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ABSTRACT

This report summarizes the design and development of the fuel pump and
xenon removal system for the Aircraft Reactor Test. The system is comprised
of two fuel pumps with an expansion tank mounted just above énd between them,
and a complex of impellers, seals, and stators arranged to be a.part of the
removable fuel pump assemblies. The xenon removalisystem is designed to
bleed appfoximatély 1.5% of the main fuel flow rate’ihto the expansion cham-
ber through the xenon removal equipmenf; The stripped fuel is returned to
the main system by way of centrifuges mounted immediately in back of the fuel
pump impellers. The .centrifuges serve to filter out any entrained bubbles
and pro#ide in conjunction with seal impellers a suitable main fuel system
pressure level. | ‘

_The initial design and development work included as an objective the
achievement of a system insensitive to attitude. That work is included in
this report as an aid to future designs.

This report inclﬁdes the following:

‘l. .Thé underlying design precepts and requirementé upon

which the development was based.

2. The functioning and principle of operation of the finalized
design. -
3. The chronological evaluatlion of the finalized design and

the major design changes in the development.'

4. Discussions and calculations pertinent to five design
criteria: ' . |
a. pump impéller deSign'
b. system pressure control
c. swirl stability.
d. bubble removal in the centrifuge

e. seal requirements and performance.
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'DESIGN CRITERIA






DESIGN CRITERIA

Precepts and Requirements .

The high absorption cross. section of Xe‘35

makes 1t extremely des1rable
to strip xenon continuously from all or a fractlon of the fuel*. 1n high power 1
density reactors. Xenon can be stripped from liquid fuels by éxposing the"
fuel to a gas interface where the xenon molecules can dlffuse from the- llquld.
The rate of xenon extraction from fuel at e given temperature 1s a function
of the Xenon concentration in the fuel the partial pressure of xenon in the
contactlng gs, and the rate of exposure. Thus, & Xenon removal, or "X <R",
system might function as follows: - - |

1. A fraction of the fuel could be bled 1nto 8 process1ng chamber.

2. A large interface in th1s chamber could be prov1ded by means

‘ of agitation, bubble . entrainment .or spraying._‘ ,

3. The xenon-free fuel could be returned to the system in such

& manner as to av01d foam or gas bubble carry-over.

To appreciate the X-R system as applied to.the. Aircraft Reactor Test, it .
must be clearly understood that the initial conception involved five basic pre-
cepts; namely ' : : .

1. From l to 2% of the fuel should be bled continuously from
o " the main fuel stream ,
- 2. 4The interface in. the expansion tank should be used for the f
: removal of. xenon.
3. The pump shafts should supply any . energy required for the
"operation of the system: ®. . S )
4, A centrifugal field should be employed to prevent gas carry-
, over into the main fuel stream to.avoid affecting reactivity.
5. The X-R system»should operate in stable equilibrium.with the
fuel pump and maintain the desired fuel system pressure .level.

¥ & reactor 1nherently‘will reach ; ri'Tibrium xenon conceéntration
determined by the balance between Xenon generation on the one hand
and xenon decay and "burn-up" on the other. Any concentration below
this inherent equilibrium concentration implies xenon stripping.

el



These design precepts indicate the intimate..relationship of the design
of the X-R system to the control of -the system pressure, expansion tank liquid
level stability, and the pump des1gn with all of its seal and access1bility
problems. The multitude of interrelated design requirements mean that the
X-R system mst do a great deal -more than remove xenon. A summary of the de-
_sign requirements is given in Table 1. 1. ' B

The interdependence of these design requirements is not 1mmed1ately ap-
‘parent. After preliminary study, it became evident that the complexity of
the complete system demanded that the X-R system and the fuel pump be developed
separately and subsequently tested as a unit. The development of the X-R sys-
tem and the pump is discussed in Sections II and III. S

The basic design data and phys1cal properties used in the design of the
X-R system are given in Table 1l.2. Most of the dimensions were predetermined
by the pump configuration and space llmitations. ‘Certain critical dimensions

were computed. The detailed calculatlons are given in the appendix.

I1lustrations and Nomenclature

:Fig..l,l gives an‘overall picture of the fuel pumps and the X-R system.'
T1lustrated particularly are the . expansion chamber in relation to the rotary
elements, the 1nter-connecting parts, and the direction of fluid passage. The
expansion tank in the fuel system acts as a processing tank for Xenon stripping.
All other required functions are. carried out in the rotary assembly, & cross
section of which is shown in Fig. 1.2 with the various parts labeleéd..

Fig.'l;3 depicts'the system as a'hydraulic circuit. The numbers are only
illustrativewof the pressurelinterdependenCe between the X-R system and the
main fuel circuit. The functional description of the ART-XR system to follow

is presented‘from'the point of view of a hydraulic circuit.
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10.-

11.

12.

13,

1k,

15.

Teble 1.1 - Design Requirements

The pump should have the highest possible. degree of reliability'which

_necessitates. large radlal and. axial clearances for mov1ng parts. to

mlnlmlze the effects of thermal dlstortlon._

s The pump shaeft seal and bearing must. operate. at temperatures below 300° F.

The pump should not constltute & hole in the shleld.

'The pump should be replaceable ‘without removal of the reactor shleld.

The bearing and seal should be sufflclently shielded from radlatlon to

' give a satisfactory iubricant life.

Cooling prov151ons must be adequate to remove the heat generated by
radiation at full power and at the same tlme no areas contacted by llquld
fuel may drop below the fuel freezing p01nt at zero power.

- The pump-mustvsupply the required fuel system head and flow. .

The pump must be free from cavitatlon within the requlred operatlng '

“pressure level.

The pump must meet the reactor geometry demands.

Pump, casing, and expansion tank should. be rugged in construction, un- _
likely to be subject to thermal distortion, and have a minimm of moving
parts. ' '

Operation should not be sensitive to variations in pump_speed or to
differences in speed between pumps, includiné one pump stopped.

The pump shaft power required should be minimized.

Fuel entry into the cool region around the impeller shaft below the seal

must be prevented.
The system should be ‘such as to drain naturally when in its normsl position.

Provision must be ‘made for removing xenon with a high degree of reli-
ability and sufficiently thoroughly to provide a substential margin over

the concentration acceptable from the reactor control standpoint.




16.

17.

18.

19.

20.
21.

22,

25.

To. effect gas removal from the fuel a fraction should be recycled from
the main'cirCuit through a CHamber.with a helium stmosphere.

To 1ncrease the dlssolved gas removal effectlveness, the fuel in the

gas removal chsmber should be agitated to increase the helium entrairmment
thereby increasing the surface area and reducing the diffusion path length
in the fuel. |

The stripped fuel must be returned to the main fuel circuit free of gas
bubbles.

To prevent bubbles from enterlng the core. the return c1rcu1t must be
designed w1thout leakageo

.The system pressure must be maintained at a predetermlned level.

An expansion volﬁme must be provided for the fuel.

Clrculatlon must be maintained through the expansion tank to avoid over-
heatlng from fission product decay heat.

Reactor off-gas and fuel vapor contamination of the pump ldbrlcatlng oil

should be a minimum,.




Table 1.2 - Design Data

Fuel No. 30 Value Source
Density (#/£t3) . o= 246.4-0.0322T(°F) (2)
Surface Tension (dynes/cm) » 530°C-157 (2)

630 -132
S 730 115
Viscosity (4/ft-hr) 1100°F-21.3 - (2)
1300 -12.8 '
| 1500 -8.5
Liquidus Temperature ‘ 968°F . (2)

Water |
Density (#/£t3) 62.3
Surface Tension (dynes/cm) 68°F-72.8 _

Viscosity'(#/ftfhr) 68°F-2.42

Pump Shaft Spacing (in.) . 21 ' (3)

Fuel Pump Impeller 0.D. (in.) . 5.75 (%)

Fuel Pump Impeller I.D. (in.) 3.5 - | )

Total Fuel Volume Outside '

Expansion Tank (£t3) 8.78 ' Calculated

Change in Expansiqn‘Tank

- .Fuel Volume from Fill Temperature
to Operating Temperature (in.3) 568 Calculated

Bleed Flow Rate per Pump (gpm) - 12 (1)
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Circuit Descrlptlonui,.

. ‘The ART fuel circuit is most readily understood by referring to Figs.
1.2 and 1.3. For clarity the circuit will be divided into zones and described
separately. ‘ )

Zone 1. . Primary Fuel Circuit _

: Circult wise “the main fuel loop consists of two pumps operatlng in paral-
lel with a common discharge. Half of this c1rcuit is shown in Fig. 1. b,
fuel discharges‘intofthe core header and flows'through the core and the heat
exchangers:to the pump suction. o ' '

The core header serves as a plenum and asaa,mixing chauber.into which
processed fuel is discharged from the ceéntrifuge (shown dotted-in Fig. 1.h4).
Since the centrifuge and the fuel pump have a common discharge, it is seen
that the fuel pump discharge pressure is regulated by the’centrifuge discharge
pressure and that the fuel pump- suction pressure is regulated by - system resis-
tance of the circult ' :

Zone 2. Bypass Fuel Clrcult
The bypass pump passes approxlmately 2% of the main fuel pump flow rate

into the sparging chamber where it is intimately mixed with helium to dllute
and remove from the fuel the Xenon135 produced in the reactor core (see Fig.
1.5). The liquid-gas mixture is jétted into the expansion tank where part of
the gas is separated—from the fuel by allowing the mixture to form a relatively
quiet pool from which the gas escapes to the off-gas system. The fuel in. the
expangion tank, with small amounts of entrained gas, feeds by gravitj into the
centrifuge where the last of the gas is removed.and fed back to the sparging
chamber. The centrifuge diseharges into the discharge of"the fuel pump there-
by returning the fuel to the main circuit as well as maintaining the dlscharge

pressure of the main pump.

-13-
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Zone 3. Dynamic Seals

There are three dynamic seals-which are essentially centrlfugal pumps,
in the.bypass.fuelvcircult,erranged to pump against the pressure of fuel
eﬁtering the seel impellers from ﬁhat.is‘normallyvthe.discharge end of.the
bledes. The interrelationship of thesevseals is shown in Figs. 1.2 and 1. 3.

The. upper sllnger seal serves to prevent the fuel from leaking up the
pump shaft towards the bearlngs and to allow the helium to flow down the
pump shaft and into the sparging chamber.  The 1ower\slinger seal serve§» ”
to prevent the fuel from leaking from the sparging.chamber'into the’centri-~
fuge and to allow.the gas removed by the centrifuge to flow into the sparging
chamber. The centrifuge slinger seal limits the amount of recycle around'the'
top of the centrifuge. | '

-16-’
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_ DESIGN AND DEVELOPMENT OF _
ART FUEL PUMP AND XENON REMOVAL SYSTEM

e
R

Xenon Removal System De51gn

The X-R system described in this section is the finalized ART design.

The system originally envisioned for application to the ART was one that
would.-be insen51t1ve to attitude. Before the development work on an atti-
tude-stable. system vas completed,uit was. found that the. "north head" region
of the reactor would have to be revised because of a severe stress problem.
Another factor which contributed to the decision to radically modify the
original system was a 50% increase in the anticipated reactor fuel volume.

. The redesign of the "north head" region and the increased fuel vélume
necessitated a change in.both the vélume and shape of the fuel expan51on tank .
The. shape of the tank was changed from cylindrical. to ellipsiodial with the
pump barrels. passing through each end of the oval. The original requirement
for this system to be. 1nsensitive to attitude was to ‘be accomplished by spin-
ning the fuel volume in the expansion tank and u51ng the resulting centrifugal
force to stabiline'the'liquid-gas interface. 'Changing:the shape of the expan-
sion tank to its final design made the problem of stabilizing the fuel gas
interface much more complex and resulted in a decision.to eliminate the atti-
tude stability requirement for the sake of an expeditious des1gn. The develop-
ment work completed on the original design is 1ncluded in Section. III of this
report to give a background for the final configuration and for. pos51ble future
application in an aircraft reactor with an attitude-stability reguirement.

A s1mple plastic model of the X-R system was de51gned and-built to test
its gas removal ability and. to calibrate the.bypass_flow through the centri-
- fuges. A cross section through this model is shown in Fig. 2.l.

-19-
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Xenon Removal System Flow

As “the - des1gn of the reactor progressed the estlmated fuel volume ine
creased. Thls 1ncreased fuel volume neces31tated a larger expans1on tank and
a. larger bypass flow rate through the expanS1on tank and centrlfuge for the'
folloW1ng reasons. ' ‘ "_“ ' ,",« ‘ R L '

‘ l, The fuel expan31on tank volume 1ncreased in capac1ty in
) proportion to the total fuel system volume . »
‘é; To malntaln the xenon concentratlon the same as for the
smaller fuel volume, the strlpplng rate 1ncreased 1n
'd1rect proportlon to the’ fuel volume. » A
3. ’To keep the greater expans1on volume from overheatlng
| and . creatlng a serlous 21rcon1um snow problem, the
:quantlty of low temperature fuel rec1rculated through
the - expansion tank 1ncreased 1n proportlon to the fuel
volume. ' '
~ The meterlng of the bypass flow taken from the maln fuel c1rcu1t had to
be done by properly sizing the hole up the center of the pump shaft and the.
four radial holes formlng the bypass pump, A second factor affectlng the . by-
pass flow was the dlfference between the pump suctlon pressure and the expan-
sion tank gas pressure. ThlS second factor could not be determlned in the
model as it is controlled by the comblned performance of the centrlfuge, fuel
pump and pump volute. “ N

During the model tests the difference between the .pump suctlon pressure
and the expansion tank gas pressure was calculated from performance data ob~
tained from separate tests of the fuel pump and centrrfuges.

