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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 and between them, 
and a complex of impellers, seals, and stators arranged to be,a part of the 
removable fuel pump assemblies. 
bleed approximately 1.5% of the main fuel f l o w  rate into the expansion-cham- 
ber through the xenon removal equipment. 
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 provide in conjunction with seal impellers a suitable main fuel system 

The xenon removal system is designed to 

The stripped fuel is returned to 

pressure level. 
The initial design and development work included as an objective the 

achievement of a system insensitive to attitude. 
this report as an aid to future designs. 

This report includes the following: 

That work is included in 

1. 

2. 

3 .  

4. 

The underlying design precepts and requirements upon 
which the development was based. 

The functioning and principle of operation of the finalized 
design. 

The chronological evaluation of the finalized design and 

the major design changes in the development. 

Discussions and calculations pertinent to five design 
criteria: 

a, pump impeller design 
b. system pressure control 
c. swirl stability 
d. bubble removal in the centrifuge 
e. seal requirements and performance. 

a 
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DESIGN CRITERIA 

Precepts and Requirements 

The high abSOrptiQn cross section of Xe135 makes it extremely desirable 
t o  s t r i p  xenon continuously from a l l  or  a fraction of the fuel*-in high power 
density reactors. 
f u e l  t o  a gas interface where the xenon molecules can diffuse from the-liquid.  
The rate of xenon extraction from fue l  a t  a given temperature i s  a function 
of the xenon concentration i n  the f u e l ,  the p a r t i a l  pressure of xenon i n  the 

contacting gas,  and the ra te  of exposure. 
system might function as follows: 

Xenon can be stripped from liquid fuels  by exposing the 

Thus, a xenon removal, or  "X-R", 

1. 
2. 

A fraction of the f u e l  could be bled into a processing chamber. 
A large interface i n  th i s  chamber could be provided by means 
of agitation, bubble entrainment, o r  spraying. 
The xenon-free f u e l  could be returned t o  the system i n  such 
a manner as t o  avoid foam or  gas bubble carry-over. 

3. 

To appreciate the X-R system as applied t o  the Aircraft  Reactor Tes t ,  it 
must be clear ly  understood that the i n i t i a l  conception involved f ive basic pre- 
cepts; namely: 

1. 

2. 

3. 

4. 

5. 

From 1 t o  2% of the Fuel should be bled continuously from 
the main f u e l  stream. 
The interface i n  the expansion tank should be used f o r  the 
removal of xenon. 
The pump shafts should supply any energy required f o r  the- 

operation of the system. 
A centrifugal f i e l d  should be employed t o  prevent gas carry- 
over into the main f u e l  stream t o  avoid affecting reactivity.  
The X-R system should operate i n  stable equilibrium w i t h  the 
f u e l  pump and maintain the desired f u e l  system pressure level.  

and xenon decay and "burn-up" on the other. 
t h i s  inherent equilibrium concentration implies xenon stripping. 

Any concentration below 
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... . .  . .  

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 design with all of its seal and accessibility 
problems. 
X-R system must do a great deal more than remove xenon. A summary of the de- 
sign requirements is given in Table 1.1. 

The multitude of interrelated design requirements mean that the 

The interdependence of these design requirements is not immediately ap- 
parent. 
the complete system demanded that the X-R system and %he fuel pump be developed 
separately and subsequently tested as a unit. 
tem and the pump is discussed in Sections 11 and 111. 

After preliminary study, it became evident that the complexity of 

The development of the X-R sys- 

The basic design data and physical properties used in the design of the 
X-R system are given in Table 1.2. 
by the pump configuration and space limi&tions. 
were computed. 

Most of the dimensions were predetermined 
Certain critical dimensions 

The detailed calculations are given in the appendix. 

Illustrations and Nomenclature 

Fig. 1.1 gives an overall picture of the fuel pumps and the X-R system. 
Illustrated particularly are the expansion chamber in relation to the rotary 
elements, the inter-connecting parts, and the direction of fluid passage. 
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, a cross 
section of which is shown in Fig. 1.2 with the various parts labeled.. 

The 

Fig. 1.3 depicts the system as a hydraulic circuit. The numbers are only 
illustrative of the pressure interdependence between the X-R system and the 
main fuel circuit. 
is presented from the point of view of a hydraulic circuit. 

The hnctional description of the ART-XR system to follow 

b 
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1. 

25, 

3.  

4. 

5. 

6. 

7. 

8. 

9; 

Table 1.1 - D quirements 

The pump should have the highest possible degree of r e l i a b i l i t y  which 
necessitates large rad ia l  and ax ia l  clearances f o r  moving @s t o  
minimize the effects  of thermal distortion. 

The pump shaft sea l  and bearing must operate a t  temperatures below 300°F. 

The pump should not constitute a hole i n  the shield, 

The pump should be replaceable without removal of the reactor shield. 

The- bearing and sea l  should be sufficiently shielded from radiation t o  
give a satisfactory lubricant l i f e .  

Cooling provisions must be adequate t o  remove the heat generated by 
radiation at  fu l l  power and at  the sane time no areas contacted by l iquid 
fue l  may drop below the fue l  freezing point a t  zero power. 

The pump must supply: the required fue l  system head and flow, 

The pump must be free  from cavitation within the required operating 

pressure level. 

The pump must meet the reactor geometry demandsc 

10. Pump, casfng, and expansion tank should be rugged i n  construction, un- 
l ikely t o  be subject t o  thermal distortion, and have a minimum of moving 
parts  . 

11. Operation should not be sensitive t o  variations i n  pump speed or  t o  
differences i n  speed between pump9 including one pump stopped. 

12. The pump shaft power required should be minimized, 

13. Fuel entry in to  the cool region around the impeller sha;ft below the seal 
must be prevented. 

14, The system should be such as t o  drain naturally when i n  its normal position. 

15. Provision must be made fo r  removing xenon with a high degree of reli- 

ab i l i t y  and suff ic ient ly  thoroughly t o  provide a substantial  -gin over 
the concentration acceptab ctor  control standpoint, 



16. To ef fec t  gas removal frm the fue l  a fract ion should be recycled from 
the main c i rcu i t  through a chamber with a helium atmosphere- 

17. To increase the dissolved gas removal effectiveness, the fue l  i n  the 
gas removal chamber should be agitated t o  increase the helium entrainment 
thereby increasing the surface area and reducing the diff’usion path length 

i n  the fuel. 

18. The stripped fuel must be returned t o  the main &el c i rcu i t  free of gas 
bubbles . 
To prevent bubbles f’rm entering the core the return c i r cu i t  m u s t  be 

designed without leakage. 
19. 

20. The .system pressure m u s t  be maintained a t  a predetermined level. 

21. 

22, 

An,expansion volume must be provided f o r  the fuel. 

Circulation must be maintained through the expansion tank t o  avoid oyer- 
heating froan f i ss ion  product decay heato 

23. Reactor off-gas and fuel vapor contamination of the pump lubricating o i l  
should be a minimum. 

i 
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Table 1.2 - Design D a t a  

Fuel No. 30 
- _  

Density (#/ft3) 
Surface Tension (dynes/cm) 

Viscosity (#/ft-hr) 

Liquidus Temperature 

Water 

Density (#/ft3) 

Surface Tension (dynes/cm) 
Viscosity (#/ft-hr) 

p~mp Shaft Spacing (in.) 
Fuel Pump Impeller O.D. (in.)  
Fuel Pump lmpeller I .D .  ( in . )  
Total Fuel Volume Outside 

Expansion Tank (f t?) 

. 

Change i n  Expansion Tank 
Fuel Volume from F i l l  Temperature 

t o  Operating Temperature ( in .  3) 
Bleed Flow Rate per Pump (gpm) 

Value 

e = 246.4-0.0322~ (OF) 

53oOc-157 
630 -132 

730 -115 
110OoF-21. 3 
1300 -12.8 
1500 -8.5 

968'~ 

62.3 
68'~-72.8 
68OF-2.42 

21 

5-75 
3.5 

8.78 

568 
12 

Calculated 

Calculated 

(1) 
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FIG. 1.3- SCHEMATIC ART F U E L  CIRCUIT 
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Circuit Description 

. 
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 - 
Circuit wise the main fuel loop consists of two pumps operating in paral- 

lel with a common ,discharge. H a l f  of this circuit is shown in%igk 3.4. The 
fuel discharges into the core header and flows through the core and the heat 
exchangers to the pump suction. 

