Small
Tube

1-1/4

Volume of Boric Acid
(1)

Large
Chamber

0.581

1/2 0.825

1/2 0.545

1-3/8 1/2 0.677

1-1/2 1-1/4 0.545

1.890 1-3/8 0.677

Small
Chamber

0.581

Total

1.162

0.063 0.888

0.063 0.608

0.063 0.740

0.101 o.646

0.316 0.993

sufficient size to insure a worth of 0.35%
Ak/k when the concentration was not more
than approximately 12 g H3B03/liter.

The above considerations resulted in
the design of a reentrant-type test section
having an outer tube of 1.50 in. diameter
x 0.049-in, wall thickness and an inner
tube of 1.305 in. outside diameter x
0.035-in, wall thickness. Detailed calcu-
lations are given in Appendix B. It is
planned to verify these data in the ETRC
with the fabricated test section prior to
reactor insertion. Figure 18 gives the
computed reactivity vs concentration
curves.

0.5

_ 0.4

N I

0.

w
0.2-

z
0,1-

Both AnnuFlled-

Inner Annulus Filled

Outer Annulus Filled

5 10 15 20 25 30
H3 B03 CONCENTRATION (g/f)

Fig. 18 Computed negative reactivity vs
H3B03 concentration in the in-pile tube (1-
1/2- x O.049-in.-wall ss tube plus 1.305-
x 0.035-in.-wall ss tube).
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3. DESCRIPTION OF THE OUT-OF-PILE LOOP

A schematic of the out-of-pile loop is shown in Figure 19, and a photograph
of the completed loop without special instrumentation is presented in Figure 20.
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Fig. 19 Schematic diagram of out-of-pile loop.

The main circulation portion of the loop consisted of a mock-up of the test section,
the tubing runs from reactor to cubicle, the main circulation pump, and the
pressurizer, ion-exchange, and heat exchanger bypasses. For the purposes of
the test, it was felt the loop could be constructed of aluminum tubing and vessels
as the temperature would generally be ambient. Pressure taps were located
throughout the loop and were connected into the master panel (Figure 21) in such
a manner that the pressure drop between any two instrumented points could be
determined. Rotameters were installed in the bypasses and one was installed
in the main line for the purpose of calibrating the control valves that regulated
the flow in these bypasses. Some instrumentation used in the main loop was
scheduled for later use in the in-pile system. These included the flow elements
(FE-101 and FE-102) upstream and downstream from the test section, their
associated transmitters and recorder-controller, and the pressurizer level con-
trol instrumentation. Two control valves, the main loop and the pressurizer
discharge, also were scheduled for use in the in-pile loop.

The injection system consisted of water and heated boric acid solution make-
up tanks, two positive-displacement pumps, and two integral orifice meter trans-
mitters. Both the pumps and the transmitters were scheduled for reactor operation
and will be used in the in-pile loop. This type of injection system was designed
primarily for use in the corrosion loop, and a considerable amount of operation
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Fig 20 Phtgah foto-plop

was carried out with these pumps in the control system study to determine their
adequacy when used in the control phase of the reactor loop.

4. MEASUREMENT OF BORON CONCENTRATION IN SOLUTION

The concentration of the boron solution in the in-pile section of the loop is
analogous to the position of a conventional control rod. Accordingly, a means of
quantitatively determining boron concentration in the in-pile section of the loop
is needed. This is to be accomplished by means of a boron detector placed to
examine the solution emerging from the in-pile section.

The boron detector which was developed initially consists of a somewhat-
enlarged flow section with a neutron source centered in it and an array of BF3
chambers mounted around the outside. The solution serves as a neutron moderator
since it occupies the space between the source and the detectors. The number
of neutrons reaching the detector is a function of the boron concentration. This
preliminary setup, which is shown in Figure 22A, consisted of a linear amplifier
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Fig. 21 Photograph of master panel for out-of-pile loop.
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Fig. 22 Boron concentration measurement system.

and a count-rate meter feeding an analog voltage both to a recorder and a com-
puter. With this system it was necessary to use several BF3 chambers to produce
a count rate great enough that prohibitively long integration time constants were
not required.
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A second arrangement was tested where the BF3 chamber current was
measured by a micromicroammeter as shown in Figure 22B. This method pro-
vides fast response to loop concentration changes and requires only a single BF3
chamber. A small capacitor on the micromicroammeter output suffices for
smoothing of the randomly occurring events. As may be noted the chamber,
micromicroammeter, and high-voltage (5000 volts) power supply are connected
in series while at the same time permitting both the micromicroammeter and
the high-voltage power supply to be grounded. Referring to the schematic, CR1
is a biased diode which prevents excessively high potentials from being impressed
on the micromicroammeter in the event of a fault in the system which might
allow this potential to rise to the full power supply level. The chamber case is
above ground by only the diode bias of 1.5 volt.
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III. PHASE II PROGRAM - RESULTS OF EXPERIMENTAL
MEASUREMENT OF THE SORPTION OF BORIC ACID ON ALUMINA

The study of liquid-phase sorption on three aluminas has served to indicate
the maximum and minimum sorption that might be expected on an alumina
surface. Two of the aluminas (beta-trihydrate and alpha-trihydrate) were acti-
vated at 400 C so that the principal constituent was alpha-monohydrate. These
gave appreciable sorption of boric acid. The third alumina, a hydrated alpha
alumina heated to constant weight at 100 C, gave negligible sorption of boric acid.

The Freundlich isotherm (at 38 1*C) for the sorption of boric acid on an
alpha-trihydrate alumina activated at 400 C for 50 hr can be represented by
the equation

X = KCn

where K = 0.014 to 0.018

n = 0.87 to 0.97

X = mg boron/g Al 2O 3

C = mg boron/liter of solution

The two values on the K and n of the equation for the alpha-trihydrate result from
the analysis of solids and from the analysis of liquids, respectively.

The equation for the room temperature (28 to 32 C) sorption of boric acid
on the activated beta-trihydrate was found to be X = 0.011 C1 .0 1 . This equation
represents the data for a concentration range of 5.8 to 4160 mg/l of boric acid
solution.
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IV. OPERATION OF THE OUT-OF-PILE LOOP

1. LOOP PARAMETER STUDY

1.1 Main Circulation Loop

The data were obtained for two purposes: to provide some knowledge of
general loop parameters and to find frequency response information for appli-
cation to the analog computations program. As the tests were being conducted,
several design changes were made in the in-pile loop and data obtained prior to
this time were no longer applicable in some cases. One of the major changes
involved changing the steady-state loop flow from 2 gpm to 4 gpm in order to
decrease the residence time of fluid in the in-pile portion of the test section. The
mock-up loop was designed primarily for operation in the 2-gpm range and,
therefore, the data were obtained mostly at this condition.

Initial operation of the loop involved determination of pressure drop-flow
correlations in the main circulation lines and all of the bypasses. The bypass
control valves were then calibrated to allow varying the loop flow conditions
during the complete system study. These calibrations are not applicable to the
in-pile loop as it will not use the same type of control valves. However, the per-
cent of total loop flow and pressure drops in the bypasses are comparable to those
planned for the in-pile system. The main loop control valve was then installed
and several tests were run on this component. These tests included the determi-
nation of valve pressure drop vs true valve stem position. The recorder scale
reading in the pressurizer level control system was calibrated against fluid level
in the pressurizer vessel. This procedure was necessary as the controller set
point is in terms of scale reading and it was desired to maintain a continuous
record of liquid level in the pressurizer. The flow elements upstream and down-
stream were calibrated against a standard rotameter in the same line. As the
main-loop flow-control set point is also in terms of chart reading, it was neces-
sary to calibrate the flow elements both in terms of recorder scale reading and
pressure drop across the elements.

To find the delay times and mixing
throughout the loop, ink injections of
given duration and concentration were
made at various points. Light-detector
units were used to determine the change
in light intensity resulting from the ink
injection and this change was then
calibrated in terms of concentration
change. The units consisted of a light
source located on one side of the flow and
a photocell network on the other side. A
schematic of the unit is shown in Figure
23. One detector was placed immediately
downstream of the injection point in order
to determine the shape and length of the
ink front. The other light detector was
placed at some other location and the
delay times and amount of mixing were

I5v Battery'.l'

On -Off Photo
Switch Cell

Tror

Test

Output Voltage P Pco.