From Fig. 2.1 it can be seen that there are two pr1nc1ple volumes to the
model. The volume between the two upper plates s1mulates the expan31on tank
and the volume between the ‘two lower plates represents the high pressure
region at the discharge of . the fuel pump in the maln fuel c1rcu1t At the
lower end of the shaft is a bearlng and seal arrangement o separate the '
large hlgh pressure volume from the héle in the center- of the shaft. The
reason for this arrangement was to control the pressure in the small volume '
at the lower end of the shaft at a value near that expected in the suctlon

region of the main fuel pump.




To calibrate the bypass flow fhrough the model a line containing a flow
meter was conﬁectedvbefween the high pressure discharge region and the low.
pressure region at the lower end of the shaft. A valve in the line was used
to control the flow until the pressure at the entrance to the shaft matched
that exﬁected at the suction of the main fuel pump. If the flow up the shaft
was greater than that desired in the X-R system, then the bypass pump holes
were reduced, and conversely if the flow was too small the holes were opened.
The reasoﬁs for metering the flow with the bypass pump holes were that.changes .
in the holes size were simple to make and also were highly effeetive as the
pressure drop in this region is very large. '

The bypass flow rate which was measured by the flow meter was that bleed
from the discharge region to the'region below the seal while the measurement
desired was that of the flow up the shaft. In the actual test the leakage .
around the seal was large (approximately 2 to 4 gpm), and amount to 15 to 30%
of the total bypass rate. As this leakage could only be eetimated, the first .
calibration could eaeily be in error by.1l0 to 15%. This bypass rate was later
determined much more accurately in the single pump Inconel hot loop test rig
to be described later.

Xenon Removal System Gas Removal

The 1ncreased bypass flow necessitated by the 1ncreased reactor fuel
volume 1ncreased the velocity of the fuel passing out of the centrifuge to
such an extent that gas bubbles were carried into the main system. This in-
gassing was eliminated by increasing the flOW»areavavailable to the fuel.
This increase in flow area wvas aecomplished by increasing the number of holes
in the outer wall of centrlfuge from 8 to 33. |

A skirt connected to the lower end of the shaft shroud was added to the
system after it was originally built to prevent the incoming liquid from
falling to the bottom of fbe centrifuge cup and being thrown difectly out-
ward toward the exit holes. Without the skirt the liquid which is thrown out-
ward carries entrained gas bubbles into the high velocity region of the exlt
holes where the smaller bubbles will then be carrled on into the maln fuel

circuit.
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Two other items which were.added.to the model were centrifuge'baffle
and blades. .As the direction and magnitude of the flow in the centrifuge -
cups are not known, the point at which the smallest -gas bubbles are screened
out in the cup. is not known. However, 1t is logical that any direct passageh.
through the cup would enable the liquid to. carry. more gas through the cup ,
than if the velocity were more evenly distrlbuted .over the full height of the
cup. . The baffle was added to prevent the incomlng fluld from having a direct
pagsage to the exit holes.

The centrifuge blades were added to decrease the slippage between the
incoming fluid to the centrifuge cup and:the cup. Prevention of this slippage
improves the system in two ways. The effectiveness,of'the“centrifuge_depends
primarily upon the speed of rotation of the fluid. It is obvious then that
any slippage,between the fluid'and,the,cupvdecreases.the effectiveness_of
the centrifuge; § I | ; | '_ L

.The_secondvreason‘for reducing thissslippage stems from‘the-necessity'
of having to balance the discharge pressure of the centrifuge against the.
pressure rise across -the centrifuge slinger seal " .The discharge pressure of
the centrifuge must be maintained above that of the centrifuge slinger dls-
charge to prevent the fluld from bypassing the centrifuge and carrying gas
1nto the main system.. With the blades installed it is poss1ble to predlct

the centrifuge discharge pressure very closely from the equatlon

H = .U_E
= 53
where ' .
H = Head, ft 1b per 1b
U = Tangentlal velocity, £t per sec A
g = gravitational constant '32.2 ft per sec2.v

The'preSence of slippage in the cup‘1ntroduces an unknown coefficient to
this equatlon ‘and also makes the head dellvered by the centrifuge more depend-
ent on the flow through the centrifuge. ‘ ' .

‘There is one advantage to having the sllppage in the cup. During'test'
with the model it bécame apparent that the discharge pressure of the centric:
fuge 1s a function of the liquid level in the expansion tank. ‘As the liquid




level 1n the expans1on tank decreases the centrifuge pressure decreases, re-
sulting in a. like decrease in: pressure at the pump suction region° This
reduced pressure at the pump suction results in & smaller flow up the pump
shaft and through “the centrifuge. 'The decreased flow’ there causes a reduction
in the slippage which tends to’ 1ncrease the centrifuge discharge pressure. This
stabilizing effect on the pressures ‘was not advantageous enough to overcome the
disadvantages stated above,

The opening between’ the sparging chamber and the expansion tank was made
as large as possible° During tests made with this opening restrictive it was
found that the fluid was backed into the sparging chamber. When the fluid
level moved radially inward from the tip of the lower slinger seal, it re-
stricted the gas flow1ng upward around the shaft from the centrifuge to the -
expan51on tank. With this normal path restricted, the gas was forced to
leave the centrifuge through the same opening ‘ag that used by the incoming
fluid Which-reduced°the effectiveness of the centrifuge for larger'bypass flows.

ART Fuel Pump Development

The operability of a. face-type gas»seal sump pump pumping liquid metals
was experimentally demonstrated in the summer of 1951(5)In the fall of l953,
G. F. Wislicenus designed an impeller (Fig. 2. 2) to produce the head and £low
reguired of the ART reactor using Flinak as the fuel. A volute was designed
within the space limitation of the reactor for this impeller in late 195k, _
Throughout this paper sections of the pump will be located by numerical sub-
scripts. The'position of these.sections and their numbers are shown in Fig.
2.2. The subscript (o) designates the "eye" of the passage just before the
impeller; (1) the impeller vane outermost inlet edge, and (2) the impeller
vane outlet'edge or,impeller rim.‘.A full scale model was built and water
performance test data were obtained in early_l955.‘ The model was installed
in a test'loop built ofp6 in. pipe with head and flow'measuring instrumentan
tion and a throttling valve, The pump was driven by 15=hp variable—speed
d-c motor.. The first experiment was: performed by using a pumpasuction cone-

figuration that 51mu1ated the’ ART reactor de51gn° The entrance region of the
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pumgh;as obscured by a flat plate located 1 in. below and parallel .to the
pump suction. A second test was performed with the plate removed and replaced
by an 8 in. pipe comnected directly. to the pump suction. The_results of these
two experiments are shown in Figs. 2.3 and 2.,4.  The pump performance as indi-
cated by these two experiments_was,not affected.by the simulated reactor en-
trance conditions. Since the flat plate was very.difficult to install; the
8 in. pipe suction was used for all'subseguent testing.

The test conditions and results.from a series of experiments performed -in
the test loop are given’in Table 2.1. The'performance data from these experi-
ments are plotted in Figs. 2.3 through 2, l3~ The performance dats given in
Fig. 2.13 are representative of the bvest operation obtained during this series
of tests. The pump efficiencies are not considered accurate on an absolute
basis,‘because the motor was not calibrated and the motor efficiencies were
obtained from the manufacturer's computed data. It isvestimated that the
efficiency of'the pumps, exclusive of seal and beariné losses, is approximately
75% at the design point. '

The impeller blade tip angle, a2’ was increased to 26.5 deg from 22 deg in
order to produce the reactor design head and flow and a pump speed approaching
‘the design speed; the results of this change'are given in Fig. 2.5. Data ob-
tained by varying the impeller radial clearance from 0.010 in. to»0.0hO“in.
indicated & loss in pump performance ofvapproximately 8% at.low-flow high-head
conditions and’ of approximately h% near the design point. These data are given
in Fig. 2 7

' A cav1tation-like noise persisted throughout Experiments 1 through 12 at
-flows above 400 gpm and speeds in excess of 2000 rpm. The intensity of this
disturbance increased with increased flow or speed above the threshold values.
It was suspected that the noise'mightéhé;thééreéultsfofﬁpoorlfluidﬁguidanceﬁat
the leading edges of the impeller uanes. An attempt was made to improve this
condition by changing the entrance angle of the blade to match that of the
fluid by machining the leading edges so that they lay on the surface of a cone
whose apexlwent through the shaft centerline. The performance data from these
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changes are given in Figs. 2.6 and 2.8. Modifications were also made to the.
inlet radius of -the suction 'eye and to the.impeller nut to improve the entrance
conditions.. These changes had no noticeable effect upon the character of the .
ndise,,.A new:impeller blade‘was designed to give better entrance conditions
with no noticeable improvement. The performance data:of.this‘impeller blade. is
given in Fig. 2,10. ‘ v ‘

It was determined that the noise was not prlmarily due to cavitation at the
blade leading edge but rather to a local condition that existed at the tongue_
of the volute. This was established by the use of a carbon microphone probe..
A circuit was devised so that the microphone signal could be observed on a.
cathode-ray os¢illoscope. With this arrangement, the region of maximum noise
was located near the rolute tongue. The volute'tongue was cut back to allow
more area for the flow. This modification gave a decrease. in performance with
no improvement in the noise. The performance date for this modification is
given in Fig. 2.9. '

The need for additional flow area in the volute is evidenced by the hy-
draulic unbglance of the-impeller*at the design point and .the occurrence of
the. design speed maximum efficiency at approximately 20% less than the design
" flow. A structural change in the design of the reactor north head region to
improve the stress conditions allowed the pump volute flow area to be increased;
however, this increase only compensated for»the 1ncrease-in-the fuel flow rate.
required for improved heat exchanger performance. To. obtain the additional
‘required flow area, the pump volute was redesigned w1thout diffusion cones.

Results of the water performance ‘tests as given in Fig. 2.11 with the re-~
designed volute indicated excessive leakage losses between the impeller dis-
charge and the impeller suction. This is indicated by the sag in the perform-
ance curve at high-head low-flow conditions.A'The-éhroud-radial seal slingers
were extended to the impeller full diameter to'increase their developed back
pressure. The resnlts of this modification are given in Fig. 2.12.' To further
reduce this leakage, the impeller axial clearance was reduced from 0,102 in.

to 0.053 in. The results of this modification are given in Fig. 2.13.
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The difference in the pump total discharge head and the average impeller
blade static discharge head as:a function of pump speed and flow, aé detei'-
‘mined from Experiment No. 15, is-shown in Fig. 2.14. The data shovn in -
Fig. 2.14 allows the éalculation of the:voluté efficiency (k). This effici-
ency, k, (Fig. 2.15) is defined as the fraction of the absolute impeller dis-
charge velocity head which.is converted to static head at the pump discharge.-

" It may be seen from Fig. ‘2,13 that the design point lies irn the region of
ma.ximum efficiency a.nd- that the condition of hjdraulid force balance on the
impeller occurs near the design point. »Thel-nOisevjpresent with the previous-
volute des-ign"wa's completel_y eliminated. ~Based on the performance of the pump
indicated by Ex'pel‘im'entz No.. 15, it was decided that ‘the redesigned volute and
the original impeller with a B, of 26.5 deg would be used in the reactor.
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TABLE 2.1

CONDITIONS AND RESULTS OF WATER PERFORMANCE TESTS OF ART FUEL PUMP

Reactor Design

Experlment Impeller Impellér:: |[Point at Time Suction . -
- Number Design¥* Design Point of Test** Conditions Remarks and Results
1 Five vanes, 470 gpm 606 gom | Suction box, simu- Impeller design point met at
Blade Tip Angle, - b5t head 50 ft head| lating reactor; 1/2 in.| approx. 2650 rpm.- Reactor
(B ), 22 deg 2500 rpm . ~2800 rpm radius on suction eye design met at approx. 3050
‘ o rpm. Pump very noisy.
2 Same as 1 Same as 1 Same as 1 | Straight 8-in. pipe No appreciable change in
' S ' with four antiswirl performance as compared to
vanes; 1/2 in. radius | Exp. 1.
on suction eye :
3 Five vanes, 606 gpm Same as”1l | Same as 2 Reactor design p01nt met ‘at 4
Bgsf'26?5 deg 50 £t head ' approxs 2800 rpm; approx. a’
S o 2850 rpm . lO% increase in efficiency. '
K with respect to Exp: - 1 with
| the peak efficiency shifted
1 towards the hlgher flows
Pump very noisy :
L Five vaneés, Same as 3 Same as 1 | Same as 2 Reactor design met at -
B, = 22 deg : | approx. 3100 rpm. Pump
l€éading edges very noisy. o
fcut back .on an ' .
80 deg-cone
: angle o | _ o L ,
5 Seme as 3 | 'Same as 1 | Same as 2 Impeller radial clearance

|Same as_3 ;

was increased to 0.025 in.

from 0.010 in. No .appreci-
able change in pump. perform- |
ance. Pump very noisy g




‘Table 2.1 (continued)

Reactor Design

Suction -

. -0t~

Experiment Impeller Impeller Point at Time D
Number Design¥* Design Point of Test*¥ Conditions Remarks and Results
6 Same as 3 Same as 3 Seme as 1 | Same as 2 Impeller radial clearance
: . - N was increased to 0.040 in.

-~ from 0.025 in. No appreci-
able change in pump perform-
ance at design point; 8% loss
in head at flows below 300
gpm. Pump very noisy.