The core header serves as a plenum and as,a mixing chamber into which 
processed fuel is discharged from the centrifuge (shown-dotted in Fig. -1.4). 
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 circuit. 

. .  

Zone 2. Bypass Fuel Circuit 
The bypass pump passes approximately 2$ of the main fuel pump flow rate 

into the sparging chamber where it is intimately mixed with helium to dilute 
and remove from the fuel the Xenon135 produced in the reactor core (see Fig. 

1.5). 
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. 
expansion tank, with small amounts of entrained gas,  feeds by gravity into the 
Centrifuge where the last of the gas is removed and fed back to the sparging 
chamber. 

The liquid-gas mixture is jetted into the expansion tank where part of 

The fuel in the 

The centrifuge discharges into the discharge of the fuel pump there- 
by returning the fuel to the main circuit as well as maintaining the discharge 
pressure of the main pump. 

-13 - 
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Zone 3. Dynamic Seals 
I 

There are three dynamic seals which are essent ia l ly  centrifugal pumps, 

i n  the bypass fuel c i r cu i t  arranged t o  pump against the pressure of f u e l  
entering the seal impellers from w h a t  i s  normally the discharge end of the 

blades. The interrelationship of these seals is  shown i n  Figs. 1.2 and 1.3. 
The upper sl inger seal serves t o  prevent the f u e l  from leaking up the 

pump shaft towards the bearings and t o  allow the helium t o  flow down the 

pump shaft and into the sparging chamber. The lower slinger seal serves 
t o  prevent the fuel from leaking from the sparging chamber in to  the centri-  
fuge and t o  allow the gas removed by the centrifuge t o  flow into the sparging 
chamber. The centrifuge slinger seal l i m i t s  the amount of recycle around the 

top of the centrifuge. 



. 

. . .. 

Section I1 

DESIGN AND DEVELOPMENT OF 
ART FUEL PUMP AND XENON IEMOVAL SYSTEM 
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DESIGN AND DEVELOPMENT OF 
ART FUEL PUMP AND XENON REMOVAL 

Xenon Removal System Design 

SYSTEM 

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 insensitive to attltude. Before the development work on an atti- 
tude-stable system was completed, it 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 5046 increase in the anticipated reactor fuel volume. 

The redesign of the "north head" region and the increased fuelvi3lume 
necessitated a change in both the volume and shape of the fuel ekpansion tank. 
The shape of the tank was changed from cylindrical to ellipsiodial with the 
pump barrels passing through each end of the oval. 
for this system to be insensetive to attitude was to be accomplished by spin- 
ning the fuel volume in the expansion tank and using the resulting centrifugal 
force to stabilize 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 desim. 
ment work completed on the original design is included in Section 111 of this 
report to give a background for the final configuration and for.lpossible future 
application in an aircraft reactor with an attitude-etabili8 

A simple plastic model of the X-R system was designed and built to' test 
its gas removal ability and to calibrate the bypass flow throuh the centri- 
fuges. 

! 

The original requirement 

The develop- 

I 

A cross section through this model is shown in Fig. 2.1. 
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Xenon Removal System Flow 

As the design of the reactor progressed, the estimated f u e l  volume in- 
creased. 
a larger bypass flow rate through the expansion tank and centrifuge f o r  the 
following reasons: 

This increased f u e l  volume necessitated a larger expansion tank and 

1. The f u e l  expansion tank volume increased i n  capacity i n  
proportion t o  the t o t a l  f u e l  system,volume. 

2. To maintain the xenon concentration the same as f o r  the 

smaller fue l  volume, the stripping rate increased i n  
direct  proportion t o  the f u e l  volume. 

3.  To keep the greater expansion volume from overheating 

and creaking a serious zirconium snow problem, the 
quantity of low temperature f u e l  recirculated through 
the expansion tank increased i n  proportion t o  the fue l  
volume e 

The metering of the bypass flow taken from the main f u e l  c i rcu i t  had t o  

. 1  

< -  

be done by properly sizing the hole up the center of the pump shaft and the 
four radial  holes forming the bypass pump. A second factor  affecting the by- 
pass flow was the difference between the pump suction pressure and the expan- 
sion tank gas pressure. 
model as it is controlled by the combined performance of the centrifuge, f u e l  
pump and pump volute. 

This second factor could not be determined i n  the 

During the model tests the difference between the pump suction pressure 
and the expansion tank gas pressure was calculated from performance data ob- 

tained from separate t e s t s  of the f u e l  pump and centrifuges. 

From Fig. 2.1 it can be seen that there are two principle volumes t o  the 
model. The volume between the two upper plates simulates the expansion tank 

and the volume between the two lower plates represents the high pressure 
region a t  the discharge of the fue l  pump i n  the main f u e l  c i rcu i t ,  
lower end of the shaft i s  a bearing and seal arrangement t o  separate the 

large high pressure volume from the hale i n  the center of the shaft. 

reason f o r  t h i s  arrangement w a s  t o  control the pressure i n  the small volume 
a t  the lower end of the shaft a t  a value near that expected i n  the suction 

A t  the 

The 

region of the main f u e l  pump. 
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To calibrate the bypass flow through the model a l i ne  containing a flow 
meter was connected between the high pressure discharge region and the low 
pressure region a t  the lower end of the shaft. 
t o  control the flow u n t i l  the pressure a t  the entrance t o  the shaft matched 
t h a t  expected a t  the suction of the main f u e l  pump. 
w a s  greater than that desired i n  the X-R system, then the bypass pump holes 
were reduced, and conversely if the flow was too small the holes were opened. 
The reasons f o r  metering the flow with the bypass pump holes were that changes 
i n  the holes s ize  were simple t o  make and also were highly effective as the 

A valve i n  the l i ne  was used 

If the flow up the skf t  

pressure drop i n  t h i s  region is very large. 
The bypass flow rate which w a s  measured by the flow meter w a s  that bleed 

from the discharge region t o  the region below the seal while the measurement 
desired was that of the flow up the shaft. 

around the seal was large (approximately 2 t o  4 gpm), and amount t o  15 t o  3O$ 
of the t o t a l b y p s s  rate. As t h i s  leakage could only be estimated, the first 

In  the actual  test  the leakage 

calibration could eas i ly  be i n  error  by 10 t o  15%. 
determined much more accurately i n  the s ing le  pump Inconel hot loop tes t  r i g  
t o  be described Later. 

T h i s  bypass rate w a s  later 

Xenon Removal System Gas Removal 

The increased bypass flow necessitated by the increased reactor f u e l  
volume increased the velocity of the f u e l  passing out of the centrifuge t o  
such an extent t h a t  gas bubbles were carried into the main system. 
gassing was eliminated by increasing the flow area available t o  the fue l .  
This increase i n  flow area was accomplished by increasing the number of holes 

This in- 

i n  the outer w a l l  of centrifuge from 8 t o  33. 
A s k i r t  connected t o  the lower end of the shaft shroud was added t o  the 

system after it was originally b u i l t  t o  prevent the incoming l iquid from 
f a l l i n g  t o  the bottom of the centrifuge cup and being thrown d i rec t ly  out- 
ward toward the exit holes. 
ward carr ies  entrained gas bubbles into the high velocity region of the ex i t  
holes where the smaller bubbles w i l l  then be carried on into the main f u e l  
c i rcu i t .  

Without the s k i r t  the l iquid which is thrown out- 

. 
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Two other items which were added t o  the model were centrifuge baffle 

and blades. 

cups are not known, the point a t  which the smallest gas bubbles are screened 
out i n  the cup is  not known. However, it is logical  t h a t  any direct  passage 
through the cup would enable the l iquid t o  carry more gas through the cup 
than if  the velocity were more evenly distributed over the f u l l  height of the 

cup. The baffle was added t o  prevent the incomipg f lu id  from having a d i rec t  
passage t o  the ex i t  holes. 