Light
Source

LZI

nspa rent

tSection

-B-4425

Fig. 23 Schematic of ink detector. Similar
units were used at both the inlet and outlet
measuring points. For purposes of recording,
an isolation amplifier was used on the output
voltage to prevent excessive loading of the
circuit.
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found for sections of interest in the loop. To study the time variation of concen-
tration in the test section to step inputs of water or poison, the same technique
was utilized.

Calibration of the light-detector units in terms of ink concentration was made
in terms of the voltage drop across the variable resistor in the photocell circuit.
Pure water served as the base calibration and a curve of ink concentration vs
photocell voltage was obtained up to the maximum (injection) concentration.
These units were later used to correlate boric acid concentrations measured by
a neutron transmission technique (section II 4) by mixing ink with the boric acid
injection solution. During the integrated system study, these units were placed
above and below the test section to determine "in-pile" concentration as a function
of time.

1.2 Injection System

Operation of the injection system apart from the main loop was performed
mainly for calibration purposes. The injection pump armature voltage served
as the independent variable, and motor speed, pump strokes per minute, and out-
put flow were related to this variable. The injection system flow elements (in-
tegral orifice meters) were calibrated by means of metered flows over the range
of expected operation.

It was later necessary to calibrate the output flow and armature voltage
against the input voltage to the motor controllers to correlate these variables
under operating conditions to those of steady-state operation.

2. INTEGRATED SYSTEM STUDY

To analyze this system it was desired to put various input functions into the
injection pump controllers and measure the response of the loop to these inputs.
The responses measured were the armature voltages of the injection pumps,
the injection flow rates, the output of the injection flowmeter P/I converters,
the flow rates upstream and downstream from the test section, loop system
pressure, main-loop control-valve stem position, output of the boron detector,
and the concentration at the inlet and exit of the test section. These were all
recorded along with the input signal on a common time base.

The initial runs were made using step inputs. The inertia of the pumps and,
to a certain extent, the system proved too great for the controllers to handle.
The starting current of the injection pumps for a step input exceeded the maxi-
mum rating of the protection devices. By running at input signal amplitudes low
enough to prevent above-maximum currents, it also was found that for step inputs
the armature voltage tended to overshoot its final value by approximately 70%.
The only other non-periodic input signals used were ramps. The only variable
imposed was the slope of the ramp as the signal always drove to the armature
voltage limit of 142 volts.

For mathematical analysis of the data, it was necessary to impose a periodic
input function on the system. A sine wave function was used because of the
relative ease in analysis and the limitations of the control system as noted above.
These data were obtained mainly to provide experimental data for correlation with
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computed values obtained from the analog computer and to provide corrections
of the linear system analysis as needed. The analysis of the sine wave data in-
volved finding, in effect, the transfer function of the system, and the response of
various components (frequency response, phase shift) in the loop. The tests were
run with input frequencies varying from zero to three cycles per second with all
input at approximately one-half amplitude. This amplitude was used to insure that
none of the components, including the instrumentation, were driven beyond their
linear regions. The majority of the tests were run with a maximum input frequen-
cy of one cycle per second as the system became so nonlinear at higher
frequencies that the resultant data were of little significance.

The first part of these tests was designed so that the water injection pump
was driven on the positive portion of the sine wave and the boric acid injection
pump on the negative portion. Both pumps were driven from zero rpm to approxi-
mately one-half motor speed. To overcome the starting friction of the pumps, a
60-cps dither* was imposed on them so that during periods of no driving input,
the pump motors were still turning at a very low speed.

To determine the response of the pumps to a sine wave input, it was neces-
sary to modify the input signal so that each pump was driven over the positive
and negative portions of the input wave. This was accomplished by superimposing
the sine wave on a steady-state bias. The bias voltage and the sine wave amplitude
were chosen such that the pumps were not driven into saturation or to zero flow.

Following the response tests, the concentration control loop was closed by
the addition of the in-pile loop control computer (section II 4). This computer was
installed primarily to determine its stability and not the frequency response of
the particular control loop.

The final test run in the loop was a normalizing voltage test in which the
steady-state responses of the various components were compared with different
constant input voltages. This information was necessary to normalize the data
from the cyclic runs.

* Dither: A small, alternating current or voltage continuously applied to a
motor or other magnetomotive device to overcome static friction, frequently
referred to as "stiction".
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V. ANALYSIS OF DATA

The raw data were put into a multi-channel recorder (model number 1108,
24-channel Minneapolis-Honeywell recorder) and recorded on light-sensitive
chart paper. Each channel used was pre-calibrated in terms of input vs galvano-
meter deflection. The recorder channels were installed as discussed previously.

The data were reduced using a Benson-Lehner data reader (model Oscar F
with six-channel reading on the Y axis, card punch, and typewriter). By means
of this machine the raw data could be transferred in fixed-point form to unched
cards. The data were then run through the BS Converter program I Jwhich
converted the values to floating point numbers and arranged the format for input
to subsequent programs. All non-flow data (armature voltages, input signal,
etc) were then reduced to final normalized form by means of the BALD-1 pro-
gram [6]. This program not only normalized the time to unity, but also normalized
each individual measurement to its steady-state value correspondingto the maxi-
mum value of the input signal. These steady-state values were obtained from the
normalizing voltage test.

Analysis of the flow data was complicated by two factors: the rapid flow
changes, and the variation of instrument output with V2. In order to com-
pute the driving function to these instruments it was necessary to de-
termine their transfer function. The experimental setup used to find the
transfer functions is shown in Figure 24. The system was filled with water through
valve V-6 and the air bled from the lines and instrument. Valve V-6 and valve
V-2 were then closed. As the instrument valve stems displaced considerable
volume when closed, it was necessary to exercise caution in closing them to
prohibit non-equalization of pressure on the two sides of the instrument dia-
phragm. The zero reading was noted on the recorder and a step change in system
volume was made in the high-pressure leg of the instrument by means of the
solenoid valve. This volume change was proportional to pressure differential
across the diaphragm. The response to this step was recorded, and the final
reading noted. The solenoid valve was then opened to obtain a check on the
zero point.

If the transfer function, T(t), is de-
fined in the usual manner, it is the output,
eo(t), divided by the input, ein(t). If the
transfer function is transformed into the
"s" plane, it will have the following
form [7] for a second order system:

T(s) = 1 2
2 + s +w2

n n

The transfer function can then be defined
as the ratio of the transformed output to
the transformed input:

e ( s)

T(s) e
e .( s)

Storage V-I
TaToIOO# Air Supply

V-2 v V-4 Inlet H2O

V-3 Statham V- V6

H-i Pressure L
Solenoid Leg Transducer Leg

To 108 Recorder PP CO.-B-4424

Fig. 24 Schematic of experimental setup for
determining transfer function for Statham
pressure transducer.
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If the Laplace transform exists for the time-dependent flow equations, then

e. (t) = r1 e(s) s2 + ws + w2J

where t = time
s = Laplace transform variable

= damping factor
w = imposed frequency

wn = natural frequency of undamped circuit
n = 0, 1, 2, 3 . . .

i=

It was not apparent that for all the data the inverse of this product could be found.
Several other approaches were possible includingpoint-wise integration by means
of convolution formulas. It was anticipated, however, that the data of interest to
be reduced would be sinusoidal in nature so that a change of variable to the
complex plane could be made. A Fourier Series fit was then made to the data
and by expressing the transfer function in the following form, it was possible
to determine the coefficients of a Fourier Series describing e. (t):

in

T(inw) = I
(in) 2 + w ( inw) + 2

n n

or

T(inw) = T (nc) + i T2(nw)

where

2 2wT2 =-(nw)22 2- 22

T1 (n) 2- (n)2] + [2] T(n2) n2 - (nw)2 + nw]2

The coefficients of ein(t) are then defined by the following equations:

I A T (nw) - B0 T2(nw) 0 T (nw) + A T2 (nw)
A= B=

n T (n) +TT (nw) n TT2 (nw) +T2(ow)

This method is discussed in further detail in Appendix D,

The Fourier Series fit was made to the data by means of the Harmonic
Analysis program [8]. This program will allow 200 data points with non-equal
time intervals and will fit up to 50 coefficients with provision for removing
linear instrument drift. The coefficients were then read into the FLOOK pro-
gram [9] which then computed the harmonic coefficients of the flow and also gave
pointwise values of flow normalized in the same manner as the BALD-1 program.
These data were then plotted vs time along with all the non-flow data.
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VI. RESULTS

Figure 25 gives a curve of pressure
drop vs flow for the complete loop and
also for the section between the test
section outlet and the pressurizer by-
pass. It was desired to maintain constant
flow through the test section in order to
keep the residence time a constant. If
the pressure drop from test section to
pressurizer bypass is a large fraction of
the total pressure drop, the flow in the
test section will be very stable without
addition of flow control valves. As seen
from the curve, at 4 gpm the fraction is
approximately 65%. This proved adequate
as motion of the control valve was very
small during all the injection runs.