T Six Vanes, Same as 3 - 620 gpm Same as 2 peller de51gn point (Exp.’
B, - 22 deg ' 35 ft head- 1) met at approx. 2600 rpm.
léading edges cut ~ 2800 rpm - Reactor design point (Exp. 1)
back on a 56 deg : ‘met at approx. 3050 rpm. Re+
cone angle : actor design point (Exp. ')
o met approx. 2850 rpm. Pump'
very noisy.
8 Same as T Same as 3 Same as 7 |Same as 2 except Similar:to Expts. 1 and 7.
' ' ' ' “|1/2 in. radius EE
increased to 1 in.
on suction eye.
9 Same as 3 Same as 3 Same as 7 |Same as 8 Volute tongue cut back
o : 1 3/8 in. Performance simi-
lar to Exp. 3.
10 . |Same as 3 Same as 3 } . Same as T Same as 8 Volute tongue cut back

3/8 in. modified impeller
nut; performance similar.

to Exp. 3.
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Table 2.1 (continued)

Number

Experiment|.:

Trpeller
Design* =

Impeller--
Design Point

Reactor Design
Point =2t Tlme
of -Tesgt¥e

Suctlon

| Conditions

Remarks and Results

11

12

A 13

14

15

Same as 3

Five vanes;*

62 - 26.5 deg

Same as 3

Same as 3

. |[Same as 3

Same as 3

620 gpm
25 ft head
2800 rpm

Same as 3.

Same as 3

Same as 3

Same as 7

‘Same as T-

645 gpm
37 £t head

A~ 2800 rpm

Same as 13

SameAas 13

‘Same as-8

“Same as 8

. Same as 8

. Same as 8

Same as 8

‘ "decrease in head and flow.
::Performance similar to Exp.

T11.

‘flow. and speed

.ameter.

.-.Eff1c1ency peak at deslgn
: p01nt

Volute tongue_cut back'30
deg; performance showed a

No change in noise.

Volute tongue back 30 deg;

New volute with increased
flow area. Impeller hy-
draulically balanced near
reactor design point. Head
is decreased at constant
_Pump very
quiet.

Extended sllnger on lower
shroud to full 1mpelle* di-
Increased hea® at
constant flow and speed.

Impeller ax1al shroud clear-
ance reduced-to 0.053 in.
from 0.103 in. Increased head
at constant flow and speed..
Increased efficiency peaks at
design point.

Wt
Tt

* The impeller blades were redesigned to provide entrance angles more nearly aligned with the fuel.
*%* Due to the time lag between the impeller design and the 1mpeller testlng, a different impelsiidesign

point and reactor design point resulted.
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Combined ART Fuel Pump and Xenon Removal System Development o

The final development work on the X-R system was’ done with a single pump
Inconel hot loop test rig (see Fig. 2.16). . This final work was originally
planned to . be -done. with a twin pump test loop very similar to the north head
region'of the'ART. Construction difficulties with the twin pump loop delayed
its completion and the development work was shifted to the single: pump loop.v
This loop combined the’ latest X-R system tested with the plastic model and the
final pump design determined from the pump water tests.“ All development work

done with the Single pump rig used water as the working fluid.

System Pressure Fluctuations

At high liquid levels in the expansion tank (above 3 in.) 1t was found
that the pressure throughout the main: system was subject to rather large and
1rregu1ar fluctuations. These fluctuations decreased as the expans1on tank -
level was decreased from 3 1n. to about 3/h in, where the fluctuations again’
began to increase.‘ This increase at low levels was expected., The fluctuations
at low. expan31on tank levels were observed in the plastic model and attributed
to a fluctuating liquid-gas 1nterface in the centrifuge.. The flow into the
centrifuge is by gravity from the expansion tank and any decrease . in the level
in the expans1on tank- will decrease the flow to. the centrifuge., As the main
fuel circuit is filled with an essentially non-compressable fluid it is necces=-
sary’ that the Tlow to and from this system be equal, thus,. any. change in the
flow to the centrifuge will result in a change in the pressure of the main .
system and therefore a change ‘in the flow from the main system back to the
expans1on tank. It can then be. seen that as the liquid level 1n the expansion
tank decreases, the flow to and through the centrifuge decreases ‘and the main
systenm pressure decreases. As shown previously. the main system. pressure is
controlled by the d1scharge pressure of the centrifuge and any decrease in main
system pressure results from a decrease in the centrifuge discharge pressure.:
In the case‘being discussed the centrifuge»is running at constant speed and has

- & fixed outside diameter. Therefore any decrease in discharge pressure must

-






result from a decrease in the - suction pressure of the centrifuge or increase
in the effective 1ns1de diameter. .In the case of the low expansion tank level
the effective inside diameter of the 1iquid-gas interface moves radially out-
ward decreasing the pressure rise through the centrifuge._ This change in liquid-
gas interface was observed in some of the earlier tests with plastic models._ For
very low 1iquid levels this condition becomes. unstable with the centrifuge alter-
nately trying to become_first empty and then as-the_outflow decreases to become.
full.“ a . . . , o , T ST .
The cause of the fluctuations at high expansion tank liquid level was not
nearly so obvious. ' During the development work each of the various flow paths
were investigated and the difficulty' WS ¢ fou11d. to be caused by a fluctuation‘
in the pressure at the inside ‘diameter of the centrifuge The cause of this g
fluctuation was traced to the lower slinger seal._ At very high liquid levels'
the centrifuge will run in a flooded condition and it is: probable that slugs.'
of liquid as well as gas will flow upward between .the shroud and shaft to the
inlet of the lower slinger seal. ‘This gas and liquid flow through the slinger
impeller would cause it to surge with the surges being transmitted back to the
centrifuge as irregular periods of high and low pressure. These surges would
then be transmitted through the centrifuge to the main system. ’

- To alleViate these surges the vanes were removed from the lower slinger
Seal. By remoVing these ‘vanes the head of the lower slinger seal is reduced

and any flow surges in this region will be dampened.

System Pressure Level

A difficulty encountered in the. early testing of the combined system was
an excessive system pressure level which results in a high stress condition _
being imposed on the plate. which separates the expanSion tank and ‘the fuel
pump discharge.- Since this pressure level is fixed by the centrifuge pressure
‘rise, attempts were made to reduce the centrifuge pressure rise by tw0 different
approaches.p First, the inside diameter of the - centrifuge cup was increased and
- second, the exit ares from the centrifuge was decreased.‘ There were several ad-

vantages to the first'method‘ The change in the'existing centrifuges were very
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simple to make, and ‘also it was possible. to calculate ver& closely the new.in-'
side diameter of the centrifuge cup to get the desired change in the main system

pressure level. Another advantage is that the cross sectional area of the en-
trance to- the cup is 1ncreased and will 1ead to a more stable system pressure

at lower expan51on tank liquid levels.’ One disadvantage:is that the radial
depth of the liquid in, the centrifuge lS decreased. This'thinner layer may
enable gas bubbles to pass into the main system under operating conditions

where they would have been stopped with the thicker layer. In the case of the
small exituarea from thelcentrifuge the major disadvantage was the'difficulty
of -making the change. _Any decrease in the exit area by decreasing the number

of exit holes or the diameter of these holes'will increase the-velocity through
the cup and thus reduce the degassing ability of the centrifuges. To oVercbme
this difficulty'thelholes would have to be tapered with the hole area at the
inner wall of the cup remaining the same and with‘the area atlthe exit in the

" outer diameter being reduced. Not only would the construction of these holes

be difficult but their size would have to be determined by trial and error.

One advantage of this system is that the liquid level or liquid gas interface

- in the centrifuge'does'not change. .The .second and more important advantage

was never confirmed by test. This second advantage would shoﬁ up only in the
case where one of-the two reactor pumpsrhad stopped while the other was running.

'For this-one_pump out operation it is very desirable that the centrifuge have a
head flow characteristic such that the head decreases very rapidly with any in-
crease in through flow. All of'theuclearances around the centrifuges are large
and the leakage is controlled by a. d&namic seal. When one pump stops the seal-
is also lost s0.that the. leakage becomes very large unless the pressure drop
across this clearance is decreased.. In the case where the exit area is small,
the‘pressurezdrop,across the'exit holes of thepoperatinglpump isclarge and will
increase rapidly with the increased flow resulting from 1eakage around the in-
operative pump. In the. case. of the enlarged inside centrifuge diameter the )
head of the centrifuge must also drop off rapidly as’ the through flow 1ncrease,

~ but in this case, the decrease,inchead must be accomplished by the centrifuge




the centrifuge becoming partially empty and'increasing the effective inside

diemeter even more. This increase in the diameter of the gas-liquid inter-

face leads to a breakdown in the effectiveness of the centrifuge.

Bypass Flow Determination and Control

One of the ﬁost important purposes of the combined system tests was to
determine and control the-bypass flow. As. previously noted the plastic model
served only to glve an approximate rate because of leakage of the lower seal.

In the combined single pump--system the bypass flow passage was 1dentical to

that for the ART. A disadvantage of thls‘system ig the lack of a method of
directly measuring this bypass flow. The procedure used was to plug the hole

in the center of the pump shaft through which the bypass flow normally passes
and substitute an external line between the pump suction region and the expan-
sion tank. This external line contained a valve and flow meter to regulate

and measure the flow. During these tests runs the pump speed and main system
flow were held constant'while the flow throﬁgh the external line was varied.

The expan51on tank gas pressure and the pump suction pressure were measured.
This" method yields a pseudo head-flow curve for the centrlfuge and is used as

a calibration for test runs where the actual flow up the pump shaft cennot be
determined directly. The use of the pump suction”pressore rather than the
eentrifuge discharge pressure for calibration purposes is arbritrary. The use
of the suction pressure does simplify the immediate reduction of the data, and

- more important the pressure differences between the pump suctlon and the ex-
pansion tank is one of the factors: controlllng}thehbypass flow and is of more
interest than the pressure difference.between the centrifﬁge:discharge and the
expansion tank. -After this pseudo head-flow curve was established for a series
of operating points, the plug was removed from the pump shaft and the external
line closed. The operating point used in the above callbratlon runs were then
repeated and again the pump suction pressure and the expansion tank gas pressure
were determined. The data for the runs with the pump shaft plugged were plotted
as shown in Flg. 2.17.. The difference between the pump suction pressure and the
expan31on tank gas pressure for the pump shaft open runs were then checked against
the identlcal calibration run and the bypass flow up the shaft was read from the

curve.
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The flow through the external line or up the pump shaft.is not the total
flow through the centrifuge. Part of- the centrifuge flow recirculates over
the centrifuge slinger seal and back -into the cup., Thistrecirculation flow'.
is not ‘accurately known but s1nce it 1s not a function of the manner in which
- “the. flow gets ‘from the pump suction to the expansion tank, but instead is only
a function of the flow through the" centrifuge, it does not enter into the cali-

bration.

Fuel Leakage Past Upper Slinger'Seal.

One’ item 1nherent in the X-R system design vas the cause of much concern.
This was the possibllity of fuel passing over the upper -slinger seal and being
forced or drawn up into the narrow annulus.between the .pump  shaft and the bar-
rier shield. plug If any'fuel from the system were'to'rise into this region
it could freeze because of the cooling of the lubricant c1rculat1ng in this
region. The fuel on freezing becomes hard and could do damage to the shaft :
and'shield plug-can ‘and could. posS1bly freeze the shaft to the stationary
shield'plughcan ‘This would necessitate a change of the pump rotary element.
If the reactor had been at power this task would be. unpleasant.

. I the early test in the Inconel hot~loop, the upper slinger seal.design
was the same’as‘used in the plastic model;' This design had twelve radial vanes
about 3/16 in. high for. the full radial distance. (see Fig. 2. 18). In these
early tests’ it was found that the gas pressure in the expansion tank was. greater
than that in the oil catch basin region -of the rotary element. In many cases,
this. pressure differenceé was as large as three to four feet of working fluid-
head. For the first de51gn this pressure difference was found to depend upon
the pump ‘'speed, -the gas flow down the pump shaft annulus, and the liquid level
in the expan51onftank;*wThereuwas‘a moticeable "break pointﬁ.in this.pressure
difference as the eXpansion tank liquid level passed 2 in. This is aISO'the~
" level at which the liquid: will uncover the. ports between the sparging chanber
and the expan51on tank. As the liquid level was reduced from a" ‘high level to

‘about 2 in., there was no significant change in the pressure difference. At
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approximately 2 in. the.pressure~difference:dropped_sharply and was then again
fairly.independent of the liquid level~as>it vas reduced further. -The level
‘at which the break point occurred was not fixed but was -dependent on whether ..
the liquid level was 'increasing or decreasing. The.leiel'for'this break point
was higher for the:case when the”liquid level was-increasing-than»when the
level was decreasing. It was also nofed even at the highest liquid levels:
that as the rate of gas flow down from the catch basin was increased the pres-
sure difference was decreased and for extremely high flow, several times the
normal 500 liters per day, the pressure difference would reverse with the

_ cateh basin .gas pressure being greater-than the gas‘pressure in .the expansicn
tank. It was also found that this undesirable pressure difference increased
as the pump speed 1ncreased.» N

Under: normal operating conditions a gas pressure reversal in this region
w1ll not causge any damage. . The potential head of the slinger is greater than
the pressure difference s0 that no liquid will be drawn over the vanes. The
‘real danger of .this condition is for;the‘case'where one- or both pumps stcp
suddenly as:in theccase.of a power failure. If the slowing down rate of the
pump is so rapid that the inflowing gas cannot build up the pressure in the
lower pressure region at the same rate the dynamic head of the seals is deQ
creasing due to.the decreasing speed, " then the liquid will be drawn up- into
the annulus around the pump. shaft and probably require a replacement for the
'rotary assembly. '

All of the above -.observations show that the upper slinger seal .is.acting
as a gas pump - The actual gas pressure buildup in the expansion tank is far
greater than a pump of -the size and. type used should be able to normally pro-
duce using gas -as the working fluid. It appears that the pressure bulldup is
due.to.theireCirculatiOn of liquid through and over the vanes. The upper
slinger seal acts the same as an open‘face centrifugal"bump’cperatingvunder'no
flow conditions. Due to the rather large axial clearance over“the:top of the
seal and recirculation is large.} This recirculation appears as a flow: outward

through the vanes and an inwardiflow through the clearance above the vanes.
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The outward flow carries gas bubbles to the outer tip where it then escapes into
the sparging region and then into:the expansion tank.A As this process continues
the pressure d1fference Wlll increase and the length of vane which is covered
by liquid will increase as-the liquid is drawn radially inward to produce a.
large head to offset this rising pressure difference. As th1s radial dimens1on
of the liquid increases, the centrifugal effect of the spinning liquid begins
to.screen ‘or centrifuge the gas inward toward.the pump shaft., These counter-
actiné_effects thus limit the magnitude of the - pressure difference the upper
.}slinger sealAcan produce. This also explains the observed dependence of the
pressure difference on ‘the liquid level, speed and. gas flow. As the gas flow
is increased it will reach such a flow that. the upper slinger seal cannot en-
train and pump -the gas as fast as it enters.‘ When this flow. is reached the
pressure difference will reverse. In. the case of the effect of the 1iqu1d
level the observed hysteresis becomes clear. Before the upper slinger seal
can act as .8 gas pump it must become pr1med. When' the liquid level is in-
creaSing the upper slinger seal will "throw". the liquid away from its tip |
until the level has’ reached a point higher than the ‘upper slinger seal or un-
til the liquid which obstructs the exit ports from the sparging chamber causes
the presgsure to build up in the region of the tip of the upper slinger seal.
When the expansion tank is fllled to about 2-1/2 in., the liquid level is
above the upper slinger seal and_it is primed when the pump 1s.started. Eo
break this prime the level must'be reduced until the exit ports from the
sparging . chamber are open and the pressure .at the outer radius of. the upper
slinger seal is reduced. This also: accounts for the sudden @hange in pressure
when these points are‘reached. The ability of the upper slinger seal to en-
train and pump gas. is obviously a function of the speed.