As the direction and magnitude of the flow i n  the centrifuge 

The centrifuge blades were added t o  decrease the slippage between the 

incoming f l u i d  t o  the centrifuge cup and the cup. 
improves the system i n  two ways. 

primarily upon the speed of rotation of' the  fluid.  

any slippage between the f l u i d  and the cup decreases the effectiveness of 
the centrifuge e 

Prevention of this  slippage 

The effectiveness of the centrifuge depends 
It i s  obvious then that 

The second reason f o r  reducing th i s  slippage stems from the necessity 
of having t o  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 dis-  

charge t o  prevent the f l u i d  from bypassing the centrifuge and carrying gas 

into the main system. With the blades instal led it is possible t o  predict 

the centrifuge discharge pressure very closely from the equation: 

H = -  U 2  
2 g  

where 
H = Head, f t  lb per l b  

U = Tangential velocity, f t  per sec 

g = gravitational constant, 32.2 f t  per sec . 2 

The presence of slippage i n  the cup introduces an unknown coefficient t g  

this  equation and also makes the head delivered by the centrifuge more depend- 
ent  on the flow through the Centrifuge. 

There is  one advantage t o  having the slippage i n  the cup. During test  
w i t h  the model it became apparent that'the discharge pressure of the centri- 
fuge i s  a function of the l iquid level  i n  the expansion tank. As the l iquid 



l eve l  i n  the expansion tank decreases the centrifuge pressure decreases, re- 
sul t ing i n  a l i k e  decrease i n  pressure a t  the pump suction region, 

reduced pressure a t  the pump suction results i n  8. smaller f l o w  up the pump 

shaft and through the centrifuge. 
i n  the slippage which tends t o  increase the centrifuge discharge pressure. 
s tabi l iz ing e f fec t  on the pressures was not advantageous enough t o  overcome the 

disadvantages stated above. 

This 

The decreased flow there causes a reduction 

This 

The opening between the sparging chamber and the expansion =tank was made 
Duping tests made w i t h  th i s  opening res t r ic t ive  it was as large as possible, 

fowd  that the f l u i d  was backed into the sparang  chamber. When the f luid 

level. moved radial ly  i m r d  from the t i p  of the Power sl inger seal, it re- 
s t r ic ted  the ms flowing upward around the shaft from the centrifuge t o  the . 
expansion tank.  
leave the centrifuge through the same opening as that used by the incoming 

With th i s  normal path restricted,  the gas was forced t o  

f l u i d  which reduced the effectiveness of the centrifuge fo r  larger bypass flows. 

AFtT Fuel Pump Development 

The operabili ty of a face-type gas-seal sump pump pumping l iquid metals 
was experimentally demonstrated i n  the summer of 1951!5)In the f a l l  of 1953, 
G. F. Wislicenus designed an impeller (Fig. 2.2) t o  produce the head and flow 
required of the ART reactor using F1ina.k as the fuel .  
within the space l imitation of the reactor f o r  this  impeller i n  late 1954. 
Throughout this  paper sections of the pump w i l l  be located by numerical sub- 

A volute was designed 

scr ipts ,  The position of these sections and their numbers are shown i n  Fig. 
2-2. The subscript (0) designates the "eye" of the passage just before t he -  

impeller; (1) the impeller vane outermost inlet edge, and (2) the impeller 

vane out le t  edge o r  impeller rim. 
performance tes t  data were obtained i n  ear ly  1955. 
i n  a test  loop b u i l t  of 6 in. pipe w i t h  head and flow measuring instrumentaw 
t ion  and a thro t t l ing  valve. 
d-c motor. 
figuration that simulated the ART reactor design. 

A f u l l  scale model was b u i l t  and water 
The model was instal led 

The pump was driven by l 5 - h ~  variable-speed, 
The first experiment was performed by using a pump-suction con- 

The entrance region of the 

. 

. 

I 
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pump was obscured by a f l a t  plate located 1 in. below and 'paral le l - to  the 

pump suction. 
by an 8 in. pipe connected direct ly  t o  the pump suction. 
two experiments are shown i n  Figs. 2.3 and 2.4, 

A second t e s t  was performed w i t h  the plate  removed and replaced 
The resu l t s  of these 

The pump performance as indi- 

cated by these two experiments was not affected by the simulated reactor en- 
trance conditions. 
8 in. pipe suction was used f o r  a l l  subsequent testing. 

Since the f la t  plate was very d i f f i c u l t  t o  ins ta l l ,  the 

The test  conditions and results from a series of experiments performed i n  
The Derformance data from these experi- the tes t  loop are given i n  Table 2.1. 

ments are plotted i n  Figs, 2.3 bhrough 2.13. The performance data given i n  
Fig. 2.13 are representative of the best operation obtained during th i s  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 manuf'acturer's computed data. 
efficiency of the pumps, exclusive of seal and bearing losses, is approximately 
75% a t  the design point. 

It is estimated that the 

The impeller blade t i p  angle, f329 was increased t o  26.5 deg from 22 deg i n  
order t o  produce the reactor design head and flow and a pump speed approaching 
the design speed; the resu l t s  of this  change are given i n  Fig. 2.5. D a t a  ob- 
tained by varying the impeller radial clearance from 0.010 in. t o  0.040 in. 
indicated a loss i n  pump performance of approximately 8% a t  low-flow high-head 

conditions and of approximately 4% near the design point. 
i n  Fig. 2.7. 

These data are given 

A cavitation-like noise persisted throughout Experiments 1 through 12 a t  
flows above 400 gpm and speeds i n  excess of 2000 rpm. 

disturbance increased w i t h  increased flow or  speed above the threshold values. 
It was suspected that the noise mightdbe theveS&tsI of -poo.i;.' fluidi'guidance -at 
the leading edges of the impeller vanes. 

The intensi ty  of this  

An attempt was made t o  improve th i s  

condition by changing the entrance angle of the blade t o  match that of the 

f l u i d  by machining the leading edges so that they lay  on the surface of a cone 
whose apex went through the shaft centerline. The performance d a t a  from these 
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changes are given i n  Figs. 2.6 and 2.8, 
i n l e t  radius of the suction eye and t o  the impeller nut t o  improve the entrance 
conditions. 
noise. 
with no noticeable improvement. 
given i n  Fig. 2.10. 

Modifications were also made t o  the 

These changes had no noticeable e f fec t  upon the character of the 
A new impeller blade was designed t o  give better entrance conditions 

The performance data of t h i s  impeller blade is  

It was  determined that the noise was not primarily due t o  cavitation a t  the 
blade leading edge but rather t o  a local  condition that existed a t  the tongue 
of the volute. T h i s  was established by the use of a carbon microphone probe, 
A c i rcu i t  was devised so that the microphone signal could be observed on a 
cathode-ray oscilloscope. With t h i s  arrangement, the region of maximum noise 
was located near the volute tongue. 
more area f o r  the flow. 
no improvement i n  the noise. 
given i n  Fig. 2.9. 

The volute tongue w a s  cut back t o  allow 
This modification gave a decrease i n  performance with 

The performance data f o r  t h i s  modification is  

The need f o r  additional flow area i n  the volute is evidenced by the hy- 
draulic unbalance of the impeller a t  the design point and the occurrence of 
the design speed maximum efficiency a t  approximately 2046 less than the design 
flow. 
improve the s t ress  conditions allowed the pump volute flow area t o  be increased; 
however, t h i s  increase only compensated f o r  the increase i n  the f u e l  flow ra t e  
required f o r  improved heat exchanger performance. To obtain the additional 
required flow area, the pump volute was redesigned without diffusion cones. 

A st ructural  change i n  the design of the reactor north head region t o  

Results of the water performance t e s t s  as given i n  Fig. 2.11with the re- 

designed volute indicated excessive leakage losses between the impeller dis-  
charge and the impeller suction. 
ance curve a t  high-head low-flow conditions. 
were extended t o  the impeller ful l  diameter t o  increase their  developed back 
pressure. 
reduce t h i s  leakage, the impeller axial clearance wa$ reduced from 0.102 in. 
t o  0,053 in.  

This is  indicated by the sag i n  the perform- 
The shroud radial seal slingers 

The results of th i s  modification are given i n  Fig. 2.12. To further 

The resul ts  of t h i s  modification a re  given i n  Fig. 2.13. 

-27- 



The difference i n  the pump t o t a l  discharge head and the average impeller 
blade s t a t i c  discharge head a s  a function of pump speed and flow, as deter- 
mined from Experiment No. 15, i s  shown i n  Fig. 2.14. 
Fig. 2.14 allows the calculation of the volute efficiency (k) .  

ency, k, (Fig. 2.15) i s  defined as the fraction of the absolute impeller dis- 
charge velocity head which i s  converted t o  s t a t i c  head a t  the pump discharge. 