Figure 26 gives the pressure drop
through the test section as a function of
flow. Computed values generally ranged
10% higher and it is felt that proper
account of head loss at the bottom of the
section where the flow reverses would
correct this.

Calibration work was done on the
main-loop flow-control valve to correctly
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Fig. 25 Main-loop pressure drop vs flow
rate.

determine its steady-state operating characteristics. It was found (Figure 27)
that considerable discrepancy exists between indicated and true valve stem po-
sition. However, the discrepancy is on the safe side, in that the operator moving
the valve position in manual reads the valve closed long before this condition
actually exists. Figure 28 gives the pres-
sure drop across the valve vs true valve i00

stem position for various flows. These
data were necessary to set the correct F
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Fig. 26 Pressure drop through test section
vs flow rate.

Fig. 27 Indicated vs true valve position.
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40

control operating conditions of the valve.
When the valve was operated in auto-
matic, it was found that the limits of
the 2-mode controller are quite narrow
in which the valve is not in oscillation.
If the proportional band is set below 35%,
oscillation will occur regardless of reset
point.

The calibration curves for the main
20 /Iloop flow elements are given in Figure

29 and compared with the factory cali-
0 8bration. Some difficulty was experienced

2 40RUE VALVE STEM POSITION(close2 140 in bleeding the air from these elements
PPCo-A- 440$ and their instrument lines, and it is felt

that the accurate flow-measurement re-
Fig. 28 Main-loop control-valve pressure quirements necessitate installing air
drop vs true valve-stem position, bleeds not only on the transmitters, but

also on the element itself. It also may be
necessary to heat these elements to eliminate any possibility of boric acid collec-
tion in the small pitot ports.

Figure 30 gives the injection flowmeter calibration curves for three different
orifices. The H20 injection flowmeter, FE--12, is the 0.0995-in, orifice, and the
other two were used in the H3 B03 injection flowmeter, FE-11. The calibration
data were found to be in good agreement with that furnished by the manufacturer
over the range of study. Bad fouling problems were encountered in the orifice
section of the H 3BO 3 meter during the integrated systems study when H3 B03 -

water solutions of 100 g H3 B03/l were

, - -- used. Several times the orifice became

completely plugged with H3 B03 crystals,
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Fig. 29 Flow element calibration: pressure
drop across flow element vs flow rate.
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Fig. 30 Injection flowmeter calibration:
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injection flow rate.
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causing the relief valve upstream of the meter to be actuated. Heating the meters
to approximately 180 F alleviated the condition somewhat and did not affect the
performance of this unit.

The flowmeters, in general, operated satisfactorily in conjunction with the
pneumatic transmitters. In order to use this signal, however, it is necessary to
find the square root of the transmitted pressure differential. It was planned to
use pneumatic square-root converters, but the delay time is so great that their
use is impracticable when the in-pile loop is used for the control of the reactor
and it is recommended that electronic transmitters and square-root converters
be used in the reactor application.

The calibration of injection pumps
for armature voltage vs injection flow
rate is given in Figure 31. It can be seen
that the output of these pumps is not
linear over the range of operation. Below
35 volts, the output is erratic for both
pumps and the H3B03 pump is nonlinear
over the complete range. In order to de-
termine the cause of nonlinearity, the
pump motor speed was plotted against
armature voltage as shown in Figure 32.
The pumping rate in strokes per minute
vs flow also was found and given in Figure
33. Both of these plots are linear at all
except low pump speeds. The analysis
of these data cannot account for the
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erratic behavior of the H20 pump at low flow, but it was felt that the H3B0 3
pump was leaking past the seals on the delivery stroke. This has since been
verified and explains the nonlinearity of that pump. The H3B03 pump leakage was
undoubtedly due to bad fouling of the ball check valves from H3 B0 3 deposition.
The output flow during the integrated systems test was very low (< 0.10 gpm) and
consequently the poison solution remained for long periods in the pump. This
would generally be the condition in the reactor application, so it is felt that the
injection concentration should be lowered from 100 g H3B03/l to 60 g H3 B03/l
and the pump speed increased accordingly. The mixing length studies are sum-
marized in Table V.

TABLE V

MEASUREMENTS OF MIXING LENGTHS

Location Slug Length Ratio Loop Flow (gpm)

Injector inlet 1 2

Test section outlet 10 2

Boron detector 1 18 2

Boron detector 2 23 2

Test section inlet 30 2
Bypass Flow (gpm)

Pressurizer bypass inlet 1 2

Pressurizer bypass outlet 60 2

Ion exchange bypass inlet 1 0.20

Ion exchange bypass outlet ~400 (perfect mixing) 0.20

Ion exchange bypass inlet 1 0.40

Ion exchange bypass outlet 600 (perfect mixing) 0.40

The loop volume outside of the test section is so large (~ 30 gal) that with
flow in all bypasses, the loop becomes a very good mixer. This causes the test
section inlet concentration to change very slowly and, for most test runs, the
time was enough that the inlet concentration could be assumed constant. Some
mixing data were obtained for the "in-pile" section to provide empirical data

for theoretical computations discussed in section VIII. A typical plot of concen-

tration vs time at the test section outlet for a step input at the injection point is
shown in Figure 34.

Table VI gives the experimental conditions maintained in the runs analyzed
in the integrated systems test. Table VII gives the symbol used for each variable

plotted.

In Figures 35 and 36 a true sine wave was plotted at the top of each figure
for use as a base for all other plots on the graph.
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Figures 37 and 38 are plots of the
indicated variables vs time for a sine
wave impressed upon the injection pump
with the armature voltage bias such that
the pump was running continuously.

Figures 39 and 40 are plots of flow
and armature voltage for a step-in and
step-out of injection pump armature
voltage. Plots were made both with and
without dither voltage as indicated on the
figures.

The data of interest needed for the
Z analog computations program for the

0 control system analysis are the amplitude

X i o2o jtvariation and phase shift with frequency.
nStart n stop Concerning amplitude variation of the

injection flow, Figure 41 shows this
variation over the frequency range from

Co 3 6 g 0.01 to 1.0 cycle per second. It can be
TIME AFTER STEP INPUT (sec.) PPCO.-B-423 seen that the H3 B03 pump has an ampli-

Fig. 34 Ratio of boric acid concentration at tude peak of 20% over that at the lowest
test section outlet to concentration at in- frequency. This peak occurs at approxi-
jector for a step infection.

mately 0.045 cps. The H2 0 pump has
essentially constant amplitude up to approximately 0.45 cps. The gain of the in-
jection pumps in terms of concentration change is shown in Figure 42. These are
not normalized to input voltage, as it was the same for all runs. The gain of the
H3B0 3 pump correlation cannot be made on this basis for two reasons: First,
the pump flow is nonlinear and erratic and, second, as the frequency increased
the H20 pump voltage decay became longer until the pump was running continu-
ously. The curve does indicate that the effective gain remains fairly constant
up to 0.045 cycle per second.