~ In trying to overcome this problem, the basic idesa was to reduce the
large recirculation over the upper slinger seal which with the large axial
clearance required is imposSible to completely stop. The first attempt was
»to replace the vaned upper slinger seal with one whose top surface was smooth
 The axial clearance was held the same as for the vaned upper slinger seal.

This reduced the unfavorable pressure difference but did not reverse it.
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SeveralJOther methods were tried with some improvement but were not completely
Satisfactory. All .of these changes were attempts to reduce the outward flow s
potential at the rotating surface. ' " ' o
' The desrgn~wh1ch finally gave a pressure difference in the desired direc-. .
‘tion, i.e., the catch bas1n pressure greater than the pressure in the expansion
tank, is shown in Fig. 2 19 The top surface. of the upper slinger seal was cut
back for a- radial distance of 3/4 in. This conflguratlon gave a catch basin
pressure higher than that in the" expansion tank by about 10 to 1l in. at design
" conditions and high'liquid levels in the expansion tank. This increased clear-
ance'reduces thelpotential.head of the upper slinger seal, but as it has far
| more head capacity than required to protect the rotary element when operating
normally there is no.deleterious effect in making this change. The outSide..
diameter .of the upper slinger seal could not be decreased to obtain the fabor-
able pressure'gradient.' It was found that a liquid seal must be maintained be-
,tweenfthe face of the upper slinger seal and the 'sparging chamber. With this’ .
favorable pressure gradient,.the.fuel.cannot enter the shaft annulus.during
the slowing down of the pump. -Also once the pump has stopped, the gas flow : -
to the expans1on tank through the shaft annulus malntains the favorable pres-

sure gradient.

Experimental Results -

' The test results of the final design configuration are shown in Figs.
2.20 througn 2.28. Figs. 2.20 through 2.23 give the-head flow characteristics
of the system as a'funCtion of speed. The value of the difference between the
pump suctionﬁand expangion tank.pressure is ‘also shown. The small variatibns
in the head«flow curves frem‘ene liquid level to another are probably not sig-
nificant and are within the“aceuracy-of the data. The values of the difference
‘between' the pump suction pressure (P ) and the expansionAtank.gas'pressure'( )
are definitely a function of liquid level at lower levels, especially at 1 in.

and below for reasons glven preV1ously. B ‘ - . T .

-
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The reason for the scatter in the data can be seen.by examining Figs..
2.2h.through 2.27. -These figures show the pressure fluctuations throughdut
the .-test loop as a function:of speed, flow, and liquid level. . While these
fluctuations are not large enough to cause any damage to the reactor, they
did makeAanalysis‘of the data difficult. The reason these relatively small
fluctuationsAwéfe so important can be seen by studying Fig:.2.17. If the

- value ofMPs - PHe on the figure are shifted.by 0.2 ft, the error in. deter-
mining the actual bypass .flow at 645 gpm amounts to about 5%. At lower
liquid levels the fluctuations become larger and the experimental values of
the bypass flow erratic. For this reason, the bypass flows for the lower

: liquidqleﬁels are calculated (see Appendix E).

Calculated .and experimentally determined flow up the pump shaft or
that amount which bypasses the main fuel pump is shown in Fig. 2.28. This
is not the total reéirculation through the expansion- tank. In the test loop
in which ‘the data was obtained there was a leakage of approximately 0.6 gpm
from a point near the pump suction to the expansion tank. This leakage
should be added to the bypass flow to get the actual total flow th;ough the
expansion ﬁank{ In the réactor there is also a leakage very similar to the
one in the tést loop. This leakage is around the island where it passes
through the floor of the expansion tank. The amount of this leakage is
estimated to be about L gpm or 2 gpm per pump and like the leakage in the
test loop will depend upon the operating pump speed and flow. '

The total flow through the centrifuge cups is equal to the sum of thé
bypass flow, leakage and recirculation over the top éentrifuge'seal vanes.
The leakage over the vanes is large, about 6 to 8 gpm at design conditions.
This large leakége_does not effect the degassing ability of the cup. The
reason for this is that when the flow has‘increased to the point where in-
gassing occurs the head of the centrifuge has dropped to the point where it:
is less than the head of the vanes. Under this condition it is probable that
the centrifuge is not completely full and that the inside diameter of the
vanes receive gas only. The vanes then act as a slinger and there is no flow
through them in either direction, the location of the liquid-gas interface
being determined by the head required to match that of the centrifuge.-
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ART Fuel Pgmpfgavitation Characteristics §
| Cavitation refers to conditions ﬁhere,.because of a~local increase in

velocity as in regions of either boundary curvature or‘eddy.generation,

vaporization of .the flowing liquid creates vapor filled cavities. These

cavities collapse in regions of higher pressure.elseﬁhere in'the system,

In order to form such vapor cavities,'the pressure first has to drop to

the vapor.pressure of'the working fluid; a condition that can be realized

as a local condition without a change in the average system pressure. For

a pump operating at a constant-speed.a local pressure drop results from

separation and contraction of flow and deviation of streamlines from their

normal trajectory such.as takes place in a turn or in passing an obstruction

to the flow. The evils of the cavitation phenomenon are essentially three

in number: (1) reduction in efficiency due to constriction of flow and .loss

of energy, (2) objectionable -~ if not structurally dangerous - vibration and

and noise; and (3) possible extensive pitting of boundary materials in the

zone of bubble collapse, due apparently to failure through fatigue after

countless stress reversals. '

The local pressure drop caused by the difference in the pressures on
the ' leading and trailing sides of theVimpeller blade is.the major cause of
cavitation in a centrifugal pump. This local pressurefdrop is a function of
the relative inlet velocity. :(wl_), “the number of blades (Z), the thickness
of the blades (t) and the local absolute velocity ().

The.test loop from ‘Which the original pump, development data was obtained
was not constructed in a manner to allow operation at an elevated temperature
or at a. suction pressure below atmospheric,' For this reason the determination
of the fuel pump cavitation characteristics was delayed until the construction
of .a suitable 1oop.‘ The loop designed for the hot testing of the fuel pump
vas used for obtaining the cavitation data. The Thoma cavitation parameter
(c-)(7)(8) vas determined for the final impeller design as a function of the
percent change in the pump maximum head at a constant flow and speed. The
parameter o is
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where H is ‘the pump total suction pressuredmeasured close to the. pump eye‘in'

order to avoid frictional losses, Fvap.ls the vapor pressure of the working
fluld -and H max is the pumpmaximum total head.

The results of these’ experiments are shown in Figs 2.29'through-2.3l.‘
From these cavitation data and the data previously obtained on the:difference
betwéen the expansion tank pressﬁre and the pump sucfion pressure, Fig. 2,32
was made on the assumptlon that the: suction pressure requlred to. prevent cavi-
tation was independent of the liquid level in the expansion tank. Fig. 2.32
gives the ninimnm expansion tank pressure required to prevent cavitation as a

function of the expansion tank liquid level and the pump speed and flow.
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DESIGN OF AN ATTTTUDE-STABLE XENON REMOVAL SYSTEM

In addition to the design precepts and requirements of .a stationary up-
right xenon .removal system, one suitable for application to aircraft must meet
the additional requirement of attitude stability (9), An over- all picture of”
the original attitude stable X-R system is given 1n Fig. §.1. Illustrated
particularly are the swirl chamber in relation to the rotary elements, the
interconnecting parts, and the direction of fuel passage The swirl chamber
acts as an expansion tank in the fuel system and as a processing tank for .
xenon stripping. All other required functions ‘are carried out in the-rotary
assembly,va,cross section of which is-shown'invFig.’3.2, which shows a full
scale test model of the rotary assembly. The nomenclature of parts as used
in the description is identified in Fig 3.2. '

Fig. 3.3 depicts the system as a hydraulic c1rcuit : The numbers are
only illustrative tonp01nt out the pressure interdependence between the X-R

system and the main fuel circuit.

Circuit Description

The bleed circuit is most readily understood by referring to. Figs. 3.2

and 3.3. In the description below the c1rcu1t will be: described in zones,

as follows:
Zone 1: Centrifuge, core header region and nozzles
(pressure control)

Zone 2: Nozzles, swirl chamber; and flow split stators '
(primary swirl)

Zone 3 Flow split stators, swirl pumps, ‘and swirl chamber
(secondary swirl)

Zone 1. -System Pressure Control _
Circuit.wise, 1t is best to consider the centrifuge as a radial vane

centrifugal pump (see Fig. 3.4) discharging fuel to the core header region,

which serves as a mixing chamber into which processed fuel is discharged
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and from which an equal'volume of fuel is bled for processing. Two nozzles
direct the-bleed flow into the expansion  tank as'tangenfial Jets to induce

a swirl. These nozzles represent the major resistance in the circuit.and,

' together with the centrifuge speed, determine the bleed flow rate and the
header region pressure. Since the header region is also the discharge region
for the main fuel pumps (shown dotted in Fig. 3.4) it is seen that the bleed
eircuit in effect determines the main pump discharge pressure and thereby

the reactor system pressure. By making the pressure drop across the nozzles
equal to the main system fuel pressure drop, the main fuel pump suction pres-
sure can be maintained at swirl chamber pressure (controlled by the off-gas

system).

Zone 2. -Primary Swirl

This part of the bleed circuit serves the primary purpose of agitating:
the fuel. The fuel in the swirl chamber is made to spin (reinforced by the
circuitﬁof Zone 3) by the tangentially directed discharge of the fuel from .
- the nozzles (see Fig. 3.5) and careful contouring of the suirl chamber walls.
The resultinguhigh peripheral'velocitieslinduce violent agitation; mixing,
and gas entrainment in the spinning fuel. The spin also serves to make the
fuel level insenstive to attitude. As seen in Fig. 3.5, ductlng designed
into the swirl chamber wall directs fuel into two protruding ports 'in the |
pump hous1ng. The fuel scooped up by the ports is directed to the flow spllt
stators which d1vert such fractions of the fuel axially downward into the
bcentrifuges as' is required to balance the centrlfuge discharge’ (see Zone l)

~Under normal operating conditlons the centrlfuge is simply flooded, the ex-

cess being d1verted upwards into Zone 3.

Zone 3. Secondary Swirl
The upward directed excess of Zone 2 is passed to two auxiliary centri--

fugal "swirl" . pumps mounted on the main fuel pump shafts., The discharge of
these pumps is directed by suitable porting and contouring (see Fig. 3. 6) to
reinforce- the spin in the swirl chamber. This additional energy is not re-
quired until the level in the swirl chamber rises to about 40% full. : By
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virtue of its elevated position the»SWirl punps automatically cut in when the

level in the swirl chamber rises sufficiently to prime the swirl impeller;
The swirl'impeller aiSO~S¢rVeS to vent the gas'liberated from fhe fuel

in the centrifuges. A gas passage connecting_the swirl impeller suction side

with the centrifuge center is formed by‘e shroud around the shaft as shown in

Fig. 3.7.

Dynamlc Seals

To complete the circuit descrlptlon “two important seals will be described
brlefly. Both seals are essentlally radial vane centrifugal impellers arranged
to pump agalnst the pressure of fuel enterlng the impeller from what is normally
the dlscharge end of the blades.

In the case of the upper slinger seal, its function is to prevent any fuel

" leaking past the swirl pump from moving up the pump.shaft toward the bearings.
The upper slinger seal 1mpeller -radius exceeds the swirl 1mpeller radius in
order to provide some safety margln and to permit 1nverted operatlon.v

The centrlfuge sllnger seal is an integral part of the centrifuge (see
Fig. 3.8) and serves to limit the amount of recycle around the top of the
centrifuge. The blade diameters must be such as to .develop nearly centrifuge
pressure but never to exceed it. A more detailed.discussion regarding design

and performance is appended.