The d a t a  shown i n  
This e f f i c i -  

It may be seen from Fig. 2.13 that the design point l i e s  i n  the region of 
maximum efficiency and that the condition of hydraulic force balance on the 
impeller occurs near the design point. The noise present with the previous 
volute design was completely eliminated. 
indicated by Experiment No. 15, it was decided that the redesigned volute and 
the original impeller w i t h  a f3, of 26.5 deg would be used i n  the reactor. 

Based on the performance of the pump 
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E*er imen4 
Number 

1 

2 

3 

4 

corn: 

b p e  1 l e  r 
Design* 

Five vanes, 
Blade Tip Angle, 
(B2), 22 deg 

Same as 1 

Five vanes, 
p2 - 26.5 deg 

Five van&, 
B2 - 22 deg 
leading edges 
cut back on an 
80 deg cone 

angle 
W e  as 3 

IONS AND R€3SUL': 

Impeller. 
Design Point 

470 gpm 
45 f t  heac 
2500 r p m  

Same as 1 

606 g p m  
50 f t  heac 
2850 rpm 

Same as 3 

Same as 3 

TABLF: 2.1 

OF WATER PERF 

3eactor Design 
Point a t  Time 

of Test= 

606 gpm 
50 f t  head 

-42800 rpm 

Same as 1 

Same as"1 

Same as  1 

Same as 1 

W N C E  TESTS OF ART FUE 

Suction 
Conditions 

Suction box, simu- 
l a t ing  reactor; 1/2 i n  
radius on suction eye 

Straight 8-in. pipe 
w i t h  four an t i swir l  
vanes; 1/2 in .  radius 
on suction eye 

Same as 2 

Same as 2 

Same as 2 

PUMP 

Remarks and Results 

Impeller design point met a t  
approx. 2650 rpm. Reactor 
design m e t  a t  approx. 3050 
rpm. Pump very noisy. 

No appreciable change i n  
performance as compared t o  
Exp. 1. 

Reactor design point met a t  
approx. 2800 rpm; approx. a 
10% increase i n  efficiency 
w i s h  respect t o  E-xp. 1 w i t h  
the peak efficiency shifted 
towards the higher flows. 
Pump very noisy. 

Reactor design met a t  
approx. 3100 rpm. Pump 
very noisy. 

Impeller rad ia l  clearance 
w a s  increased t o  0.025 in.  
from 0.010 in. No appreci- 
able change i n  pump perform- 
ance. Pump very -noisy 



Table 2.1. (continued) 

I 
w 
0 
I 

- 

6 

7 

8 

9 

10 

Exper imenl 
Number 

. .  

Impeller 
Design* 

Same as 3 

Six Vanes, 
p2 - 22 deg 
leading edges cut 
back on a 56 deg 
cone angle 

same as 7 

3ame as 3 

Same as 3 

Impeller 
Design Point 

Same as  3 

Same as  3 

Same as 3 

Same as 3 

Same as 3 

Reactor Des i gn 
Point a t  Time 

of Test- 

Same as 1 

620 gpm 
35 f t  head 

~ 2 8 0 0  r p m  

Same as 7 

Same as 7 

Same as 7 

Suction 
Conditions 

Same as 2 
'7 

Same as 2 

Same as 2 except 
1/2 in .  radius 
increased t o  1 in.  
on suction eye. 

Same as 8 

same as 8 

Remarks and Results 

Impeller rad ia l  clearance 
w a s  increased t o  0.040 in.  
from 0.025 in .  No appreci- 
able change i n  pump perform- 
ance a t  design point; 8% 10s 
i n  head a t  flows below 300 
gpm. Pump very noisy. 

Impeller design point (Exp. 
1) met a t  approx. 2600 rpm. 
Reactor design point (Em. 1 
m e t  a t  approx. 3050 rpm. Re 
actor design point (Exp. 7) 
m e t  approx. 2850 rpm. Pump 
very noisy. 

Similar t o  Expts. 1 and-7. 

Volute tongue cut back 
3/8 in .  Performance s i m i -  
lar t o  Exp. 3. 

Volute tongue cut back 
3/8 in.  modified impeller 
nut; performance similar 
t o  Exp. 3. 

b 
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Table 2.1 (continued) 

Experiment 
Number 

I w 
C-J 
I 

11 

12 

13 

14 

1 5  

Impeller 
Design* -- -- 

Same as 3 

Vve vanes;" 
3n - 26.5 deg 
c 

Same as 3 

;ame as 3 

lame as 3 

Impeller - -. 
Design Point 

Same as 3 

620 g p ~  
25 f t  head 
2800 rpm 

Same as 3 

Same as 3 

Same as 3 ' 

Reactor Design 
Point e t  Time 
of Test* 

Same as 7 

Same as 7 

645 g P m  

N 2 8 0 0  rpm 
37 f t  head 

Same as 13 

Same as 13 

. .  

Suction 
Conditions 

Same as. 8 

Same as 8 

Same as 8 

. Same as 8 

Same as 8 

Remarks and Results 

Volute tongue cut back 30 
deg; performance showed a 
decrease i n  head and flow. 
No change i n  noise. 

Volute tongue back 30 deg; 
.Performance similar to  Exp. 
'11. I 

New volute w i t h  increased 
flow area. Impeller hy- 
draulically balanced near 
reactor design point. Head 
i s  decreased a t  constant 
flow and speed. Pump very 
q u i e t .  

Extended slinger on lower 
shroud t o  f u l l  impelley d i -  
ameter. Increased he& a t  
constant flow and speed. 
Efficiency peak a t  design 
point. 

Impeller ax ia l  shroud clear- 
ance reduced t o  0.053 in.  
from 0.103 in.  Increased heac 
a t  constant flow and speed. 
Increased efficiency peaks a1 
design point. 

* 
** The impeller blades were redesigned t o  provide entrance angles more nearly aligned w i t h  the fuel .  

Due t o  the t i m e  lag between the impeller design and the impeller testing, a different  impe@g&?kdesign 
point and reactor design point resulted. 
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Combined ART Fuel Pump and Xenon Removal System Development 

The final development work on the X-R system was done with a single pump 
Inconel hot loop test rig (see Fig. 2.16). 
planned to be done with a twin pump test loop very similar to the north head 
region of the ART. 
its completion and the development work was shifted to the single pump loop. 
This loop combined the latest X-R system tested with the plastic model and the 
final pump design determined from,,the pump water tests. 
done with the single pump rig used water as the working fluid. 

This final work was originally 

Construction difficulties with the twin pump loop delayed 

A l l  development work 

System Pressure Fluctuations 

At high liquid levels in the expansion tank (above 3 in.) it was found 
that the pressure throughout the main system was sub3ect t o  rather large and 
irregular fluctuations. 
level was decreased from 3 in. to about 3/4 in. where the fluctuations again 
began to increase. 
at low expansion tank levels were observed in the plastic model and attributed 
to a fluctuating liquid-gas interface in the centrifuge. 
centrifuge is by gravity from the expansion tank and any decrease in the level 
in the expansion tank will decrease the flow to the centrifuge. 
fuel circuit is filled with an essentially non-compressable fluid it is necces- 
sary that the flow 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 f l o w  from the main system back to the 
expansion tank. 

tank decreases, the flow to and through the centrifuge decreases and the main 
system pressure decreases. 
controlled by the discharge pressure of the centrifuge and any decrease in main 
system pressure results from a decrease in the centrifuge discharge pressure, 

These fluctuations decreased as the expansion tank 

This increase at low levels was expected. The fluctuations 

The flow into the 

A s  the main 

It can then be seen that as .the liquid level in the expansion 

As shown previously the main system pressure is 

In the case being discussed the centrifuge is running at constant speed and has 
a fixed outside diameter. Therefore any decrease in discharge pressure must 
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resu l t  from a decrease i n  the suction pressure of the centrifuge or  increase 
i n  the effective inside diameter. In  the case of the low expansion tank level  
the effective inside diameter of the liquid-gas interface moves radial ly  out- 
ward decreasing the pressure r i s e  through the centrifuge. This change i n  liquid- 

gas interface was observed i n  some of the earlier tests w i t h  p las t ic  models. For 
very low liquid levels this  condition becomes unstable w i t h  the centrifuge alter- 

nately trying t o  become first  empty and then as the outflow decreases t o  become 
full. 