The phase shift vs frequency was plotted for three components, armature
voltage, flow, and pneumatic-to-current converter for each of the injection
systems. Points of interest were the point at which the parameter begins to
increase, first zero; the peak; and the point where the parameter returns to
zero, second zero.

Figures 43, 44, and 45 show phase shift vs frequency for armature voltage,
flow, and output of the pneumatic-to-current converter, respectively, for the
H 2 0 injection. The phase shift for each component is constant up to 0.1 cps
after which the phase shift increases rapidly. The second zero after 0.1 cps
increases much more rapidly than does either the first zero or the peak. This
increased shift is due to the slow decay of the armature voltage of the injection
pump. Since both the flow and the pneumatic-to-current converter phase shift
follow closely the armature voltage, the limiting factor for this portion of the
chemical loop is the decay of the armature voltage.

Figures 46, 47, and 48 show phase shift vs frequency for the armature
voltage, flow, and output of the pneumatic-to-current converter, respectively,
for the H3 B03 injection. These curves indicate the same phenomena as the H2 0
Injection except that the phase shift of the second zero is more pronounced.
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TABLE VI

EXPERIMENTAL CONDITIONS FOR LOOP TESTS

Input
Run Frequency
No. (cps)

22 0.01

23 0.022

24 0.045

25 0.10

26 0.22

27 0.45

28 1.00

45 0.10

46 0.22

47 0.45

48 1.00

51 0.10

52 0.22

53 0.45

54 1.00

75
76

77

78
79
80

81

82

Step

Step

Step

Step

Step

Step

Step

Step

Run
Time

(sec)

100

45.5

22.2

20.2

9.1

2.2

2.0

10.08

9.15

5.52

1.00

10.04

9.20

1.00

in

out

in

out

in

out

in

out

Impressed
Dither
(cps)

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

Input
to

Pump Remarks

Both Sine wave input; drives
113B03 + drives 1120

Both Sine wave input; drives
H3 B03 + drives 1120

Both Sine wave input; drives
H 3B03 + drives H20

Both Sine wave input; drives
H3 B03 + drives H20

Both Sine wave input; drives
H3 B03 + drives 1120

Both Sine wave input; drives
H3B03 + drives 1120

Both Sine wave input; drives
113B03 + drives 1120

H3 B03  Sine wave input impressed
on negative bias voltage

H3 B03  Sine wave input impressed
on negative bias voltage

H3 B03  Sine wave input impressed
on negative bias voltage

H3 B03  Sine wave input impressed
on negative bias voltage

1120 Sine wave input impressed
on positive bias voltage

H20 Sine wave input impressed
on positive bias voltage

1120 Sine wave input impressed
on positive bias voltage

1120 Sine wave input impressed
on positive bias voltage

H3B03 -

H1BO3 --

1120 -

1120 -

1120 -

1120 -

113B0 -

H3B03 -
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TABLE VII

SYMBOLS USED IN PLOTTING DATA FROM LOOP MEASUREME1\T S

Information

System input signal

Inlet ink detector

Outlet ink detector

Output P/I converter (H BO )

Output P/I converted (H20)

Armature voltage (H5B05 )

Armature voltage (H20)

Loop flow (outlet)2

Loop flow (inlet)

Injection flow (H20)

Injection flow (H B3)

Symbol

V
Vmax

X2/XB

l/B

12/12 max

I /I max

E2/E2 max

l1

FE-102
2 gpm

FE-lOl
2 gpm

FE-12
(FE-12 )max

FE-ll
( FE-ll )max

Figure 49 is a plot of overlap of the shutoff of one pump to the start of the
other pump. Positive values of flow overlap indicate a delay before the second
pump starts. Negative values indicate an overlap of the two pumps. The increas-
ing negative values after 0.1 cps illustrated the long decay of the armature
voltages.

Figures 35 through 40 give the normalized response of loop parameters to
input signal. The normalization of these values is discussed in the section on data
analysis. All runs were started on the negative phase of the input signal except
in the case of the step inputs. The time is normalized to one complete cycle of
the input signal.
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VII. ANALOG STUDIES OF REACTOR CONTROL SYSTEM

The reactor control system as pre- Comparator a Pre Amp

sently proposed differs from the con-T-1-
figuration previously reported [101 by the P1
addition of a gain control loop for the
boric acid injection pump and by the iP
mixing of a dither voltage with the control
amplifier output. Figure 50 shows the Reactor P+-Control Amp

block diagram of the present system. Vc +
+ PEXT 60cps Dither

The dither voltage is used to mini- +
mize the effect of dead space in the -IVcI +vci

injection systems. A dither frequencyAC WaterDeUn

of 60 cps was found to be satisfactory. Boric Acid Drive Unit Inection Motoro 60 c sInjection System
System Motor Pump

During the analog computer studies Pump Mw

it was observed that for positive re- M
activity ramp disturbances the control
system could not hold the power level Chem. Loop

error to less than the specified 0.5%. PT PPcO-e-441e

Positive reactivity disturbances require Fig. 50 Block diagram of reactor control
operation of the boric acid pump and, system.
as such, shift the operating point of the
system to higher boric acid concentrations. This in turn means that the gain of
the system goes down because of the decrease in slope of the reactivity vs concen-
tration curves for the in-pile tube. The decrease in gain coupled with the system
lags produced power level errors greater than 0.5% for positive reactivity ramp
disturbances of the order of 0.01% Ak/k/sec. Such a disturbance would be
encountered during the xenon burnout phase of reactor operation. A solution to
this problem is to make the gain of the boric acid injection system a function of
boric acid concentration in the in-pile tube. The function selected for this
purpose is

-vl = - V(1 + BAX)

where Vc = control amplifier output voltage

B = a control gain

AX = change in concentration from operating point

V' = actual voltage applied to boric acid pump drive
c

Examination of the above equation shows that as boric acid concentration
increases by the amount AX, the voltage applied to the boric acid pump drive

is the control amplifier output voltage Vc increased by the amount BAXVc. This
type of gain control has been studied on the analog computer and found to
be satisfactory.
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The quantity AX cannot be measured directly and it became necessary to
incorporate into the system a special-purpose analog computer (shown in Figure
51) to continuously compute AX. The computer solves the equation

X = (xB - X)-M

X = boric acid concentration at injection point

XB = boric acid concentration of injection solution

X = boric acid concentration at operating point

M = nominal flow rate through in-pile tube

Mw =

MB =

flow rate produced by water injection pump

flow rate produced by boric acid injection pump
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Fig. 51 Block diagram of computer for reactor control system.

Previous studies have shown that M is very nearly constant even at full MB or
MW. The concentration XB can be preset. The concentration X will be constant
for short time intervals but will vary over long periods of time. Solution of the
above equation then requires measurements of MB, MW, and possibly X. The
present computer configuration allows for X variations and is shown in Figure 51.
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X is measured upstream of the in-pile tube._Unfortunately the output of the X
measuring device is a nonlinear function of X. This nonlinearity required the
design of a linearizing circuit. Linearization of the X detector output has been
accomplished by use of a special-purpose diode-function generator. The circuit
diagram of this device also is shown in Figure 51.

The present configuration of the system has been found to provide satis--
factory reactor control on the basis of analog computer studies. Certain pa-
rameters not known at the time the computer studies were initiated have now been
experimentally determined. It is not expected that the differences in parameters
between the assumed and measured values will require radical changes in the
overall control system design.

50



VIII. CONCLUSIONS AND RECOMMENDATIONS

The test program for evaluation of the in-pile design was by no means
complete when the project was temporarily interrupted. The results of the
incomplete test program, however, have given every indication that the proposed
design for the chemical control test and corrosion test loop is satisfactory.

In the event of further tests, upon reactivation of the project, it is suggested
a method be devised to simulate the reactor portion of the control loop. This
system could be composed of a transparent test section with the light intensity
varying along the vertical axis proportional to the square of the neutron flux.
Across the flow from the light source would be placed 20 individual light-
detector units. Their summed output would be proportional to the reactivity
contribution of the in-pile test section. This output in conjunction with the
reactor simulator would then close the control loop.