Test Development

The chronological stages of the development of the ART-XR system are
summarized diagrammatically in Table 3.2. Excerpts of a summary by A. P. Fraas
of the development of the first six models are appended to this report. These
modeis first indicated the need'of_embloying a centrifuge and pointed out
several instability problems which led to the decision to build the swirl
chamber as a separate physical entity.. '

Denoted as Model No. 7 in Table 3.2 and illustrated in Fig. 3.10, such
a swirl chamber was tested independently of the pumps by supplying feed from
the plant sanitary water supply line. Tests were run at 2.6, 4.6, 8.9 psig
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inlet pressure with various resistances in the discharge lines simulating
lift and friction losses. The test data are summarized in Teble 3.3.

In conducting the.tests_it was observed}that the-liguid.level in the
swirl chamber sought its own equilibrium level for eny combination of inlet
and back pressure. Efforts to change liquid level independently.of pressures,.
by adding water directly to the swirl'chamber, were'unsuccessful°»either.the
level reverted promptly to its original equilibrium level or a non-equilibrium
' condltion resulted with the level continuously rising to overflowing.

The nature of this swirl instability was-subsequently analyzed.and is
schematically represented in Fig. 3.9 in terms of'an.energy balsnce. The

sequential dependence is as follows:

1. The amount of liquid retained by the centrifuge controls the

centrifuge delivery pressure.

‘2. The centrifuge delivery pressure acting on the nozzle deter-
mines the flow rate out of the centrifuge and into- the swirl
'chamber. . '

3. With the flow rate and pressure established the energy input
to the fluid is established. '

b, For equlllbrlum conditions the input-energy,must equal the

losses. The losses can be broken down into: -

a.’-nozzle loss - a functlon of flow
b. swirl chamber discharge loss - a function of flow .
c. lift - fixed
d. swirl chamber agitation loss - a function of swirl chamber
| liquid level ’ i '
_ e. swirl chamber drag loss - a function of swirl chamber |
liguld level.

5. Since the swirl chamber also serves as the expansion volume for
the fuel systems, & rising fuel temperature will initially cause
a rising level in the swirl'chamber. . This changing level by way
the 4d and e dependence above, affects the system equilibrium in
e manner dependent on the initial equilibrium liquid level.
-
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From Fig. 3.9 it is'seen'that the agitation,losses,decrease
with rising level and is the predominant loss at "low" liquid
levels. The drag losses, however, rise with 1ncreas1ng level

and predominate at "high" liquid levels._

Instability.A: _

With the‘swirl chamber at an initially "low" liquid level, a
rising level (due to a rising fuel temperature);reduces'the

swirl chamber loss - and thereby increases the flow out.of the
swirl chamber. With the centrifuge cup initially full this.

does not, however, . increase the flow into the swirl chamber. | -
In effect, then, the swirl chamber reverts to its initial ~
stable level, transferring the extra inventory to the space

above the centrifuge.. As born out by test exrerience, the

swirl chamber "refuses to act as an expansion chamber".

Instability Bs :
With the swirl chamber at an initially "high" liquid level,
a rising level increases the.swirl chamber loss and thereby
decreases the flow out of the swirl'chcmber_andvinto-the.
centrifuge:cup. With ite supply reduced the centrifuge liguid
‘_level drops'thus reducing . the energy supplied to the swirl
chamber. With energy 1osses increasing (due to rising liquid
level from (a) the extra inventory due to temperature rise and
(b) the volume no 1onger retained by the centrifuge) and input
" energy decreasing, the system is more and more unbelanced, re-
sulting in a run awaj_condition ae bOru out by test experience.
The. swirl chamber may overflow and the centrifuge cués will lose
their primes..'

At pressures above 7.psig'sufficient flow was obtained to give gcod spin
and agitation. However, the tests indicated definite instability tendencies

for certain combinations of liquid level, back pressure and -inlet pressure.
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The 1nstab111ty tendency was more clearly apparent in Test Model No. 8 (Table
3.2) when the Serl chamber was placed” in series with one centrifuge.

The analysis of the swirl chamber indicated a marginal energy balance be=
tween the energy in the fluid issuing from the Jjets. .and the fluid friction los- -
ses in the Serl chamber. At some minimum swirl chamber level a metastable

operating condition was attaineéd. &Any small-increase"in frictional resistance

.

unbalanced the system to the point where the centrifuges lost all prime‘and
freely'passed air. It was not»possible'to reestablish stable operating con-
ditions. In. Test Model No. 9 every effort was made to reduce connecting line
friction losses. Furthermore, the swirl chamber was raised such that the
centrifuge could be supplied by gravity. However, even under these conditions,
the system could not be stabilized over the full range of liquid levels.

It was, therefore, decided to augment the energy supplied to the swirl
chamber by an;auxiliary impeller as shown in Model No. 10,.Table>3.2. The
centrifuge discharge was passed'upward through the clearance space between the
centrifuge cup and. the wall where it joined the auxiliary bypass fluid discharged
by the impeller mounted on top of the centrifuge cup. .

Although the centrifuge flow rate could not be determined, this model was
able to remove bubbles from the plenum chamber below the centrifuge. Swirl
chamber operation was stable. However, no appreciable svstem pressure could
be developed. ‘ :

The performance of Model 10, Table 3‘2, and the analysis leading up to it
indicated that the system was. sufficiently well understood to make an attempt
at an improved des1gn appear promising. A two-pump integral plastic model was,
therefore, des1gned incorporating the following features:

1. Locating the sw1rl chamber above the centrifuge cup to permit priming.

2. Incorporating an auxiliary impeller which by superimposing a re-
C1rculat1ng flow supplied excess energy to the swirl-chamber.

3. _Des1gning a configuration such as to make passages between swird
chamber and centrifuge assembly as short as possible to minimize‘

friction losses.

B
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Y. Introducing the centrifuge delivered flow:into the swirl chamber
" through highly restrictivé nozzles to maintain the system pres-:

sure'and to provide:spin at low swirl levels. -

The assembly as originally built is 1llustrated in Fig. 3 11.

The development of this unit to the final working model involved changes'
in the rotary assembly only These are 1llustrated in Table 3 2 ‘Models 11 -
through 15. The problems encountered were primarily sealing problems to prevent
reciroulating short circuits. This development work is outlined in Table 3 2.
Finally, the entire assembly was mounted on-a rig to permit inverted operation.
The performance is summarized in Table 3.k. The final critical dimensions for
Model 15, Table 3.2, are listed in Table 3.4, The final designtis illustrated
in Fig. 3.12. '

System Analysis (Refer to Fig. 3.3)

The manner in which the X-R system controls the main system pressure is
most easily seen from a study of the characteristic curves of the two systems.
Figs. 3.13 and 3.14 illustrate the characteristic curves for the main fuel
pump circuit and bypass flow circuit respectively. The ordinates.are drawn to
the same scale but intentionally do not have their origin defined. The labeled
points have the following physical significance:
(a) fuel pump discharge pressure
(b) centrifuge discharge pressure
(¢) centrifuge inlet pressure
(d) fuel pump suction pressure
As previously described and.illustrated in Fig. 3.4, both the centrifuge
and fuel pump dischafge into a common header and therefore points (a) and (b)
must be.at the same pressure. Secondly, since the centrifuge inlet, because of
its gas interface is,essentially at swirl chamber helium pressnre, i.e., since
point (c) is at p = O (reference), all the other pressures are fixed relative to

(c) as shown in Fig. 3.15.
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The system pressure, particularly the pump suction pressure, is therefore

controlled by the helium. pressure .and the . bypass flow pressure drop. The bleed
flow Ap is primarily controlled by the nozzle resistance. This nozzle is made
highly restrictive 1n order to keep the pump suction pressure high enough to

~ prevent cavitation. .Any pressure drop across the centrifuge cup holes reduces
the syétem pressure by an equivalent amount. Thus any condition that simulates
an increased flow ;hrough'fhe centrifuge-cup holes effects a reduction in the - -

system pressure level.
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Table‘3.l Model 15 - Performance Evaluation.

Test Conditions:
A. Speed range 700 rpm to 1800 rpm
' B. Storage volume range 20% full to 80% full
'C. Attitude: 1) upright, 2) incllned, 3) inverted.

Performance Criterion Test Condition - BEvaluation
1. Expansion Volume Stability A o Completely stable
, _ : Completely stable
e ~ Completely stable
2. Agitation A _ Varies from fair to

excellent as speed’
" increases.

B _ Best at low volumes -
generally good.
c Good.
3. Upper Slinger Seal Efféctiveness» A Complétely effective
B Completely effective
C Completely effective

Within 5% of theoretical

k. System Pressure A
: : expected.
B o Drops with dropping vol-
" ume when less than 20%
: full.
- C . Drops off completely at
low volume.
5. Bubble Removal Effectiveness A o " Good -~ best at lower
: - . - speeds.
B : Good - best a high ligquid
- levels.
c o Fails at low volume and
~low speed.
6. Power Required ' ' A - Increases with speed.
B ~ Increases markedly with
L : : high liquid level.
o e
7. One Pump Out , ' .. Loss of system pressure;

poor agitation.
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SEQUENTIAL DEVELOPMENT OF A‘I‘I‘IT'UDE-SLE XENON REMOVAL SYSTEM

MODEL - O . ) MAJOR CHANGES FROM
XO. RETFERENCE ruq: PATTERN . PREVIOUS MODEL EVALUA'I‘IONI
N :ﬂ/SLINGER
1 Fig. A.1l 1) Swirl insufficient to
STORAGE remove bubbles.
: :
PUMP| |- SWIRL 2) Agitation good.
Pt Dy ————
/’_:: It ~ \\ ) 3) Slinger effective.
G
4 4 N ‘ { I
| I
- /‘\ —-— =4
2 Fig. A.1l Jet added to assist swirl. Swirl stili_ insufficient
to remove bubbles.
i -
3 TFig. A.2 Centrifuge added above pump Insufficient 1ift avail-
impeller. able for getting fluid
into centrifuge.
i,L Fig. A.2 Scoops added in swirl Effective up to 1400 rmm
. chamber to assist 1lifting only.
fluid into centrifuge.
5 Fig. A3 1) Peripheral airfoil scoops | 1) Unstable operation,
added: 2) Passed air bubbles.
2) Expansion - and swirl ’
chamber built as unit
chamber (baffle omitted).
3) Centrifuge discharge into
impeller discharge region
5 Fig. A.3 Labyrinth seal added between | No improvement,
- . pump volute and swirl ’
chamber,

Decision: l) To separate centrifuge and swirl

chambers.

2) Hew models not to include simulat.d

main circuit.




Table 3.2 (contd.)

MODEL AT AT T Y MAJOR CHANGES FROM .
1o. REFEREICE I‘LQW PATTERN - PREVIOUS MODEL EVALUATION
T Fig. 3.10 Isolation of swirl | Test of- swirl chamber
chamber from pump [with city water presswure
impeller. . supply and variably
: I restricted discharge.
See Table 3.3.
SWIRL
) CHAMBER
o—™>0
8 Fig. 3.10 : __+___ Svirl chamber - 11) System unsteble as
. { connected to single| liquid level is
. l ) centrifuge unit. changed.
’ ){, . 2) Centrifuge loses
_—_ﬂx\\k::: e
e T T T ]
— _D
[—_‘ '_~W
L =
{
9 Fig. 5.10 == Swirl chamber Marginal performance due
o raised with respect| tc insufficient spin
P T TI> |to centrifuge. energy.
: ’(’ ' Flow reduced by
_ — blocking one nozzlel
= = NI .
‘/‘ | ‘_’ @ I_]
'Y ‘
| .
10 Fige 3.10 - M Discharge through 1) Effective bubble
- — | = connection opposite separation.
H e —— impeller mounted
- D on centrifuge. 2) No system pressure.
’(’ 3) Good spin except at
very high liguid level.
— —
=H 4) Centrifuge can lose
P b ‘ i prime because of
limited spin energy
1 and excessive fluid
‘ % friction losses.
1
I
Decision: To build plastic model contaihing'two centrifuge assemblies with integral swirl chamber between

sheft centers.
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Table 3.2 (contd.)

MAJOR CHANGES FROM

MODEL ; o,
NO. REFERENCE FLOV 3ATTERN PREVIOUS MODEL EVALUATION
| A
11 Fig. 3.11 | 1) T™wo centrifuges Slinger seal ineffective.
S : | feeding common swirl
chambers.
2) Auxiliery impeller
H to reinforce swirl
" at high volume
levels.
—A—
€
Jr__
I A— e
12 Fig. 3.1 . 'ﬂl" Slinger replaced by 1) Slinger impeller
’ \ X! slinger impeller. effective.
% f 2) Low pressure in main
system.
4 |
i
N s
( — f/_f/‘r_
1 N
\\ Q
A—
A—
13 Fig. 3.2 Impeller added above 1) System pressure
P centrifuge. satisfactory.
y/ = : 2) Bubbles by-passed or
/’, passed through
AL 2 centrifuge.
52(_
&
ly_
i ’ Special test rig to Labyrinth seals in-
investigate sealing effective.
1 . arrangements.
ZzZzZz
.?Zm ' ] I
\ 1
15 rig. 3.1 Same as Model 13. Identical with Model 17| Satisfactory operation
3.2 but with rebuilt centrid with respect to:
3.12 fuge and carefully a) Bubble separation

" [verting rig provided. -

machined inpeller. In-

b) Stability
c) System pressure
d) Attitude chenges




Table 3.3 Model Zﬂ?}?&ifarmance Evaluation

Static_Head Spin Velocity Swirl ¥
Inlet Back Measured 3/4‘in. above Chamber Agitation Stability
Pressure Pressure scoop, g ft/sec- Flow Efficiency Evaluation Evaluation
ft ft cTs 'J,_'% -
6 0.52 5.25 .0357. ':'16;7 | fair stable
0.605 5.78 .0357 _18:2. poor stable
unstable N B | | - unstable
10.6 0.52 3.38 0488 13.h good  stable
0.605 3.2 Ob73 13.7 good " stable
0.687 322 0460 k.1 fair stable
0.77 3.0b 0473 15.2 poor stable
0.855 5,25.‘ .0h73. 16.1 noné stable
unstable unstable
20.6 0.52 8.9 .067 10.8 excellent stable
0.687 S.iaﬂ_ .067 .~ 11,6 .  excellent . stable
0.935 ©9.62° .067 12.9 excellent stable
1.27 9.62 .067 1k.5 excellent stable
1.40 9.62 067 15.2 fair ‘stable
unstable unstable

¥  Swirl chamber efficienéy

Total Head of Leaving Fluid

Total Head of Entering Fluid
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Table 3.4
- _.Model 15 - Dimensions
Bléed Flow Rate - .0297 £t3/sec

Swirl Chamber Nozzle Orifice . 1/16 in. x 5/8 in.
Expansion Volume required o 0.45 £43
~ Expansion Tank Dimensions. _ 0.D. 1k in.
I.D." 5 in.