The cause of the fluctuations a t  high expansion tank l iquid leve l  was not 
nearly so obvious. During the development work each of the various f l o w  paths 

were investigated and the d i f f icu l ty  rasfP6und'  to be caused by a fluctuation 
i n  the pressure a t  the inside diameter of the centrifuge. The cause of th i s  

fluctuation was traced t o  the lower slinger seal .  
the centrifuge w i l l  run i n  a flooded condition and it i s  probable tha t  slugs 
of l iquid as well as gas w i l l  flow upward between the shroud and shaft t o  the 
in le t  of the lower sl inger seal. This p s  and liquid f l o w  through the slinger 
impeller would cause it t o  surge w i t h  the surges being transmitted back t o  the 
centrifuge as irregular periods of high and low pressure. 
then be transmitted through the centrifuge t o  the main system. 

A t  very high l i q u i d  levels 

These surges would 

To a l leviate  these surges the vanes were removed from the lower slinger 
By removing these vanes the head of the lower sl inger seal is reduced seal. 

and any flow surges i n  this region w i l l  be dampened. 

System Pressure Level 

A d i f f icu l ty  encountered i n  the ear ly  tes t ing  of the combined system w a s  
an excessive system pressure leve l  which resu l t s  i n  a high stress condition 
being imposed on the plate  which separates the expansion tank and the f u e l  
pump discharge. 

r ise,  attempts were made t o  reduce the centrifuge pressure rise by two different 
approaches. Firs t ,  the inside diameter of the Centrifuge cup was increased, and 
second, the e x i t  area from the centrifuge was decreased. There were several ad- 

vantages t o  the first method. The change i n  the existing centrifuges were very 

Since this pressure level  is fixed by the centrifuge pressure 
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simple t o  make, and also it was possible t o  calculate very closely the new in- 
side diameter of the centrifuge cup t o  get the desired change i n  the main system 
pressure level.  
trance t o  t Q e  cup is. increased and w i l l  lead t o  a more stable system pressure 
a t  lower expansion tank l iquid levels. 
depth of the l iquid i n  the centrifuge is  decreased. 
enable gas bubbles t o  pass into the main system under operating conditions 

Another,advantage is that the cross sectional area of the en- 

, h e  disadvantage i s  that the radial 

This thinner layer may 

where they would have been stopped w i t h  the thicker layer. 

small exi t  area from the Centrifuge the major disadvantage was the d i f f icu l ty  
of making the change. Any decrease i n  the exit area by decreasing the number 
of exit holes o r  the diameter of these holes w i l l  increase the velociiiy through 
the cup and thus reduce the degassing a b i l i t y  of the centrifuges. 
th is  d i f f icu l ty  the holes would have t o  be tapered w i t h  the hole area a t  the 

inner w a l l  of the cup remaining the same and w i t h  the area at the ex i t  i n  the 
outer diameter being reduced. Not only would the construction of these holes 
be d i f f i cu l t  but t he i r  s ize  would have t o  be determined by t r ia l  and error.  
One advantage of th i s  system is  that the l iquid leve l  or  l iquid gas interface 
i n  the centrifuge does not change. 
was never confirmed by t e s t .  
case where one of the two reactor pumps had stopped while the other was running. 
For this one pump out operation it is very desirable that the centrifuge have a 
head flow characterist ic such that the head decreases very rapidly w i t h  any in- 
crease i n  through flow. A l l  of the clearances around the centrifuges are large 

and the leakage is  controlled by a dynamic seal. 
is also l o s t  so that  the leakage becomes very large unless the pressure drop 

across this clearance is  decreased. 

the pressure drop across the ex i t  holes 68 %he ,oper~ti .d~lpumg.Ss:;~rge and w i l l  

increase rapidly w i t h  the increased f l a w  result ing from leakage around the in- 
operative pump. 

head of the centrifuge must also drop off ras idly as the through flo;,increase; 
but i n  this case, the decrease i n  head must be accomplished by the centrifuge 

In  the case of the 

To overcome 

The second and’more important advantage 
This second advantage would show up only i n  the 

When one pump stops the sea l  

In  the case w h e r e  the exit area is small, 

In  the case of the enlarged inside centrifuge diameter the 

. 
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the centrifuge becoming pa r t i a l ly  empty and increasing the effective inside 
diameter even more. This increase i n  the diameter of the gas-liquid inter-  
face leads t o  a breakdown i n  the effectiveness of the centrifuge. 

Bypass Flow Determination and Control 

One of the most important purposes of the combined system t e s t s  was t o  
determine and control the by-pass f l o w .  A s  previously noted the plast ic  model 
served only t o  give an approximate rate because of leakage of the lower seal. 
In the combined single p p  system the bypass flow passage was ident ical  t o  
that f o r  the ART. A disadvantage of th i s  system is the lack of a method of 
direct ly  measuring this bypass flow. The procedure used was t o  plug the hole 
i n  the center of the pump shaft through which the bypass flow normally passes 
and substi tute an external l i ne  between the pump suction region and the expan- 
sion tank. 

and measure the f l o w .  
f l o w  were held constant while the flow through the external l i ne  was varied. 

This external l ine  contained a valve and flow meter t o  regulate 
During these tests runs the pump speed and main system 

The expansion tank gas pressure and the pump suction pressure were measured. 
This method yields a pseudo head-flow curve f o r  the centrifuge and is used as 
a calibration f o r  test  runs where the actual  flow up the pump shaft cannot be 

determined directly.  
centrifuge discharge pressure f o r  calibration purposes i s  arbr i t rary.  The use 
of the suction pressure does simplify the immediate reduction of the data, and 
more important, the pressure differences between the pump suction and the ex- 

The use of the pump suction pressure rather than the 

pansion tank is one of the factors controlling tbe 'bypass flow and is  of more 
interest than the pressure difference between the centrifuge discharge and the 
expansion tank. 
of operating points, the plug was removed from the pump shaft and the external 

After t h i s  pseudo head-flaw curve was established f o r  a series 

l i n e  closed. 
repeated and again the pump suction pressure and the expansion tank gas pressure 
were determined. The data f o r  the runs with the pump shaft plugged were plotted 

The operating point used i n  the above calibration runs were then 

as shown in  Fig. 2.17. The difference between the pump suction pressure and the 
expansion tank gas pressure f o r  the pump shaft open runs were then 
the identical  calibration run and the bypass flow up the shaft was 

curve. - checked against 
read from the 
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The flow through the external l i ne  or  up the pump shaft i s  not the t o t a l  
flow through the centrifuge. 

the centrifuge slinger se& and ;back into the cup, 
is  not  accurately known but since it i s  not a function of the manner i n  which 
the,flow>gets from the pump suction t o  the expansion tank, but instead is  only 
a function of the flow through the centrifuge, it does not enter into the C a l i -  

bration. 

Fuel Leakage Past  Upper Slinger Seal 

Par t  of the centrifuge flow recirculates over 

This recirculation flow 

One i t e m  inherent i n  the X-R system design was the cause of much concern. 
This was the possibi l i ty  of f u e l  passing over the upper slinger s ea l  and being 
forced or  drawn up into the narrow annulus between the pump shaft and the bar- 

r i e r  shield,plug. 
it could freeze because of the cooling of the lubricant circulating i n  th i s  

If any f u e l  from the system were t o  r i s e  into th i s  region 

region. 
and shield plug can and could possibly freeze the shaft t o  the stationary 
shield plug can. 

The f u e l  on freezing becomes hard and could do aaplage t o  the shaft 

This would necessitate a change of the pump rotary element. 
If the reactor had been a t  power th i s  task would be unpleasant. 

In the ear ly  test  i n  the Inconel hot loop, the upper sl inger sea l  design 
w a s  the same as used i n  the plast ic  model. 
about 3/16 in.  high f o r  the f u l l  radial distance (see Fig. 2.18). 
early t e s t s  it'was found that the gas pressure i n  the expansion tank was greater 
than that i n  the o i l  catch basin region of the rotary element. 
t h i s  pressure difference was as large as three t o  four f e e t  of working f lu id  
head. 

the pump speed, the gas flow down the pump shaft annulus, and the l iquid level  
i n  the expansion-tank. There was a mticeable "break point" i n  th i s  pressure 
difference as the expansion tank l iquid level  passed 2 in.  
l eve l  a t  which ihe l i q u i d  w i l l  uncover the ports between the sparging chamber 
and the expansion tank. As the l iquid level  was reduced from a high level  t o  
about 2 in., there was no significant change i n  the pressure difference. 