There are indications that an electronic transmitting system with its more
rapid response would be preferable to the existing pneumatic-electronic
instruments. Regardless of whichever system is used in the reactor loop,
it is recommended that the transfer functions be determined for both main
loop and injection flow instrument systems from the measuring element through
the transmitter and to the point of usable signal. This is necessary because of
complex damping and response of the integrated system.

Optimization of the design of the chemical control in-pile tube points toward
the desirability of a once-through system, thereby eliminating the reentrant
feature which may cause system instability. Further work should be done on
various aspects of design optimization.
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APPENDIX A

FLOW BATE FOR CORROSION

PROBLEM: Determine volumetric flow rate required for 15 ft/sec velocity
past test specimens.

Referring to Figure 52, the calculation proceeds as follows:

CERAMIC SPECIME

TEST SPECIMEN

N \THERMOCOUP

- FLUX WIRE

Fig. 52 Cross section of in-pile corrosion test section.

Casing ID = 0.9275 in.

Ceramic OD = 0.9175 in.

1.

Annulus area = (0 .9275)2 - (0.9175)2]

= 0.01453 in.2

TC and Flux wire area:

A = d 0.7854 x (0.0685) - o.00184
2 = .62

A = o.o685 x 0.0342 = 0.00234 in.2

A(total) =

Area of two

4 (0.00184 + 0.00234) = 0.01672 in.2

0.040" dia flux wires:

A = 0.785 x (0.040)2 x 2 = 0.00252 in.2
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Area of two 0.062" dia TC"'

A = 0.785 x (0.062)2 x 2 = 0.o0604 in. 2

Area of flux wires and TCS = 0.00604
0.00252

0.00252 in.2

Annulus area = 0.0145 in.2  0.3122

Slots area = 0.01672 in.2 -0.00856 wire and TCS area

0.03122 in. 0.02266 in.

Total net outer flow area = 0.02266 in.2

2. Inner Flow Area:

0.437 x 0.6925 = 0.3028 in.2

3 x 0.0675 x 0.0685 = 0.01395 in.2

Four corners:

(0.062)2 - 0. 7 85 x 0.062)2J = 0.000825 in. 2

A(total) = 0.3028
+0.0140
0.3168

-0.0008
0.3160 in.

Three specimens:

3 x 0.500 x 0.0625 = 0.0938 in.2

Total net flow area = 0.3160
-0.0938

0.2222 in.2

Assume 98 per cent of the flow goes up through the central flow
area containing the specimens:

0.98 Q = V A

2 2
Q 15 ft x 0.2222 in. ft x 60 sec x gal

0.98sec144 in.2  mn 0.13368 ft5

= 10.57
rin
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APPENDIX B

FLOW RATES FOR CHEMICAL CONTROL

PROBLEM: Establish a flow rate.

CONDITIONS AFFECTING THE PROBLEM:

1. The in-pile tube is a top reentrant type. Flow is selected
as down the outer annulus, and up the inner annulus.

2. A plot of negative reactivity versus mechanical rod position
is shown in Figure 15 . The shape of this curve indicates that if
equal flow velocities were to pertain in both flow paths, the curve
would have four points of inflection instead of two, which could cause
control system instability. To overcome this, the outer flow annulus
is made much smaller than the inner flow path, thus passing over the
first three points of inflection quickly, and operating for the most
part on the linear position of the curve. For this outer flow annulus

a = 0.1 per cent! sec. is selected. A minimum dead time of 100 ms

for injection, and a 0.35 per cent total negative reactivity in 30
seconds are established minimum requirements.

Results of static ETRC measurements (See Figure 18 ) made
in position J10 establish an operating range of H3BO concentration of
0 to 13 gm/l for a range of 0 to 0.35 per cent negative reactivity.

From Figure 53 it can be shown that

OUTER (DOWNWARD) ----

FLOW ANNULUS

- - -- - 1 ,235 1 .40 2

1 ,305 1 ,500

INNER (UPWARD) J_ _

FLOW ANNULUS

Fig. 53 Cross section of in-pile chemical control tube.
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the outer annulus flow area is 0.207 in. and the inner flow passage

2
area is 1.195 in.2-

From Figure 54 it is seen that for 0.1 per cent p a concentration of
9.6 gm/l is required. It may also be seen that a maximum of 12.8 gm/l
will be required for a A p = 0.35 per cent.

The ratio of flow area is:

Outer flow annulus area _0.207 - 0.173
Inner flow path area 1.195

Assume flows of 1, 2, 4, and 8, gal/min and plot OP versus time for

2, 7, and 12 gm/l concentration.

For 1 gal/min:

V=Q _ (outer annulus)_1_ x 231 in. 1minX 1
A min gal 60 sec 2

0.207 in.

= 18.6 -n.
sec

1 sec
18.6 in. x 36 in. = 1.94 sec.

V = - (inner flow path area) = 3.22 in.
A sec

1 sec
5.22 in. x 36 in. = 11.17 sec.

In a similar manner transit times are calculated for 2, 4, and 8
gal/min flow rates:

Flow Rate Time To Traverse Time To Traverse Total
(gal/min) Outer Annulus Inner Flow Paths Time

1 1.94 sec 11.17 sec 13.11 sec
2 0.97 sec 5.58 sec 6.55 sec
4 0.485 sec 2.795 sec 3.28 sec
8 0.243 sec 1.396 sec 1.639 sec

From Figure 54 it may be seen that a flow rate of 2 gal/min of
12.8 gm/l solution meets the initial requirements. This will effect an
0.35 per cent p in 6.55 seconds, and injection to main stream flow
is determined:

1.8 gal main stream at 0 gm/i
min
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0.2 injection stream at 130 gm/i

2.0 g- total main stream flow at 13 gm/imin

The solubility of H3 B03 in water is another consideration. From
Figure 55 it may be seen hat the concentrated solution must be kept
above 130 F. This is accomplished by heat exchange between the return
line from the reactor and the concentrated H3 B03 injection inlet line,
and by electrically heating other pumping system components.

C

0

0.4

8gal ,12. 6 gm gal g,12. m 2 ,12. -mg , g.

.35 - 9m I I--- -

4mn, 9.6 -2min9 6 I in, 9.6

03

0 I 2 3 4 5 6 7 8 9 10 I I l l3 l4 15 l6
PPCo.-B - 4607

TIME (seconds)

Fig. 54 Change in reactivity vs time. Flow rates: 1, 2, 4, and 8 gal/min. H3B03 concentrations:
9.6 and 12.8 g/1.
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4.5

4.0

3.5

3.01

161.0O- 2.5

m

i28.8- 2.0

096.6

i64.4

48.3

32.2

i6.i

0

- 1.5

- 1.0

- .75

- .50

- 2

-~

- ---------- 
- 130

w/O Bx64.4~ = H3B03

- 130* F

01 1 1 1 IIi II
-0

0 10 20 30 40 50 60 70 80 90 100
L t I TEMPERATURE (*C)

I I I I
0 50 68 86 104 122 140 158 176 194 212

TEMPERATURE (*F) PPCo-B-4772

Fig. 55 Solubility of boric acid vs temperature.
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APPENDIX C

PRESSURE DROP CALCULATIONS

PROBLEM: Determine the total system pressure drop. This will be the
sum of:

1. Piping (tubing) friction losses.

2. Test section losses.

3. Control valve losses.

Nomenclature:

The following nomenclature will be used throughout Appendix C:

K = Coefficient for contraction loss-dimensionless
c

K = Coefficient for expansion loss-dimensionless

Q = Volumetric flow rate - ---
min

A = Cross sectional flow area - in.2

f = Fanning friction factor - dimensionless

L = Length of flow path - ft

g = Gravitational constant - 2
sec

D = Equivalent diameter - ft

NRe = Reynolds number - dimensionless

Reb
P = Density - lb

ft
lb

p = Viscosity hr-ft

A = Upstream flow area - in.2

A2 = Downstream flow area - in.

V = Upstream flow velocity - ft
1 sec

V = Downstream flow velocity - --
2 sec

Cv = Control valve flow coefficient - dimensionless

F. L. = Friction Loss

AP = Pressure drop lb/sq. in.
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G = Specific Gravity (water = 1.0)

Basis:

1. Piping friction losses are calculated at 11 gal/min, and an
equivalent length of 400 feet of 0.75 in. OD x 0.065 in. wall
tubing is used.