Height 5.75 in.

Centrifuge Cup Size B o 0.D. 5.75 in.
’ B ' I.D. 3.50 in.

Centrifﬁge Holes ' . R ~ Number ' 8
' ' ‘ ' Diameter - 1/4 in,

Centrifuge Slinger Seal '~ fadia.l vane I.D. 3.50 in.
' ' " radial véne_ "0.D. 5-5/8 in.

»

*y)

AR g
o
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FIGURE 3.12 ATTITUDE- STABLE XENON REMOVAL SYSTEM TEST MODEL NO. 15
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Appendix A

SUMMARY OF WORK (TO JULY, 1954) LEADING TO THE
DESIGN OF PUMPS FOR THE CFRE






N SUMMARY OF WORK (TO JULY, 195&) LEADING TO THE
DESIGN OF PUMPS FOR THE CFRE '

(Refer to Models 1 through 6 Table 5 2)*

“The face-type gas-seal sump pump is attractive for use with high tempera-
ture liquids because, by inserting a heat dam, the seal can be operated at - -
conventional temperatures with conventional materials, for example, hardened .
steel and graphitar in a petroleum ‘oil bath providing both lubrication and
‘cooling. . An experimental unit was prepared in the summer of 1950 on the thesis
that the free surface:ceuld-be.maintained in a centrifugal field and hence could
be made insensitive to -the veriations_in pump attitude and negative "g" loads _to~
be expected .in flight. A particular feature of the design was. that it should:
act to de-aerate the system -- a feature considered essential in a full-scale
aircraft type pump. . The principles of operation were demonstrated by operating
the pump with water in the fall of. 1950 and -approximately. 80-Hr of :further testing
with sodium at temperatures up to 1000°F was carried out in,fhe surmer of 1951°_

- As the design:of the ART progreSsed;it became evident that there is a
strong incentive to remove xenon,-ahdzthat this might be done by agitating the
fuel in the expansion tank so that it would entrain bubbies..-This would serve
both to: increase the surface area by a large factor and to bring a high proﬁore
tion of the fuel close to.a surface within a short‘period.of'timeh' Thus ‘1 or
24 of the fuel could be by-passed through the expansion tank and the bulk of
the xenon stripped before returning it to the main stream. . The arrangement had
the additional advantage that it would avoid overheating of the fuel in the
expansion tank as a reésult of fission product decay activity. While a separate
agiﬁator could be provided, it was felt that the number of moving parts should
be mihimized.and that the pump impeller shaft could serve a double purpose.

The notion of utilizing a centrifugal field.in back of the impeller to stabi-

lize a free surface ‘there had worked-so#nicely in the pump.meﬁtioned'earlier

*A. P. Fraas, abstract taken frcm "CFRE Des1gn and Development Program Handbook,
Precject No. -3 ' o . _
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that a modification of it to effect xenon removal seemed promising. A simple
model of work, glass, ‘and plastlc was prepared to 1nvest1gate the possibilities.
A section through this model is shown in Fig. A.l. The model was designed to
operate with the fluid in the expansion tank swirling under the impulse of fluid
accelerated and thrown off by the impeller. A conSiderabLy higher swirl velocity
was .expected ‘in the annulus just above the iﬁpeller, and a diaphregm,was inserted
fo separate this region from the main part of the expansion tank above. It was
hoped that the swirl velocity in this lower region woﬁld be high enough s0 that
the outer periphery_would,operate_free of bubbles. Thus, fluid lesking upward
through the labyrinth seal between the impeller and the casing would pass into
the expansion tank where it would be violently agitated and mixed with»buhbles,
" This bypass flow from the high pressure region at the impeller discharge into
the low pressure region in the expansion tank would be returned to the impeller
inlet through holes in the periphery of the swirl chaﬁber under the expansion
tank. It should be noted that the resistance of the main fuel system was simu-
lated in the model of Fig. A.l by a set of twelve l/h-in.-dia orifices in the ‘
lower of the two disks bounding the anmulus into which the impeller discharged.
Thus the main stream flowed directly from the impeller discharge through these |
orifices back to the pump inlet while the bypass flow through the expansion
" tank followed a more devious route. A slinger was mounted on the impeller
shaft :just under the roof of the expansion tank to prevent fuel from entering
the clesrance between the shaft snd the heat dam between the expansion tenk and
_ the gas seal. A
When the model was built and tested, it was found that it performed
substantially as desired except that the swirl velocity in the expansion tank
was not adequate to centrifuge the bubbles out of the fluid returning from
the expansion tank to the impeller.inlet. Tengential jets ih'the floor of the
swirl chamber were drilled from the high pressuré region at the pump discharge
to give a higher swirl velocity in an effort to get better bubble separation.
No improvement was obtained. Two features of the pump did perform surprisingly
well, however. The sllnger was eminentLy effective in preventing the entrance
of fluid into the reglon between the slinger and the seal, and the agltatlon
and bubble entralnment of the fuel in the expansion tank gave good promise of
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removing the xenon. A

The results of this amalytical work clearly showed the need for a centri-
fuge operating with at least as high a.tip‘speed as the imreller; Onvthis basis
the impeller was modified as indicated in Fig. A.2 to include a centrifuge cup
on its reér face. Holes were drilled in the periphery of the cup so that fluid
would‘discharge'into the swirl chambér; This arrangement was found to be much
superior to the first model, but it proved difficult to get fluid to flow into
the centrifuge cup at speeds above about 1200 rpm. Various scoops were tried,
incluﬂing airfoil-shared radial structs. The latter were hollow with inlet
scoopé in their leading edges near the outer periphery so that ram pressure from
swirl invthe expansion tank would force fluid through the strut and into the
centrifuge cup. The best of these scoops workedlfairly well up to about 1400 rpm,
and would give positive de-éeration at speeds fram about 800 to 1400 rpm.

A careful re-examination of the system led to the decision to make several
major changes. Since the first model had deteriorated considerably in the course
of the several modifications, it was decided that s new ﬁodel should be built as
shown in Fige A.3. The baffle or diaphragm at the top of the centrifuge cﬁp vas
amitted and thg fluid allowed to discharge from the centrifuge through 3/16-in.
holes into the regions behind the impeller vane tips. It was expected that
omitting the diaphragm would increase the liquid level range in the expansion
tank for which it might be hoped that the pump could operate. The centrifuge
cup was made as long as possible in the space available to minimize the radial
through<flow: vélocity. VA new type of scoop was designed to fit in the bottom
of the expansion tank to 1lift the fluid through the annulus between the tank
wall and an internal liner, and deliver it to the centrifuge. This arrange-
ment was found to be satisfactory in every respect except that, at high speeds,
if the liquid level dropped so that the free surfacé of the expansion tank
vortex dropped below the top of the céntrifuge cup, the fluid would be thrown
off the stheel intermittently and long streamers of air would extend down to and
into the'labyrinth seal at the top of the impeller and severe bubble entrain-

ment in the main stream would result.
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Separating the expansion tank from the pump impelier seeme&;to bé a
promising arrangement if sufficient agitation could be produced by jet action
0 takeicare-bf both xenon removél’and pumping the bypass flow from the'exﬁané
sidnitank'to thé centrifugésf  A circular_tank'betﬁeen'the two pumps as shown
in Fié. 5.10 was designed to accohplish bofh functioﬁs.> Téngential jets in the
bottom of the tank were designed to allow fluid to discharge from the'high‘
preSSure region at the pump discharge into the expansion tank, which would run
at essentially pump impellér'inlet pressure. The.large scale swirl induced in
the expansion tank could be made fo entrain gas bubbles through the use of
aspirator tubes. The ram pressuré_on'tangentialfscoops in the outer walls should
servé to pump fluid through the scoops to the centrifuge chamber. |
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CENTRIFUGE THEORY AND CALCULATIONS






CENTRIFUGE THEORY AND CALCULATIONS

The centrifugee ser#e two purposes e5sential to the system. First, they
remove the mixture of helium and enert fission gases from the fuel before it
jreenters the main fuel system; and . secondly, they serve as pumps to return the
fuel to the main system under pressure '

The abllity of the centrlfuges to remove the gas bubbles from the fuel
depends primarily upon four factors: the speed of rotatlon of the centrifuges,
the radial dlstance to the p01nt of dlscharge the velocity of radial flow
'through the centrifuges, and the size of the bubble to be removed.

The relatlonshlp between these. factors may be shown as "follows:

The drag force on an obJect W1th motion relatlve to a Fluid ‘is given

by the equatlon ' o ' ‘
. 5>V2
Fd = Cd g A
where o
Fd = drag force (1b)
Cd = coefficient of drag
P = * density of the fluid (llpft 3)
V. = velocity of the obJect relatlve to the flu1d
(ft-sec” ;) , ‘
_g. = gravitational acceleration (ft-secfe)
A = area of object projected to the flow (£t°).

The centrlpetal (flotatlon) force on a bubble in a rotatlng fluld (assuming
dens1ty of obJect is negligible) is given by the equatlon '

P, o= fadp BX
where .
= centripetal force (Ib)
= bubble radius (ft)

ity (sec™)

‘= radial distanc‘ from center of rotation to
center of bubble (ft).
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For the relative motion between the centrifuge cup and the bubble to be

zero, the two forces must be equal.

2x 8 r WX

A Y o WX -
- C A-14-/3:tr_P. and V = 3c

a 2g
_ The value of‘Cd is a function of Reynold's Number* and is as ShOWn in Fig.
B. l.(lo) Figs. B.2 and B.3 are plots of radial liquid velocity versus bubble
radius for zero relative motion between the bubble and the centrifuge cup. The
radial distance to the bubble is assumed to be 2- 7/8 in. in each case.

The above analys1s indicates several desirable design features, namely, a
large diameter centrifuge to increase the centripetal force on the bubble and
also reduce the radial velocity, a tall cup to reduce the radial velocity and
a high speed to increase the centripetal force on a bubble. The diameter and
height of the cup are limited by shielding considerations and the speed is
limited by the main fuel pump design.

Another method of increasing the effectiveness of the centrifuge is to
increase the area of the holes that feed fuel back to the main system. This>
reduces the radial velocity of the fluid at the periphery where the centrifuge
is most effective. This also reduces the tendency for the radial flow through
the holes to disrupt the,pressure field set up_by the rotating liquid.

It has been calculated that any bubble smaller than approximately 0.003 in.
radius will pass.out of the ART centrifuge if it reaches the exit holes when
operating at 2700 rpm on Fuel 30 (see Fig. B.2). It is probable that there
exists a point. at a smaller radius and lower radial velocity where bubbles
smaller than 0.003 in. radius will be screened. The number of these small
bubbles which enter the system is a function of the surface tension of the
liquid. With clear water the number of bubbles entering the system was very
small,. By adding a small amount of soap, thus decrea51ng the surface tension,
the system became very cloudy from the air bubbles paSS1ng through the centri-
fuges.-.All of the fuels presently being’considered have a surface tension ap-

proximately twice that of water.
* The length dimension in the Reynol s?Number is the diameter of the bubble.

m@%‘a‘i '
. -;16_




The second funétion‘of the centfifuge is té déliver'the sfripped fuel to
thé system under pressure. The pressure delivered by the centrifuge is a
function of the outside diameter of the cup_and either the diameter of the
‘free surface when the cup is not running full'Or‘the inside diameter of the.
éentrifuge top when the cup is flooded. The pressure buildup in a rotating
.fluid with-no flow is identicél»tO'that of a radial vane. pump. As the thoroﬁghv
flow increases, there will be some‘Slippage between the cup and the fluid;-giving
a pumping characteristic similar to that of a pump with backward swept vanes.
There will also be‘a'pressure drop across the outlets from the éentrifuge de-

pending on the through flow and hole sizes.
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DYNAMIC SEALS

In the X-R system seals'are required in two critical locations, namely,
on the shaft to prevent fuel leakage up into theé bearing housing and in. the
region of the pump to prevent high pressure fuel from lesking around the
centrifuges. In the césg'of’the’uppér‘slinger séal, no leakage can be tole-
rated, while in the ‘centrifuge seal a small amount of leakage, properly directed,
does not seriously affect ‘the system. The centrifuge seal is essential to the
system for two reasons: 1) to determine the pressure in the main fuel ¢ircuit,
and 2) to control the amount of leskage. All fuel which passes through the.
centrifuge seal is recirculated through the centrifuge, thus increasing the
radial velocity and- consequently ‘the size of the bubhles which will escape to
the main fuel circuit.’ : ‘

A very similar sealing arrangement was used for each location. The shaft
seal used was a slinger attached to the shaft (see Fig. 1.2). The potential
delivery~pré$sure of this slinger was greater than the pressure of the fuel in
the region of the seal. As thé‘théoretical pressure rise across the seal was
greater than its discharge pressure; a gas pocket exists around the shaft.