This design had twelve radial vanes 
In these 

In many cases, 

For the first design th i s  pressure difference w a s  found t o  depend upon 

This i s  also the 

A t  
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approximately 2 in.  the pressur-e difference dropped sharply and was then again 
fairly2independent of the l iquid leve l  as it was reduced fur ther .  The leve l  

a t  which the break point occurred was not fixed but was dependent on whether 

the l iquid leve l  was increasing o r  decreasing. 

- 
The leve l  f o r  t h i s  break point * 

was  higher f o r  the case when the l i q u i d  level  was increasing than when the 

level  was decreasing. It was  a lso noted even a t  the highest l iquid levels 
that as the rate of gas flow down from the catch basin was increased the pres- 
sure difference was decreased and f o r  extremely high flow, several times the 

normal 500 l i t e r s  per day, the pressure difference would reverse w i t h  the 
catch basin gas pressure being greater than the gas pressure i n  the expansion 

tank. It was also found that th i s  undesirable pressure difference increased 
as the p u p  speed increased. 

Under normal operating conditions a gas pressure reversal  i n  th i s  region 
The potential  head of the slinger is  greater than w i l l  not cause any damage. 

the pressure difference -so that no l iquid w i l l  be drawn over the vanes. 
real danger of this condition is f o r  the case where one or  both pumps stop 
suddenly a s s i n  ,the\ case. of a power fai lure .  
p u p  is so rapid that the inflowing gas cannot build up the pressure i n  the 

lower pressure region a t  the same rate the dynamic head of the seals is  de- 

The 

If the slowing down rate of the 

creasing due to the decreasing speed, then the l iquid w i l l  be drawn up into 
the annulus around the pump shaft,and probably require a replacement f o r  the 

rotary assembly. 
A l l  of the abqve observations show that the upper sl inger seal i s  acting 

as a gas pump. 

greater than a pump of the s ize  and type used should be able t o  normally pro- 
duce using gas as the working f lu id .  It appears that the pressure buildup is 
due t o  the recirculation of l iquid through and over the vanes. 
sl inger s ea l  ac t s  the same as an open face centrifugal pump operating under no 
flow conditions. 
seal and recirculation is  large. This recirculation appears is a flow outward 
through the vanes and an inward f l o w  through the clearance above the vanes. 

The actual  gas pressure buildup i n  the expansion tank is far 

The upper 

Due t o  the rather Large axial clearance over the top of the 
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The outward flow carr ies  gas bubbles t o  the outer t i p  where it then escapes into 
the sparging region and then in to  the expansion tank. As this process continues 
the pressure difference w i l l  increase and the length of vane which is  covered 
by l iquid w i l l  increase as the l iquid is drawn radial ly  inward t o  produce a 
large head t o  offset  this r i s ing  pressure difference. As th i s  radial dimension 
of the l iquid increases, the centrifugal effect  of the spinning l iquid begins 
t o  screen or  centrifuge the gas inward toward the pump shaft. 
acting effects thus limit the magnitude of the pressure difference the upper 
s l inger  sea l  can produce. This also explains the observed dependence of the 

pressure difference on the l iquid level, speed and gas flow. As the gas flow 
is increased it w i l l  reach such a f l o w  that the upper sl inger s ea l  cannot en- 
t r a i n  and pump the gas as fast as it enters. When th is  flow is reached the 

pressure difference w i l l  reverse. 
l eve l  the observed hysteresis becomes clear.  
can a c t  as a gas pump it must become primed. 
creasing the upper sl inger seal w i l l  "throw" the l iquid away from i ts  t i p  

u n t i l  the level  has reached a point higher than the upper sl inger sea l  or  un- 
t i l t h e  l iquid which obstructs the ,exit ports from the sparging chamber causes 
the pressure t o  build up i n  the region of the t i p  of the upper slinger seal .  
When the expansion tank is f i l l e d  t o  about 2 4 2  in., the l i q u i d  level  is 
above the upper sl inger sea l  and it is primed when the pump i s  started.  

These counter- 

In  the case of the e f fec t  of the l iquid 
Before the upper sl inger sea l  
Whqn the l iquid level  i s  in- 

To 
break t h i s  prime the level  must be reduced u n t i l  the ex i t  ports from the 

sparging chamber are open and the pressure a t  the outer radius of the upper 
s l inger  seal is reduced. 
when these points are reached. 
t r a i n  and pump gas i s  obviously a function of the speed. 

This also accounts f o r  the sudden qhange i n  pressure 
The a b i l i t y  of the u p p r  slinger s ea l  t o  en- 

In  trying t o  overcome this problem, the basic idea was t o  reduce the 
large recirculation over the upper sl inger s ea l  which w i t h  the large axial 
clearance required is impossible t o  completely stop. 
t o  replace the vaned upper sl inger s ea l  w i t h  one whose top surface w a s  smooth. 
The axial clearance was held the same as f o r  the vaned upper sl inger seal. 
This reduced the unfavorable pressure difference but did not reverse it. 

The first attempt was 
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Several-other methods were tr ied w i t h  some improvement but were not completely 
satisfactory. 
potential  a t  the rotating surface. 

A l l  of these changes were attempts t o  reduce the outward f l a w  

The design which f i n a l l y  gave a pressure difference i n  the desired direc- 

tion, i.,e., the catch basin pressure greater than the pressure i n  the expansion 

tank, is sham i n  Fig. 2.19. The top surface of the upper sl inger seal was cut 
back f o r  a radial distance of 3/4 in. 
pressure higher than that i n  the expansion tank by about 10 t o  14 in ,  a t  design 
conditions and high l iquid levels i n  the expansion tank. This increased clear- 
ance reduces the potential  head of the upper sl inger seal, but as it has far 
more head capacity than required t o  protect the rotary element when operating 

,J This configuration gave a catch basin 

normally there is no deleterious e f fec t  i n  making this  change, 
diameter of the upper sl inger seal could not be decreased t o  obtain the fabor- 
able pressure gradient. 
tween the face of the upper sl inger seal and the sparging chamber. 
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 
t o  the expansion tank through the shaft annulus maintains the favorable pres- 

sure gradient. 

Experimental Results 

The outskde 

It was found that a l iquid seal must be maintained be- 

With th i s  

The tes t  results of the final design configuration are shown i n  Figs. 
2.20 through 2.28. 

of the system as a function of speed. 
Figs. 2.20 through 2.23 give the head flow characterist ics 

The value of the difference between the 

pump suction and expansion tank pressure is a lso  shown. 
i n  the head-flow curves from one l iquid leve l  t o  another are probably not sig- 

nificant and are within the accuracy of the data. 
between the pump suction pressure (P,) and the expansion tank gas pressure (P 

are def ini te ly  a function of l iquid leve l  a t  lower levels, especially a t  1 in. 
and below f o r  reasons given previously. 

The small variations 

The values of the difference 

He  ) 
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FIG. 2.18 

UPPER SLINGER SEAL WITH RADIAL VANES 

I 
FIG. 2.19 

U P P E R  S L I N G E R  SEAL WITH A N  A X I A L  STEP 
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The re  son f o r  the sca t te r  i n  the data can b seen by examining Figs. 

2.24 through 2.27. 
the t e s t  loop as a function of speed, flow, and l iquid level. While these 
fluctuations are not large enough t o  cause any damage t o  the reactor, they 

did make analysis of the data d i f f icu l t .  
fluctuations were so important can be seen by studying Fig:;.2';17. 
value of Ps - PHe on the figure are shif ted by 0.2 f t ,  the error  i n  deter- 
mining the actual  bypass f l a w  a t  645 gpm amounts t o  about 5$* 
l iquid levels the fluctuations become larger and the experimental values of 
the bypass flow er ra t ic .  
l iquid -levels are calculated (see Appendix E )  

These figures show the pressure fluctuations throughout 

The reason these re la t ive ly  small 
If the 

A t  lower 

For t h i s  reason, the bypass flows f o r  the lower 

Calculated and experimentally determined flow up the pump shaft or  
that amount which bypasses the main f u e l  pump' is  shown i n  Fig. 2.28. This 

is not the t o t a l  recirculation through the expansion tank. 
i n  which the data was obtained there was a leakage of approximately 0.6 gpm 
from a point near the pump suction t o  the expansion tank. 
should be added t o  the bypass flow t o  get the actual  t o t a l  flow through the 

expansion tank. In  the reactor there is  a l so  a leakage very s i m i l a r  t o  the 

In the test  loop 

T h i s  leakage 

one i n  the tes t  loop. 
through the f loor  of the expansion tank. 