2.
flow
at a

Test
area
flow

section losses are calculated from the inlet annulus
No. 1 to the return flow area No. 2 (See Figure 6)
rate of 11 gal/min.

3. Control valve loss is calculated at 11 gal/min x 1.25
= 13.75 gal/mm. Fifty per cent of the sum of the piping friction
and test section loss is assigned to the control valve. A C of
1.4 is calculated.

4. Temperature is assumed to be 200F.

TEST SECTION LOSSES

1.
to

Loss due to contraction from inlet annulus flow area No. 1
downstream annulus:

Fig. 56 Simplified cross section of inlet manifold block.
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Upstream Area =

Downstream Area =

Energy Loss =

Downstream Area
Upstream Area

'.K
C

Downstream Velocity

Entrance Loss

[2.4575)2 - (1.250)]= 3.41 in.2

[1.584)2 - (V2.25o)j=

V2
K -
c 2g

0.74 0.22
= 1.41 -02

= 0.61 (See Ref.ll)

Q
-A f3

= 11 x 0.134 glx
min gal

0.74 in.2

.mis

1 144 in.=2 f4 t
x i. 22 =4.78sec

0.74 in. ft2 e

2t
0.61 x (4.78)- 2

sec

2sec
Sft

60.2 lb
x t x

ft

ft2

144 in. 2
= 0.09 lb

in.2

2. Friction loss down annulus: Assume 154 in. length.

4 fLV2
Loss 2=g

Se

_4 x area _

e perimeter

DVP
N(Re) 

p

= 0.028 ft x

4 x 0.74 in. x ft= 0.028 ft
8.9 in. x 12 in.

4.78 ftX
sec

3600 sec
X hr = 39,300

60.2 lb hr-ft

3ft 0.738 lb

f' = 0.0014 + 0.125 (NR)0.32

= 0.0014 + 0.125

(39,300)0.32

= 0.0056

V = 4.78 ft
sec
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Loss =4x 0.0056x 154 in. x ft (4.78)2 ft sec
12 in. 2 6T.T Tt

1
X 0.028 ft

60.2 lb

f3

sec
ft2

x2 = 1.52
144 in.

lb
i2
in.

3. Contraction loss for necking down of outer in-pile tube:

Fig. 57 Simplified cross section of flow path into in-core portion of tube.

Ratio of Diameters

K

Upstream Velocity

(.3 )0.5
= o.648

= 0.04 (See Ref. 3)

48eft= .78

Downstream Velocity = 4.78

Loss = 0.04

(0.74\
X .31/

= 11.4f--
sec

(11.4)2 60.2=0.o34 lb

in.

[. Friction loss down annulus below necked-down section:

L _=11 in. - ft=.2 ft
12 in.

D-4xarea
e perimeter

24 x 0.51 in. ft
1.250) in. x 12 in.

= 0.0124 ft
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DVP 11.4 ft 60.2 lb
NRe = --- = 0.012 11.tftx0.x l

(Re) sec f X

3600 secx = 41,500
hr

f = 0.00140 + 0.125 = 0.00140
= ( 0.32

Re

= 0.0056

Loss =

+ 0.125

(41,500)0.32

4 x 0.0056 x 0.92 x (i1.4) x 60.2
64.4 x 0.0124 x 144

= 1.14O .2
In.

5. Loss splitting the flow through holes:

Fig. 58 Simplified cross section of in-pile inlet flow paths.

Assume 1.5, 3.0, 5.0, and 7.0 gal/min flow through the holes and
down the inner annulus, and 9.5, 8.0, 6.0, and 4.0 gal/min continue on
down the outer annulus. Calculate entrance and exit losses for the
holes.
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hr-ft

0.738 lb

ANNULUS AREA
0,31 IN,2

-- AREA OF EIGHT
HOLES = 0,30 IN,

2

ANNULUS AREA
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Area of one 0.250 inch diameter hole:

A = (0.250) = 0.0487 in.2

Area of eight holes:

A = 0.39 in.2

V2V2
Contraction loss = Kc2g where V2 is the downstream (through the

0.250 inch diameter hole) velocity.

A2 downstream) 0.0487 = 0.157
A (upstream) 0.31

. ' . K, = 0.4 (1.25 - 0.157) = o.44

The downstream velocities are:

= 11.4 ix
0.51

0.51

-=11.4x

x

x

X

X

1.5 -19 ft
11 9 sec

11T = .1sec

=6.51 ft-
11 sec

= .15 ft
11 sec

Energy Loss

Energy Loss

Energy Loss

Energy Loss

(1)

(2)

(5)

(4i)

= o.44 x (1.955)2

- 1 (.910)2

o (6.510)2

60.2 lb
402 = 0.0109 i2

in.

60.2 + b
XT. = 0.0457 2

in.

60.2 lb
x 6. = 0.1215 l b2

in.

- 0 (9.130)2 60.2=.4x 61. X 14= 0.238 .lb
.
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6. Energy Loss Due to Expansion:

(v1 - V2
Energy Loss = 2g where V is the velocity through

one hole, and V2 is the velocity in the inner flow annulus resulting

from the discharge of all eight holes in the annulus.

ft(v) =1.95---
1 sec

(v1) = 5.91 f

ft

2 sec

(V1) = 6.51 ftc

(V1) = 9.13 ftc

(v2) = 1.5ax ft5  min l44in.2

1 min 7. 8 gal 60 sec 0.25 in. 2  ft 2

ft
= 1.92sec

2 1.5sse

(u2 ) = 1.92 x = 3.84ise

(V2)3 = 1.92 x5 = 6. 0se

21.5 sec

(v) =1.92 x = 8.96 s-
24 1.5 sec

Energy Loss - (1.95 - 1.92 x6.= 8 kx 1- 6 hlb
(1)2

in.

Energy Loss = 5.9 6 .8) 60.2 = 318 x 10-5 lb

in.

Energy Loss - (6.51 - 6.4o 2 60.2 -5 lb
(s) . 1 = 7.85 xl0 in. 2
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(. - 8.62 6o.2 -4
Energy Loss_(4).664 x 6-= 1.87 x 10

These losses will be neglected.

7. Friction Loss (Inner Annulus

14 in. ft
Length =12 in.

4 x area
e perimeter

1 = 1.92s
1 sec

2 ec84V2 = sec

= 1.17 ft

24 x0.25 in. x ft
3.14 x 2.152 in. x 12 in.

= 6.4of
sec

ft
= 8.96 -

sec

DV P

= 6,8oo

0.012 x 1.92 x 60.2 x 6oo =_6,8
0.738 - oo

x
1.84
1.92

= 13,600

6.4o
= 6,8oo x 1.92 = 22,700

1.92

= 6 800 x 8.96 = 31,700

= 0.00140

= 0.00140

+ 0.125

(6,800)0.32
= 0.00883

+ 0.125 - 0.0o73

(13, 600)0.32

= 0.00140 + 0.125
(22, 700)0.32

= o.oo14o + 0.125
(31,700)0.32

= o.oo643

= 0.00594
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V3

v4

N

(Re)1

N(Re)

2

N(Re)5

N
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4fLV P
F. L. =2gD 144

e

4 x 0.00883 x 1.17 x (1.92)2 x 60.2
64.4 x 0.0123 x 144

2
4 x 0.00743 x 1.17 x (3.84) x 60.2

64.4 x 0.0123 x 144

4 x o.oo64 x 1.17 x (6.40)2 x 60.2
64.4 x 0.0123 x 144

2
4 x o..94 x L.i7 x (8.96) x 60.2

64.4 x 0.0123 x 144

lb
= 0.08-2

02l

in.

=02lb
- 0.65 .2

in.

lb

= 0.6 . 2
in,

~ . 2
in.