In the case of the centrifuge seals, radial vanes were attached to the top
of the centrifuge cups (see Fig. 3.8). For this arrangement to stop all leak-
age, the discharge pressure from the seals must exactly match the pressure from
the centrifuges. This condition would be impossible to maintain in operation.
In the actual system a radial vane impeller was designed to deliver a pressure
slightly less than that fraom the centrifuges. The leskage around the centri-
fuge cups will then be so directed that no fuel bypasses the centrifuges. As
the head potential of the seal and the centrifugecare very close, the leakagé
is small and the additional flow through the centrifuge is held to an accept-
able amount. Figure C.l shows the head delivered as a function of vane length
or cup diameter for various speeds. The net head delivered may be determined
by subtracting the pressure corresponding to the inéide diemeter from that

for the outside diameter.
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Figures C.2 through C.5 give the amount of leakage through the centri-
fuge seals as a function of speed and the difference in pressure delivered
by the centrifuges and seals for several axial clearances. These axial
clearances are the distance from the top of the seal vanes and the stationary
plate above (see Fig. 3.8). o o

-As the speed increases, the difference in pressure delivered by the centri-
‘fuges and the seal impellers will increase and the flow delivered by the centri-
fuges will also increase. 1In order to reduce the bypass leakage caused'by the
larger pressure differential, it is necessary that the holes in the centrifuge
cups be slightly restrictive. This restriction will also édd stability to the
system by enabling it to sense and counteract any veriations in leakage.

| Tt was found experimentally that the ability of the system to screen gas

bubbles depended upon the precision with which the centrifuge seal impellers
were'nade. ~'One unit in which the blades were glued in place passed bubbles
very badly. Upon replacing these seals with new ones in which the vanes were
milled into the top of the centrifuge cups, the system operated satisfactorily.

Figure C.6.gives head end speed characteristics of a seal at no flow

conditions.
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CALCULATIONS FOR THE ART FUEL PUMP IMPELLER REDESIGN

Assuming . no prerotation, Fig. D.l is the inlet velocity diagram for the

impeller at the outermost inlet radius from whlch it can be seen that

1 We = UC + ca® (1)
Ca .
where
Ul = nDlN' ‘
Fig. D.1 - Pump Inlet Velocity Diagram D; =,iﬁgeiiizr;i:ieigiziezgzeaf
:N- = Impeller speed revolutions

per sec.

Referring to Fig. D.2; assume the fluid streamlines entering the blades -
curve in an axial plane with radii, R, which is a function of the distance from

the shaft centerline, r, according to the following relationship
R = a +br - (2)
where a and b are constants evaluated‘as,followsf"

0.09637 Tt R 0.25 £t

when rl = =
r, = 015ft R, = 0.08333 ft
b = -3.108 and a = 0.5495
‘or R = 0.5495 - 3.108 r  (2a)

The blade leading édges lie on the surface of a cone having a 28 deg half angle.
This surface is approximatelylperpendicular to the throughput component of the
inlet flow, Ca, therefore N '

dA %gﬁ—%g—ag- A = area perpendieular (3)
+ & to throughput com-

ponent of flow -
As the fluid turns the corner from the inlet eye 1nto the 1mpeller blading, it

fOllOWS the law of - constant moment of momentum, i. e,,‘
Ca = where K = & constant (4)

(ba)

or Ca =




and from the law of éontinuity

= | cam (5)

Qp = Total fléw into impeller
. (includes leakage)

r .
2nK 2 r :
Sr = 5in 28 deg J aror & | | (58)
) : _ :
2, : |, - a4 br
_onK 2" 71,8 27N )
QT " sin 28 deg b 2 a + br '
= b 2
_ Qp sin 28 deg 1 | (6a)
or K = -
en r,-r a + br
. D i 21 , & 4, 1
- S L
Substituting in equation (6a) K = 2.405
: 2.405 - o
and  Ca =595 - 306 T T
_ 28.86 ' _
r = in.

or Ca_= 6’59h -~ 3.1007

Fig. D.3 is a plot of Ca as a function of r which is the velocity profile enter-
ing the impeller blades. From Flg D.3 it can be seen that at r = 1.8 in. .y
= 28.86 ft/sec. :

U = Dy - 326 x 45 = h2?39'ft/sec N assume to be 45 rps
wi = ce®+ 0 = 28.86% + K2.39°
2 - |
Wy, = 2529,8
Wy = 51.28 ft/seq
-1 Ca -1 28.86

L. 1 .
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3k.25 deg ae3h_deg

By =
‘sm" = 24,1 deg ~2h deg
By =19.32 deg ~19 deg

"In order:forithe impeller blade to be aligned-with the fluid, the angle
formed by the intersection of the blade mean line and the tangent .of its termi-
natlng circle whose center is common with the shaft centerline must equal the
fluid angle. For ease of fabrication the trace of the blade mean line on the
hub.projecfed on arplane.perpendicular to the shaft centerline'was made. circu-

“lar. - Due to the fluid passage curvature the angle that the flow‘sees-is not
_the ‘same angle ‘as .that seen in the plane perpendicular to. the shaft centerline.

. A correction is made.for this deviation with the. following equation:

tan B cos 7 = tanﬁ' S _ | o | U
where ~
B .= angle fluid sees
' 7 = ‘angle between the tangent to the fluid passage
= "~ and the plane perpendicular to the shaft center-
11ne : _ .
.B!' = angle seen in the plane perpendicular to shaft . -
centerline.

:Tozallow'fof contraction through the blades a Bi of 20 deg was used for
the blade entrance angle on the hub. From Fig. D.2 y was measured and found
to be 33.17 deg. ' '

tan 20 deg ces_33;l7 deg = tanB{

B,' = 16.9k deg

From the experimental work, the Dblade. 52 was determlned as 26.5 dega Ne cor-
rection 1s requlred for the fluid passage curvature at the discharge’ 31nce for
'thls 1mpeller the tangent of ‘the passage is parallel to the plane perpendicular
to the shaft centerllne. The radlus of the hub trace is calculated from the

equation 2 - ‘ ’
o - R2 Ri . (8)
= 5§%H s
2(R2 cosB,-R; cosPEfR
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Substituting in equation (8),f) is calculated to be 2. 3619 in. The locus of
the centers of curvature of the blades was found from the law of c051nes to lie
on a 2.600 in..diameter c1rcle° The hub blade trace is shown in Fig. D.2.

To.align the fluid along the shroud withfthe'hlade5 the streamline of  the
fluid along the shroud is assumed to follow a portion of a two to one ellipse.
‘The relative entrance angle of this streamline is egual to Bl and the relative
exip angle equal to 62. The ordinate of this partial ellipse represents the
arc length of the fluid passage at the shroud in a plane parallel to the pump
centerline, -and the abscissa represents the circumferential distance along the
shroud blade trace in a plane perpendicular to the shaft centerline. The arc
length of the partial ellipse is the arc length of the blade trace in the plane
perpendicular to'the'shaft-centerline. The fluid passage arc length is obtained
from the pump layout as shown in Fig. D.2. The angles Bl and 62 are determined
by W and U. The tangents of Bl and 62 are the tangents of the ellipse at the
blade entrance and exit. With these values, “the portion of the ellipse between
Bl and 52 is defined as is shown in Fig. D.2. .

The blade trace on the shroud 1s constructed from the partial elliﬁse-and
the shroud contour in a plane'parallel'to the shaft centerline. This construc-
tion is done by plottlng on the plane perpendicular to the shaft. centerllne
concentric circles (see Fig. D.Ub) whose radii are the distance from the shaft
centerline to a set of arbltrarlly chosen points. on the shroud contour (see
Fig. D. ha). o : ’

_ Starting at the dlscharge end of the blade, measure a chord 1ength (C) ob=-
-tained from Fig. D.lc on an average circle as shown in Fig. D. b, ‘and connect its
termination to the shaft center. The point of intersectlon of this radian and
the next smaller concentric circle lies on the shroud blade trace. This process
is continued as shown in Fig. D.4b until the smallest-concentric circle is
reached. The points of intersection obtained determine the blade trace as
shown in Fig.. D.2.. ' -

-‘The shape of the blade blank is determined from the blade trace and the
fluid passage, Figs. D.5a and D.5b. Plane sectlons perpendicular‘to the refer-
ence radius are taken-through the hlade as shown in fig. D.5a, as sections A,

B, C. etc. These sections are construeted as shown in_Fig.,D.Se with the




distance "a" obtained from Fig. D.5a and the distance- "d" obtained from Fig..
D.5b. From the plane ‘sections shown in Flgs. D.5a and D. S5c, sectlons -D, E,

F, etc., parallel'to the reference perpendicular plane are constructed. The
center“of curvature andrfadii of these sections iS'alsobthe center;of eurva-..
ture and rad11 of the blade blank The blade mean- llne and blank is laid out
from these radii as shown in Fig..D.5d. Since this 1mpeller 1s of welded con-

structlon, it was desirous to make the blades and fluld passage parts of sur-

faces of revolutlon.
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BYPASS FLOW CAICULATIONS AND EXPANSION TANK HEATING

In examining the experimental data it was found that the accuracy

required to closely determine the bypass flow rate directly was‘greater
than the accuracy of the data that could be obtained. This is espécially
true at the lower expans1on tank liquid levels where the system (pressure)
fluctuations were quite large. ’

 An equation Was derived to determine the pressure losses in the bypass
circuit, that is, from the pump suction to the expension tank. This circuit
was then tested separately with water to determine the validlty ‘of the de-
rived equatlon. "In the water tests the shaft sand spool piece were not rotat-
ing so that the test was only a check of the assumed loss coefficients. It
was found that the predicted value was within 4% of the experimental value.
Also a cheéck of the experimentally determined value of bypass flow at high
expansion tank liquid levels agreed very well with the calculated values (see
Fig; 2. 28)'"'The total loss in this circuit was camprised of the following:
1) “the loss entering the punp shaft, 2) the loss enterlng the four radial
shaft holes, ‘3) the loss enterlng the four holes in the spool piece, and
L) the loss leaving the spool piece. The driving force or pressure differ-
entlal was taken as the difference between the pump ‘suction and the expan51on
tank pressure plus the head developed in the radlal ‘holes which were assumed
to be acting as radial impellers. '

The equatlon used is as follows'

2 -2
AP - 0.5(11) o +-5.5(12)--2-g—- + 0. 25(11) _Z.‘? ¥ 1:—6- ;
where- . :
v, = velocity in the hole up shaft, ft/sec,
ve = ‘velocity at exit of radial spool holes, ft/sec,
&P = _(?S - P )+ oP (hgad developed by radial holes).,‘ Pt
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Substituting in the value of the areas

P 9l+ (ap) /2,

where

Q = bypass ‘flow 1n gpm

Calculated bypass flow to the fuel expan51on tank through each pump shaft
is shown in Fig. E.l.

The temperature of the fuel in the expansion tank will depend upon four
factors: 1) the fuel volume in the tank, 2) the total recirculation rate
through the tank, 3) the power density of the fuel in the tank, and 4) the
temperature of the fuel entering. The temperature of the fuel entering the
tank will be approximastely that of the fuel leaving the heat exchangers and
will depend on the mamner in which the reactor will operate. Figure E.2 shoﬁs
the entiance, exit, and equatorial temperatures of the fuel in the,core. These
temperatures are based on an operating procedure where the system is started
from an isothermal temperature of 1200°F. As the power is increased, fhe cofe
equator temperature is held constant until the inlet NaK temperature drops to
1070°F; at higher operating power the NaK temperature is held at 1070°F while
the fuel temperature increases. The power shown in Figs. E.2, E.3, and E.ﬁ
is that which is received by fhe fuel and not the total nuclear power. The
design power to fuel is about 55 Mw. ' '

Figure E.3 gives the expansion tank llqu1d level as a function of the
power to the fuel. In this figure it is assumed that the reactor is filled
at 1200°F to a level of 1/2 to 3/4 in. The final level was based on the mean
fuel.tempefature and is approximately 25°F less than that of the core equator
temperature at 55 Mw of power to the fuel. The élight rise in liquid level
ffom 0 to 20 Mw is due:..to a shrinkage in thelreactor voiume. It has been
estimate&lj%hét the volume decreases by about TO in,5
ture to the design operating conditions. 'iﬁ'Fig. E.3 this was assumed to be

from assembly tempera-

linear with powere | |
The mixed mean fuel température in the ekpansion tank is shown in
Fig. E.4. In determining this temperature the initial £ill level was assumed
-1h6-
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L
to be 5/8 in. at 1200°F and the bypass flow was taken from the calculated
value shown in Fig. 2.26. The.leakage around the island through the floor
of the expansion tank was calculated'to‘be I gpm at 2700 rpm and is &
function of the pump speed. The temperature of the fuel entering the expan-
sion tank was obtained from Fig. E. i.. The heating rate in the tank is the
sum of the after-heat rate (11 w/cm3flh) -and . ‘the fissioriheat release
(10 /cmeJA% These heating rates are for 60 Mw of nuclear power or 55 Mw
of power to the fuel. The heating rate'was assumed to:be linear with power.
The hlgh degree of turbulence in the fuel expan51on tank as revealed by high
speed movies taken in this region indicate that the mixed mean temperature

~will probably be the true fuelvtemperature,'
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RADIOACTIVITY IN THE ART FUEL,PUMP‘OIL SYSTEM

This section treats the transfer of radiocactive gases from the expansion
tank region of the ART reactor to the fuel pump lubricating oil system. A
report by W. K. Stair(lS) covers tests on the back transfer of helium against
‘argon in the fuel pump to give some indication of. the ‘back transfer. of xenon
and krypton agalnst helium. Two numerlcal values from this report were used
for the calculatlons of this sectlon, i.e., an attenuatlon of th between the
concentration of radioactive gases in the expansion tank region and the con-
centration in the oil catch bas1n, and a leakage rate of gas from the oil catch
ba51n to the 011 reservoir of 0.8 1n.3/day. In determlning the leak rate of
0.8 1n.3/day, 1t was assumed that the oil was completely saturated with argon
at the beginning of the test run and that all leakage across tpe seal was col-
lected in the o0il reservoir. The value of 10 for the attenuation in concen-
tration between the fuel expansion tank and the pump seal is a minimum.. The
helium concentration in the argon buffer gas used in the experiment reported
by Stair was 10'”, hence the actual attenuation in’concentration betﬁeen the
tank and the seal mayihave been :greater.