T h i s  leakage is around the island where it passes 
The amount of t h i s  leakage is 

estimated t o  be about 4 gpm or  2 gpm per pump and l i ke  the leakage i n  the 
test  loop w i l l  depend upon the operating pump speed and flow. 

The t o t a l  flow through the centrifuge cups is  equal t o  the sum of the 
bypass flow, leakage and recirculation over the top centrifuge seal vanes. 
The leakage over the vanes is  large, about 6 t o  8 gpm a t  design conditions. 
This large leakage does not e f fec t  the degassing a b i l i t y  of the cup. 
reason f o r  t h i s  is  t h a t  when the flow has increased t o  the point where in- 

gassing occurs the head of the centrifuge has dropped t o  the point where i t 3  

is less than the head of the vanes. Under t h i s  condition it i s  probable that 

the centrifuge is not completely fill and that the inside diameter of the 

vanes receive gas only. 
through them i n  e i ther  direction, the location of the liquid-gas interface 
being determined by the head required t o  match that of the centrifuge. 

The 

The vanes then a c t  as a slinger and there is no flow 
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ART Fuel Pump Cavitation Characteristics 
.. 

Cavitation refers to conditions where, 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 elsewhere in the system. 
In order t o  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. 
a pump operatihg 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. 

For 

( 6 )  

The local pressure drop caused by the difference in the pressures on 
the*leading and trailing sides of the impeller blade is the major cause of 
cavitation in a centrifugal pump. 
the relative inlet velocity (Wl), the number of blades (Z), the thickness 
of the blades (t) and the local absolute velocity (C,) . 

The-test loop from which the original pump developnent d a t a  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 loop. 
was used for obtaining the cavitation data. 
(a) (7)(8) was determined for the final impeller design as a function of the 
percent change in the pump m a x i m  head at a constant flow and speed. 
parameter 6 is 

This local pressure drop is a function of 

The loop designed for the hot testing of the fuel pump 
The Thoma cavitation parameter 

The 

H - H  
S vap cr= U '  
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where H 
order to avoid frictional losses, H - VaP 
fluid, and Hmsx is the pump maximum total head. 

From these cavitation data and the data previously obtained on the difference 

is the pump total suction pressure measured close to the pump eye in 
S 

is the vapor pressure of the working 

The results of these experiments are shown in Figs. 2.29 through-2.3l. 

a between the expansion tank pressure and the pump suction pressure, Fig. 2.32 
was made on the assumption that the suction pressure required to prevent cavi-# 
tation was independent of the liquid level in the expansion tank. 1 
gives the minimum expansion tank pressure required to prevent cavitation as a 
function of the expansion tank liquid level and the pump speed and flow. 

Fig. 2.32 
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DESIGN OF AN ATTITUDE-SICABLE ZNON RFSIOVAL SYSTEM 

-. 
In addition to the design precepts and requirements of a stationary up- 

right xenon removal system, one suitable for application t o  aircraft must meet 
the additional requirement of attitude stability. ( 9 )  An over-all picture of 
the original attitude stable X-R system is given in Fig. 9-1- Illustrated 
particularly are the swirl chamber in relation to the rotary elements, the 
interconnecting parts, and the direction of fuel passage. 
acts as an expansion tank in the fuel system and as a processing tank for 
xenon stripping. 
assembly, a cross section of which is shown in Fig. 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.  

The swirl chamber 

All other required functions are carried out in the rotary 

Fig. 3.3 depicts the system as a hydraulic circuit. The numbers are 
only illustrative to point 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.  
as fo l lows:  

In the description below the circuit will be described in zones, 

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, it 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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FlGURE 3.2- ATTITUDE - STABLE XENON REMOVAL SYSTEM 
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and from which an equal volume of fuel i s  bled f o r  processing. Two nozzles 
d i rec t  the bleed flow into the expansion tank as tangential j e t s  t o  induce 
a swirln These nozzles represent the major resistance i n  the c i r cu i t  and, 
together w i t h  the centrifuge speed, determine the bleed flow rate and the 
header region pressure. 
f o r  the main f u e l  pumps (shown dotted i n  Fig. 3.4) it i s  seen that the bleed 

c i rcu i t  i n  e f fec t  determines the main pump discharge pressure and thereby 
the reactor system pressure. 
equal t o  the main system f u e l  pressure drop, the main fuel pump suction pres- 
sure can be maintained a t  swirl chamber pressure (controlled by ' the off-gas 

system). 

Zone 2. Primary Swirl 

Since the header region is  also the discharge region 

By making the pressure drop across the nozzles 

This part of the bleed c i rcu i t  serves the primary purpose of agi ta t ing 
The f u e l  i n  the s w i r l  chamber is made t o  spin (reinforced by the the fuel.  

c i r cu i t  of Zone 3) by the tangentially directed discharge of the fuel from 
the nozzles (see Fig. 3.5) and careful contouring of the swirl  chamber walls. 
The result ing high peripheral velocit$es induce violent agitation, mixing, 
and gas entrainment i n  the spinning fuel .  
f u e l  level  insenstive t o  a t t i tude.  As Been i n  Fig. 3.5, ducting designed 
into the s w i r l  chamber w a l l  d i rects  f u e l  into two protruding ports i n  the 
pump housing. 
s ta tors  which diver t  such fractions of the f u e l  ax ia l ly  downward into the 

centrifuges as is required t o  balance the centrifuge discharge' (see Zone 1). 

Under normal operating conditions the centrifuge is  simply flooded, the ex- 
cess being diverted upwards into Zone 3. 

Zone 3. Secondary - Swirl 

The spin also serves t o  make the 

$ 

The f u e l  scooped up by the ports is directed t o  the flow s p l i t  

I 

The upward directed excess of Zone 2 is passed t o  two auxiliary centri- 
fugal "swirl" pumps mounted on the main f u e l  pump shafts. 
these pwnps is  directed by suitable porting and contouring (see Fig, 3.6) t o  
reinforce the spin i n  the s w i r l  chamber. 
quired u n t i l  the leve l  i n  the s w i r l  chamber r i s e s  t o  about 4 6  full. 

The discharge of 

This additional energy is not re- 

By 

. 

. 
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vir tue of i ts  elevated position the s w i r l  pumps automatically cut i n  when the 
leve l  i n  the s w i r l  chamber r i ses  suff ic ient ly  t o  prime the s w i r l  impeller. 

The s w i r l  impeller a l so  serves t o  vent the gas l iberated from the f u e l  
i n  the centrifuges. A gas passage connecting the swirl impeller suction side 

with the centrifuge center is  formed by a shroud around the shaft as shown i n  

Fig. 3.7. 

Dynamic Seals 

To complete the c i rcu i t  description two important seals w i l l  be described 

br ief ly .  
t o  pump against the pressure of fuel entering the impeller from w h a t  is normally 
the discharge end of the blades. 

Both seals a re  essentially radial vane centrifugal impellers arranged 

In the case of the upper sl inger seal, i ts  function is t o  prevent any fue l  
leaking past  the s w i r l  pump from moving up the pmp.shaft  toward the bearings. 
The upper sl inger s ea l  impeller radius exceeds the s w i r l  impeller radius i n  
order t o  provide some safety margin and t o  permit inverted operation. 

The centrifuge slinger sea l  is an integral  par t  of the centrifuge (see 
Fig. 3.8) and serves t o  l i m i t  the amount of recycle around the top of the 
centrifuge. 
pressure but never t o  exceed it. 

The blade diameters mus t  be such as to.develop nearly centrifuge 
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 i n  Table 3,2.  
of the development of the first s i x  models are appended t o  this  report, 

Excerpts of a summary by A .  P, Fraas 
These 

models first indicated the need of employing a centrifuge and pointecl out 
several i n s t ab i l i t y  problems which led  t o  the decision t o  build the s w i r l  
chamber as a separate physical enti ty.  

Denoted as Model No. 7 i n  Table 3.2 and illustrated i n  Fig. 3.10, such 
a s w i r l  chamber was tested independently of the pumps by supplying feed from 
the plant sanitary water supply l ine .  Tests were run a t  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 Table 3.3.  

In conducting the tests it was observed that the liquid level in the 
swirl chamber sought its own equilibrium level for any 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 

I condition 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 balance. 
sequential dependence is as follows: 

The 

1. 

2. 

3. 

4. 

5.  