8. Contraction Loss entering lower holes:

A2 (downstream)
A1 upstream

0.0487 = 0.1948
0.25

= 0.4 (1.25 - 0.195) = 0.422

ft
1.95 sec

ft
= 3.91

sec

= 6.51 !-:_
sec

= 9 ft
=9.51se

Energy Loss (l)

Energy Loss (2)

Energy LossC

= 0.422 x
(1.95) x60.2

= 0.422 x (3.91)2 60.2

= 0.422 x (6.51) 60.26Lt..L1 r _

= 0.010 2b
in.

lb
= 0.042 in

in.

= o.116 lb

in. 2
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(2)

( =) -

(4) ~
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C
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(9e31)2 60.2 lb
Eergy Loss = 0.22 x x = 0.237 2

(n.
9. Expansion Loss entering annulus from holes:

(V - v2) 2

Energy Loss = 2 where V is the velocity through one2g1

hole, and. V2 is the velocity in the outer flow annulus resulting from

the discharge of all eight holes into the annulus.

(v )
1i

(v1 )
2

(v1 )

(V1 )

(v2 )
1

(v2)
2 2

(v2 )

(v2)4

ft
= 1.95 ftsec

ft
= ,.91 .---

sec

ft
= 6.51--

5sec

ft
= 9.1 -

sec

gal ft5  mmn
m 9 xy7.48 gal 60 sec .1i. 2

0.31 in.

144in 2  ft
=9.83-

ftsec

= 9.83 x 8.= 8.28 ft
9.5 see

6.0
= 9.83 x --

9.5

= 9.83 x --
9.5

= 6.21 ft
sec

ft
sec

Energy Loss (1)

Energy Loss (2)

Energy Loss

Energy Loss (4)

(1.95 - 9.83)3 60.2
64.4 144

(3.91 - 8.28)2 60.2

(6.51 - 6.21)2 60.2
64.4

(9.13 - 4.14)2 60.2
64.4-

lb
= .oin 2

= 0.12b l 2
in.= ~6lb

in.lb

= 0.16 .
in.
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10. Determine a flow rate,. for which the AP (inner flow annulus)
and the AP (outer flow annulus) will be equal.

Calculate AzP (outer flow annulus)

D 4 area
e perimeter

4 x 0.31 in. 2

-3.14 (1.402 +
ft

1.250) X 12 in.

= 0.0124 ft

9.5 gal ft3 min
l mm 7.48 gal 60 sec

= 9.83 sec
8 8 ft

v2 = 9.85Xx =-- s. c
9.5se

6V3 = 9.83 x 9.6957

144 in.2

ft2

1X2
0.51 in. 2

= 6.21 ftsec

4 f t
V = 9.83 x = 4.14

4 95 sec

0.0124 x 9.83 x 60.2 x 3600
0.738

0.0124 x 8.28 x 60.2 x 3600
0.738

0.0124 x 6.21 x 60.2 x 3600
0.738

0.0124 x 4.14 x 60.2 x 3600
0.738

= 0.00140 + 0.125

(35,800)0.32

= o.ooi4o + 0.125

(30,150)0.32

= o.ooi4o + 0.125

(22,6000).32

= 0.00140 + 0.125

(15,080)0.32

= 0.00576

= 0.00601

= o.oo64

= 0.00715

i4 l in. x ftL~~ltin. = _1.17 ft
12 in.

F. L.) = x 0.00576 x 1.17 x (9.83)2 x 60.2
64.4 x 0.0124 x 144
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N(Re) 1

N(Re )2

N(Re)

N =
(Re)4

= 35,800

= 30,150

= 22,600

= 15,080

fl

fs

= 1.6in



F. L.( 2 )

F. L.3

4 x 0.00601 x 1.17 x (8.28)2 x 60.2
64.4 x 0.0124 x 144

4 x o.00643 x 1.17 x (6.21)2 x 60.2
= 64.4 x 0.0124 x 144

4 x 0.00713 x 1.17 x (4.14) x 60.2
F. L.-4) = 64.4 x 0.0124 x 144

= 0.998 lb
in 2

=0.6071 2

in.

EAP (inner annulus):

Section (AP)1

0.011
(neglected)

0.080
0.010
o.4 oo

0.501 lb/in. 2

0.044 0.122

0.270
0.042
0.120

0.476 lb/in.2

0.238

0.650
0.116
0.060

0.948 lb/in. 2

1.180
0.237
0.160

1.815 lb/in.2

EZP (inner annulus) ; Assumed Inner Flow (inner annulus)

AP (friction- outer annulus)

0.501

0.4.76

0.948
0.607

1.815
0.300

0.368

= 0.477

= 1.562

= 6.050

1.5
11

11

5

7
11

Total Flow

= 0.136

= 0.273

= 0.455

= 0.636

Thus from Figure 59 it may be seen that with 38 per cent of the

total flow going down the inner annulus, the AP's will be approximately
equal. 0.38 x 11 gal/min = 4.2 gal/min down the inner annulus. The

velocity down the outer annulus is:

8 6.8ft
V (outer)= 9.83 x 9 = o4s

7 2 = 0.500 x = o.868 lb
\ /in.
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0.7

0.6

0.5

0.4

0.3

0.2

0.1I

0 I 2 3 4 5 6 7
PPCo-B-4608

t.P (friction-inner annulus)
L P (friction - outer annulus)

Fig. 59 Plot of ratio of assumed inner annulus
flow to total flow vs the ratio of the sum
of the inner annulus pressure losses to the
outer annulus friction. loss.
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11. Expansion and contraction losses going from the outer annulus
into the lower plenum, and from the lower plenum into the
lower casing cap:

AREA = 1.035 IN.
2

-- --

Fig. 60 Simplified cross section of in-pile lower flow reversal path.

Expansion Loss = K --
e 2g

(See Ref. 11)

A2

K = 1- - 1

e A2

0.31

=1 -1.035

= 0.49

Upstream Velocity:

11 gal ft5

~~min 7.48 galx
min 144 2in.

0 secX 
Xft

= 11.4 t---
sec
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0.31 in.2

k--- ANNULUS AREA = 0.31 IN. 2

FLOW AREA = 0.31 IN, 2

816 (REF.)



2
(11.L) 2 60.2

Energy Loss = 0.49 x( x6

= 0.414 lb 2
in.

Since the lower plenum area is large compared with the
annulus flowing into it, no allowance is made for the energy
required for change of flow direction.

Contraction loss from lower plenum into lower casing cap:

Ratio of Diameters =0.35

.. K =0.3C

= 0.56

Velocity through lower casing cap:

V=11 x ' t xmin
min 7.48 gal 60 sec

1 ft
x = 11.53--

0.312 in.2  sec

(11.3)2 60.2 _Energy Loss = 0.5 6.5 6o 264.4 x =0.249

.2
x 2

ft2

lb
i2
in.

12. Contraction loss going from the lower casing cap into the
test section.

Assume 98 per cent of the flow goes up through the test area:

11 gal x 0.98 = 10.8 (See Appendix A)
min min

Total inner flow area = 0.23 in.

A
2 0.23

A- =0.31 (See Ref. 11)

.K =0.18
c

Velocity through the test specimen train:

V = 15 ---
sec

Energy Loss = 0.18 +

(See Appendix A)

(15) 60. = 0.263 lb2

in.
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D - 4 area _ 4 x 0.2267 in.2  ft

e ~perimeter 18 x 0.625) + ( 2 x 0.250]in. x 12 in.

= 0.0137 ft

V = 15 ft
sec

16 in. - ft
L = . =1.33 ft12 in.

N = DVP_0.137 x 15 x 60.2 x 36oo
(Re) p 0.758 =60,300

f = 0.00140 + 0.125

(60,300)0.32

= 0.0051

-4 fLV2  60.2 4 x 0.0051 x 1.33 x (15) x 60.2
Energy Loss = x =gy2gD X 64.4 x 0.0137 x1

e
lb

= 2.9 l2
in.

14. Exit expansion loss leaving the test section:

Downstream retainer flow area:

A = . (0.630) 2

= 0.3095 in.2

K
e

Energy Loss =

A 2

1--)=1-03 = 0.0666

2
0.07 x (15)x 60.2 = 0102 lb

in.