Because of .the shcrt,half-lives of the fissicn:product gases the attenua-
tion .in the amount of activity between the fuel expansion tank and the oil
reservoir is greater than the attenuation in gas concentratlon. Thus the rate
at whlch the fission product gases enter .the oil system is of significant im-

portance.

Method of Calculation

In the ART, as well as in the above mentioned test, 500 liters per day of
buffer gas flows down through the clearance around the pump shaft into the ex-
pansion tank and 50 liters per day Wlll be bled directly from the oil catch
basin. The attenuation of 10 represents the back transfer of helium against
the 500 liters per day of argon. This back leakage was determined from analy-
sis of the 50 liters per day bled from the catch basin.
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The.equation'representing'thefnumber (N) of nuclei of any nuclide in the

catch basin as a function of time (t) may be written

dl\T
w=5 - (A, + 2 )N
where
Sb = source or leak rate into basin -
' AP = reciprocai of average'&ﬁell time in the_catchAbasin
Ag = decay constant of radiocactive nuclide.

Assuming an attenusation of 104 and a purge rate of 3000 in.3/day (50 liters
per day) the value of Sb and AP may be calculated as follows:

assume X concentration in expansion tank and
o lO-h X concentration in catch basin

10 in.3 = voiume,df gas in catch basin

: leakage of X into catch basin

o
i

i

X leakage from catch basin

10 -h x 3000 in.3/day 3.47 x 10 6 3/sec of

X concentration

<X (gxpans1on tank)
Volume (expansion tank )

Cs
i

i

S, 3 b7 x 10

= 3.86 x 10 8.N/sec

3000

}\p = m 3.14-7 X 10-3 sec 1

and N may be expresséd as

N
N o= Ri,* th' _
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Y
... The leak rate into the. oil system from the'catch basin is 0.8.in.3/day
or 9.26 x 1070 in.3/sec. To convert this rate to nuclide/sec the constant
9.26 x 10-6 must be multiplied by the nuclide/in._3 in the catch basin. The
volume of the catch basin is 10 in.3~and the leak rate 15" _
| | N(catch basin) _

6 x 10 7 Nuclide
10 in.'3

sec

.9.26 x 10-6 in.3/sec x 9.2

Nuclide Concentrations in Expansion Tank

In the calculations for the ART the fTollowing assumptlons are madé:

Helium flow rate down shaft = 500 standard 11ters/day

Gas volume in expansion tank 90 1n.3

Entire reactor fuel volume passes through xenon re-
moval system every 190 sec where all fission

gases are removed.

Sr = rate of formation* of a particular nuclide in fuel at
- 60 Mw = 186 x 1016 X the yield of that nuclide per fission
| . .
- (—ﬁfuel - (.As + >‘d)N

- Assuming complete removal of the:gaséous nuclide in the course of its transit

through the fuel expansion tank, then

As = reciprocal of éverage dwell time in the reactor
: 1

?‘S.= 190-5272:103

S, = 186 x 10° 16 x yield

at equilibrium

16

N _ 186 x 107 x yield
“fuel -3
o 5.27 x°10 ¥ + Ad
Se = _source of fission gases into expansion tank =:'Astue1
tank '
—_— - A
at AgNeger = (Mg + A g)Negry

% There are approximately 3.1 xg




A purge rate of helium 1nto expansion tank at tank temp. and pressure
, ﬁ Lo _ - - gas volume in tank ,

=1

= 1;96 X 1o'2 sec
at equilibrium o

A stuel :

N ok =;\£+Ad

After the fission gases are separated from the fuel, their decay products
are then treated as gases. This assumption is conservative but the actual be-

havior of these nuclides is not known.

 Nuclide Concentrations in 0il System

The following equations give the tota.l'numbei' of each nuclide in the oil

system feeding each pump:

. o -Alt) NlT
- - e
(1) N~ = C\Cy xy (Al‘ )
: ' -',\2t u T
0 _ (1--e ) 1
(2) N," = C\Cy Aa ‘ ("2“? [1“(; + AT | Tagr Ay
. -A.t -A,t :
+ C,Cp (e b .e 7y Nl
- ALt T T
(3) 1.0 - cc (L-e 37y )43 . ’\2 N,

‘I‘_

+ [l+ 'th + ! 7\2'. Nl
. ('\2+AP_5, (_A2+AP) ‘(?'3f7xp7 (A AL

At -2t N.T.
+ ce (e - e 2 +l} . Al
AB Ny - Ag) (A AT - A+ 2)
T - At - ALt
+ Ao :I.Nl' - co (e L. 3) Ao
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where
N = total number of any one nucllde . .
( Ap = ,purge constant for oil catch bas1n = 3 k7 x 10 3 et
%: = decay constant for nucllde_under con51derat10n
C, = leakage congtapt_to.catch basin = 3.86 x 107 (n“:izd?)a S,
Cp, = leakage constant to 0il system = 9.26 x 10 7(2325%29)
t = time (sec)
superé. 0 = oil éystem
T = éxpansion tank
subs . 1 ; parent nuclide (fission gas)
2 = first daugptef
3 = sééondAdaughter

4 = +third daughter

To calculate the dose rate near the oil reservoirs all of the radioaétive
nuclides are assumed to be concentrated as a poiht sourée in-the oil reservoirs.
In the calculationé it is assumed that the 3/8 in. thick steel wall of the
reservolr will give no attenuation for gamma energies above 0.03 Mev, an attenu-
ation of 10 in the energy range of 0.01 to 0.03 Mev and 75 for energies below
0.0l Mev, In cases where the exact percentages of thé gamma, energies are not
known, the maximum possible percentages are used. The data for yields, ener-
gies, and percent gammas are taken from Blomeke (16). The data for dosages

are taken from‘ Rockweil(l7).

CalculatiqneResults

The reéults of the calculations are given in Table F.1l. Columns 6 and 7
give the B and y energy release rates in the fuel expansion tank. These are
equal‘to 15.7.and 0.1 Kw, respectivéiy. Column 9 tabulates the disintegration

per sec of each nuclide and Column 10 converts the P energy release of thesge

';;607




disintegrations to Mev/sec. Columns 9 and 10 refer to the activity and é%ergy
release of only one of the two oil systems. Column ll-gives the 7y dose at a
distance of 1 ft from either'of the two fuel pump o0il reservoirs. This y dose
rate is about 30 mr/hr at a distance of 1 ft ‘and 1s inversely proportional to
.the square of the distance from these reserv01rs. . ]

The approximate volume of oil in each pump lubricant system is 30 gal.
If_the total B emitters in the_01l_are assumed egually dispersed throughout
the system, the dose to the oil is found to be about 20 rads/hr. This dose for
500 hr of operation'at-GO Mw aftervequilibrium ie~reached'amounts to th rads,
which is insignificant compared to the.lO8 rads which the oil is capahle of ab-
sorbing Without serious damage. _ .

If one distinguishes between the fission gases and their daughter ‘products,
it is found that the fission gases account for about 70 to 5. per cent of the
total activity in the 011 system but only 25 per cent of the y dose calculated

in Column 11. - - °
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Table F.1

CONCENTRATION AND ACTIVITY OF Kr, Xe AND DAUGHTER PRODUCTS IN EXPANSION TANK AND OTL SYSTEM FOR A HELIUM FLOW RATE OF 1000 LITERS/DAY
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Xe 135 POISONING






>

X2 POISONING

This final section rS'COncerned with the xenon poisoning in the ART.

In the calculations which follow the removal of xel35 by neutron capture
is neglected. As the néutron capture rate of removal is only about 5% of
the total removal rate, the calculations will not be greatly affected. Also;
the' results for poisoning will be conservative in that it would be smaller
were the burnup rate considered.

The derivation for the equilibrium xenon concentration in the fuel can
best be followed by referring to:Fig. G.l. The total fuel flow through the
expan51on tank including the leakage around the island is about 23 gpm or
1450 cm3/sec.' The helium flow rate is treated as a pasrameter and is varled
from 1000 to 5000 liters/day at standard temperature and pressure. The
solubility(l8) of xenon in fuei is shown in Fig. G.2. If the value of the
sparging efficiency is defined as ' .

(gg mol) _ (gm mol)
cm3 in out
7"'_ 2 (l)

fraii} mol .
( 1n - (solu.b:.l:l.ty),Pxl

where P is the absolute pressure of the xenon in the expansion tank. Then

T""EL

B

)Z= = 4.3 10819 ’
1H50' =2 X x
and '
Z = 6.23 x 10~ P, + 2. (2)

For equillbrlum conditions, R4 must be equal to the rate of formation of
xenon minus its decay before reachlng the sparger and is the rate at which
xenon enters the sParger and thus the expans1on tank This term is the
same as the source to the expansion tank as defined in Appendlx F, ‘and is-
shown in the last column of Table G. lf The value of P&h can be determined
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from the total'xenon nuclides in the expansion tank. The value for the total
nuclides presént are taken for tﬁe case where the free gas volume in the ex-
pansion tank is 90 in.3,'and the method of calculation is again the . same-as
Appendix F.- _ ‘

The nuclides of each xenon which is presént in any appreciable amount
is shown in Table G.l. " A total pressuré of 2 atm and a temperature 1300°F
were used to determine the partial pressure of xenon.-;The'paftial pressures
at helium flow rates of from 1000 to 5000 standard liters per day are given.
in Table G.l. - Substituting the values in Table G.1 in Eq. (2) gives the
Xenon concentration in the fuel. Figure G.3 gives the total xenon concen-
tration in the fuel for helium flow rates of 1000 and. 5000 standard liters
per day. Also shown in Fig. G.3 is.the Xe 135 concentration in the fuel.
This was obtained by taking 14% of the total xenon (the percent shown in
Table G.1 is 13.63). -

The Xel35 poisoning(lg) in the reactor is the number of thermal neutrons
absorbed by the %e12? to those absorbed by the fuel or

P = ———————-—Nxe bol;x'e:”“‘."'.; " - ' ' (3)
Moot |

For a fuel with 5 mole % of UF), the U235 concentration is about . .- ‘

8.2 x 10 20 atoms/cm3. The. ratio of the xenon-to-fuel cross section g '/rF

for a Maxwellian distribution at ART thermal is L4.9 X 107; (20) As approx1—

mately 22% of the xenon cross section is scattering, the value of ¥ Ar is

multiplied by 0.78. Therefore :

P o= h66x 1078 e | ()

The resuits of Eq. (h) are shown in Fig; G.4 (upper curve). This equation
is only for the poisonlng effect on the ‘thermal neutrons.4 In the ART about
40% of the neutrons reach thermal energy. .The lower curve of Fig. G. L shows
the poisoning based on the total neutron density of the reactor and is
assumed to be 40% of that for the thermal peutrons. This is a grosé simpli-
fication of the actual case, but in the present reactor in whiéh the purge
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rate is high compared to the .bu:m_up rate the _a.ssmption shoﬁld be fairly
accurate. ' - '

The effect of the po:.soning may be more easily understood by comparison
to the temperature coefficient » which for the ART is expected to be about
2x 10 5/ F. Thus, a poisoning of 1 x 10° -3 1s equlvalent to a tempera.ture
change of 50 F. ' ‘
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Table G.1

XENON CONCENTRATION IN EXPANSION TANK GAS VOLUME

Nuclide

Nuclide in Expansion Tank x -10',17 for Helium Flow Rates of

Decay Constant

Source to Tank

| (Sec--l) uti(x)':?d.ay 1it§gg7day ‘utzg(s??day lit:?-g(/)day mg_g??aay Fuclide/sec. X 10716
xel3t 0 28.2 4.1 9.40 7.05 5.64  5.53"
132 0 ' 43.8 . 21.9 14.6 11.0 8.76 - 8.58°
133" 3.49 x 10°° 1.52 0'.76,' | © 0.51 0.38 o.jo 0.30
‘ ;?%;155 1.52 x 10° 62.8 | 3L.h - 20.9 15...7 13.0 12.3 - fﬁ%
g;?j@ﬁ 134 0 Th.2 27.1° © 2h.T 18.6 14.8 “1k.5 f
1350 7.#0 x 107 | 13.7 6.95 - L.67 3.51 | 2.81 2.78
135 2.11 x 1077 62.5 31.0 20.7 15.5 12,4 12,2
136 0 _ 60.9 30.5 20.3 15.2 12,2 : | 11.9
137 2.97x 1002 3.0 17.5 1.9 9.05 7.29 L 139
138 6.79 x 10"1AL 49.9 25.3 17.0 12.8 10.2 -10.1‘_-'
139 1.69 x 1072 7.63 4.97 3.68 2.93 2.43 - 2.78
1l+o' 4.33 x 1072 1.95 1.48 1.20 1.01 0.87 1.23
Totals 439.80 222.56 149.56 112.73 90.70 : 89.59
Percent Xel>? . 1h.2 13.9 13.85 13.78 13.68 13.63
P G.cokolk  0.00205 0.00137 0.0010k 0.000834 '
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