15. Loss going from the retainer into two flow paths (i.e.,
tube and annulus):

The physical situation does not practically permit an accurate
theoretical calculation. To a first approximation, the flow

through the inner flow tube is assumed to decrease by l (there

are 13 slots, twelve inches on center) and at the last (thirteenth)

slot the loss due to orifice effect is added.
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Initial flow rate

Inner flow tube area

Inner flow tube D

Initial flow velocity

Initial N(Re)
1

N(Re )2

N(Re)

N(Re)

N(Re)

N(Re)6

N(Re) 6

N(Re)

N(Re) 8

N(R)

N(Re)
1 0

N(Re)
1 2

N(Re) 1 = 8.56 x

11 =-
min

(O.495)2 = 0.191 in.2

0.495 -0.041 ft

1l1l 4 i _ ft
o.748 x 60x0.495 - 7.125 sec

o.o4i x 7.1 x 60.2 x 3600 = 8.56 x l0
8\ =.5x1

= 8.56

= 8.56

= 8.56

= 8.56

= 8.56

= 8.56

= 8.56

= 8.56

= 8.56

= 8.56

= 8.56

4t
x 10

14
x 10

x 4

x 10

x 1J4

x 10

x 10

x 10

x l0

x 10

x 10

U.7o

12
x -

15

11
X3

10
X3

9
X 15

8
X3

.7
X 15

6
X T

5
x 15

4

X5 15

2X3~

10L x l341

= 7.90

= 7.24

= 6.58

= 5.93

= 5.27

= 4.6i

= 3.94

= 3.30

= 2.64

= 1.98

= 1.32

x 10

x 10~

x l0

x 10~

4
x 10

x 10~

4

x 10

x 10

x 10

x 10x 10~

3
= 6.58 x 10
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f = o.o0o4o

f = o.ooi4o2

S=0.00485
3

f = 0.00495

= 0.00510
5

f6 = 0.00520

f = 0.005407

f = 0.0056
8

f = 0.0059
9

f = 0.0062

f = o.oo66
11

f = 0.0074
12

f = 0.0088
13

Energy Loss =

AP1

AP2

AP

= 0.=055

= 0.053

= 0.053

+ 0.125 3 000 = ft
. V1e .sec

+ 0.125 = 0.00475 V;V = 6.58 ft
2 sec

3ft
; V =6.0--

3 sec

ft; V = 5.48-4 sec

V = 4.84 --
115 =3'9 sec

;V9 = 4.39 -t
7 sec

ft; V10= 2.149 -e-

7 11 .5sec

;V8 = 5.29-1

; =2.74-

V = 2.19 --
10 sec

ft;v11 = i.6 --

11 0 sec
V1 2  sec

;V 5 = 0.55 Z

2
4fLV 60.2 _ 4 x 1.0 x 60.2 2
2gD x = .6 4 4 x0 41x12 x f1

e

0.053 fV2

2 lb
x 0.0047 x (7.13) = 0.0127 in 2

in.

2 lb
x 0.00475 x (6.58) = 0.0109 in 2

in.

2 lb
x 0.00485 x (6.03) = 0.0094 in 2

in.

O P = 0.0079 l.b

in.

AP5 = o.oo66 lb-2
in.
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AP6 = 0.0053 lb2
in.

AP = 0.0042 lb7 . 2
in.

lb
AP8 = 0.0032 2

in.

lb
AP = 0.0023lin 2

9.2 in.

AP1 0 = 0.0016 in2

AP = 0.00095 lb2
in.

AP1 2 = 0.00047 lb
12 . 2

in.

lb
AP = 0.00014 .l 2

in.

n=13

AP = 0.06566
in.

16. Last exit (contraction loss):

Area of slot = 0.125 in.2

A2  0.125=0
A 0.191

.KC =0.225

Velocity through slot:

V= 11 x 1 gal ft min 144 in2

13 min 7.$ gal X sec ft2

1 ft
x = 2.17-

.2 sec
0.125 in

2
Energy Loss = 0.225 x (2.17) 62 =0.0069lb

in.

77



Summing all losses calculated:

Paragraph No.

(1)
(2)

(3)
(4)

(11)
(12)
(13)
(14)

(15)
(16)

Total AP

18. Piping Friction Loss:

Assume an effective --0Q

steel tubing:

Flow area =

lb
Loss 2

in.2

0.090
1.520
O.034
1.400
0.868
0.414
0.263
2.900
0.102
0.o66
0.007

7.664 lb
in.2

ft of 0.750 OD x 0.065 wall stainless

* (0.620) = 0.30 in.

- 0.750 - 2 (0.065)

12
= 0.052 ft

ll1gal ft3  min
m 7.48 galX 6o sec

144 in.2
x 2

ft2

1

0.30 in.

= 11.75

(Re= 0.052 x 11.75 x 60.2 x 360=o(Re) 0.738-179,500

f = 0.00140 + 0.125

(179,500)0.32

= 0.0040
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Energy Loss =
2

4 x 0.00+0 x 400 x (11.75) x 60.2
64.4 x 0.052 x 144

= 111 1-2-

in .
A plot of net pump discharge pressure and system pressure drop versus
flow rate is shown in Figure 61.

19. Flow control valve loss:

Assign h0 per cent of the total loop AP based upon
125 per cent of a maximum design flow rate. The total loop

AP is 111+ 7.7 = 118.7 l
in.

AP is proportional to (Flow) 2

.'. The flow control valve DP

= 184 i 2

int.

Assign 50 per cent of this to the control valve :

185 x 0.50 =

is based upon 119 x(13.75

92.5 in
In .

= Q Specific Gravity0.
Cv Q Pressure Drop

= 13.75 (170.5

= 1.425

C = 1.4
Cv ' po.

Q = cv G.

=Q
Cv 3.75)2

1.L

60.2 lb
x62.=.93 2

in.
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Fig. 61 Net pump discharge pressure and system pressure drop vs flow rate.
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APPENDIX D

COMPUTING A PERIODIC INPUT FROM THE OUTPUT

Given:

1. A linear network with known transfer function T(s).

2. A plot (analog record) of an output signal which is periodic
with period To (which can be determined from the plot).

Find:

The input signal, which is assumed to be periodic with period T.

Method:

Since the input and output are periodic they possess Fourier
expansions:

(1) e1 (t) = A + (Acos n w t + B sin nut)
n =o

I00 o

(2) e0 (t) = Ao + E (A0 cos nwt + B sin nwt)
n =o

where o = 2/T

The assumption of linearity implies that if f1(t) and f2(t) are

inputs and g1(t) and g2(t) are outputs then the output with alfl +

a2 f2 as input is just al g1 + a2 2. Further if the input is e

(ie, a purely sinusoidal complex signal) the output is T (iot) e i .t

We therefore write the input and output as sums of components eint

e1 (t) = E C einwt
I nn= -

with A = C , A = 2 Re CI, B = -2I C
0 o n n n m n

I I
and C = C , where the bar denotes the complex conjugate.

n
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Similarly,

e0 (t) = C0 e
n

n--oo

Now, because of linearity we may write

Coe int = T(inw) C einwt
n n

I I
and cancelling the exponential and solving for C we get C'

n n

The relation between the C's and A's and B's may be written

I I
A - i B

CI= n n
n 2

C0
n

0
= C / T(inco).n

0 0
A - i B

n n
2

If we write T(inw) = T (nw) + iT2(nw), we get

0 0A - i B
n n
T1(nw ) + iT2 (nw)

0 0
A T (n) - B T2(no) - i

1 
1 n 2 +

T 2 T2

0
BT (nw)n 1 + A T2 (nw)

Separating real and imaginary parts we get

0
A T (nco)nl1

0
- B T

n 2
(nw)

T (nro) + T (nw)

0 + 0
B0 T (nw) + A T2 (nw)ni1n

Ti (n) + T (nw)

Computational Procedure:

1. Use Program number 00.009 (Harmonic
B .
n

Analysis) to compute An,

I I
2. From (3) and (4) compute A and BI.

3. Use A and B to evaluate e.(t) for the required values of t.
n nN1

NOTE: A small program to do 2. and 5. should be written.
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(3) A =

(4) B'=
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