The amount of liquid retained by the centrifuge controls the 
centrifuge delivery pressure. 

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

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

For equilibrium conditions the input energy must equal the 
losses. The losses can be broken down into: 

a. nozzle loss - 
b. swirl chamber 
c. lift - fixed 
d. swirl chamber 

liquid level 
e. swirl chamber 

liquid level. 

a function of flow 
discharge loss - a function of flow 
agitation loss - a function of swirl chamber 

drag loss - a function of swirl chamber 

Since the swirl chamber also serves as the expansion volume for 
the fuel systems, a 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 
a manner dependent on the initial equilibrium liquid level. 

c 
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From Fig. 3.9 it is seen 
w i t h  r i s ing  leve l  and is 

that the agi ta t ion losses decrease 
the predominant loss  a t  "low" l iquid 

levels.  The drag losses, however, rise w i t h  increasing leve l  
and predominate a t  "high" l iquid levels.  

Instabil i ty.  A: 

With the s w i r l  chamber a t  an i n i t i a l l y  "low" l iquid level, a 
r i s ing  leve l  (due t o  a r i s ing  f u e l  temperature) reduces the 

s w i r l  chamber loss and thereby increases the flow out of the 

swirl chamber. With the centrifuge 3 i n i t i a l l y  fu l l  th i s  

does not, however, increase the flow in to  the s w i r l  chamber. , 

In  effect, then, the swirl chamber reverts t o  i ts  i n i t i a l  
stable level, transferring the extra inventory t o  the space 
above the centrifuge. A s  born out by tes t  experience, the 

s w i r l  chamber "refuses t o  ac t  as an expansion chamber". 

Ins tab i l i ty  B: 

With the swirl chamber a t  an i n i t i a l l y  "high" l iquid level, 
a r i s ing  leve l  increases the. s w i r l  chamber loss  and thereby 
decreases the flow out of the s w i r l  chamber and into the 

centrifuge cup. 
leve l  drops thus reducing the energy supplied t o  the s w i r l  
chamber. With energy losses increasing (due t o  r i s ing  l iquid 
level from (a) the extra inventory due to temperature rise and 
(b) the volume no longer retained by the centrifuge) and input 
energy decreasing, the system i s  more and more unbalanced, re- 

With its supply reduced the centrifuge l iquid 

sul t ing i n  a run away condition as born out by test  experience. 
The s w i r l  chamber may overflow and the centrifuge cups w i l l  lose 
their primes. 

A t  pressures above 7 psig suff ic ient  flow was obtained t o  give good spin 
and agitation. 
f o r  certain combinations of l iquid level, back pressure and inlet  pressure. 

However, the tests indicated def ini te  i n s t ab i l i t y  tendencies 
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The instability tendency was more clearly apparent in 
3.2) when the swirl chamber was placed in series with 

The analysis of the swirl chamber indicated a marginal energy balance be- 
tween the energy in the fluid issuing from the jets and the fluid friction los- 
ses in the swirl chamber. 
operating condition was attained. Any small increase in frictional resistance 
unbalanced the system to the point where the centrifuges lost all prime and 
freely passed air. 
ditions. 
friction losses. 
centrifuge could be supplied by gravity. 
the system could not be stabilized over the full range of liquid levels. 

At some minimum swirl chamber level a metastable 

It was not possible to reestablish stable operating con- 
In Test Model No. 9 every effort was made 'to reduce connecting line 

Furthermore, the swirl chamber was raised such that the 
However, even under these conditions, 

It was, therefore, decided to au-ent the energy supplied to the swirl 
chamber by an auxiliary impeller as shown in Model No. 10, Table 3.2. 
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. 

able to remove bubbles from the plenum chamber below the centrifuge. 
chamber operation was stable. 
be developed. 

indicated that the system was sufficiently well understood to make an attempt 
at an improved desi& appear promising. 
therefore, designed incorporating the following features: 

The 

Although the centrifuge flow rate could not be determined, this model was 

Swirl 
However, no appreciable system pressure could 

The performance of Model 10, Table 3.2, and the analysis leading up to it 

A two-pump integral plastic model was, 

1. 
2. 

3. 

'% 
$2 %$ 

Test Model No, 8 (Table 
one centrifuge. 

Locating the swirl chamber above the centrifuge cup to permit priming. 
Incorporating an auxiliary impeller which by superimposing a re- 
circulating flow supplied excess energy to the swirl.chamber. 
Designing a configuration such as to make passages between swirl 
chamber and centrifuge assembly as short as possible to minimize 
friction losses. 
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4. Introducing the centrifuge delivered flow into the s w i r l  chamber 
through highly res t r ic t ive  nozzles t o  maintain the system pres- 
sure and t o  provide spin a t  low s w i r l  levels.  

The assembly as originally b u i l t  is i l lus t ra ted  i n  Fig. 3.11. 
The development of t h i s  unit  t o  the f ina l  working model involved changes 

i n  the rotary assembly only. 
through 15. 
recirculating short c i rcu i t s .  
Finally, the en t i re  assembly was mounted on a r i g  t o  permit inverted operation. 
The performance is summarized i n  Table 3.1. 
Model 15, Table 3.2, are l i s t e d  i n  Table 3.4. 

These are i l l u s t r a t ed  i n  Table 3.2, Models 11 
The problems encountered were primarily sealing problems t o  prevent 

This development work i s  outlined' i n  Table 3.2. 

The f i n a l  c r i t i c a l  dimensions f o r  
The f i n a l  design is  i l lus t ra ted  

i n  Fig. 3.12. 

System Analysis (Refer t o  Fig. 3.3) 

The manner i n  which the X-R system controls the main system pressure i s  

Figs. 3.13 and 3.14 i l l u s t r a t e  the characterist ic curves f o r  the main f u e l  

most easi ly  seen from a study of the characterist ic curves of the two systems, 

pump c i rcu i t  and bypass flow c i rcu i t  respectively. 
the same scale but intentionally do not have their  origin defined. 
points have the following physical significance: 

The ordinates are drawn t o  
The labeled 

(a) f u e l  pump discharge pressure 
(b) centrifuge discharge pressure 
( c )  centrifuge i n l e t  pressure 
(a) f u e l  pump suction pressure 

A s  previously described and i l lus t ra ted  i n  Fig. 3.4, 'both the centrifuge 
and f u e l  pump discharge into a common header and therefore points (a) and (b) 

must be a t  the same pressure. 
i t s  gas interface i s  essentially a t  s w i r l  chamber helium pressure, i.e., since 

point (c )  is a t  p = 0 (reference), a l l  the other pressures are fixed relat ive t o  

( c )  as shown i n  Fig. 3.15. 

Secondly, since the centrifuge in le t ,  because of 



The system pressure, particularly the pump suction pressure, is therefore 

This nozzle is made 
controlled by the helium pressure and the bypass flaw pressure drop. 
flow Ap is primarily controlled by the nozzle resistance. 
highly restrictive in order to keep the-pump suction pressure high enough to 
prevent cavitation. 
the system pressure by an equivalent amount. 
an increased f low through the centrifuge cup holes effects a reduction in the 
system pressure level. 

The bleed 

Any pressure drop across the centrifuge cup holes reduces 
Thus any condition that simulates 

. 

-92- 



. 

Table 3 . 1  Model 1 5  - Performance Evaluation 

Test Conditions: 
A.  

B. 

C .  

Speed range TOO rpm t o  1800 rpm 
Storage volume range 20% f u l l  t o  80% f u l l  

Attitude: 1) upright, 2) inclined, 3) inverted. 

Performance Criterion T e s t  Condition Evaluation 

1. Expansion Volume Stab i l i ty  A Completely stable 

B 

C 

Completely stable 
Completely stable 

2. Agitation A Varies from fair  t o  
excellent as speed 
increases. 

generally good. 
B Best a t  low volumes - 
C Good. 

3. Upper Slinger Seal Effectiveness 

4. System Pressure 

5. Bubble Removal Effectiveness 

6. Power Required 

7. One Pump Out 

A 

B 

Completely effective 
Completely effective 

C Completely effective 

A Within 5% of theoretical  

B Drops with dropping vol- 
expected . 
me when less than 20% 
f u l l .  

low volume. 
C Drops off completely a t  

A Good - best  a t  lower 
speeds. 

B Good - best a high l iquid 
levels. 

C Fai ls  a t  low volume and 
low speed. 

A Increases with speed. 
B Increases markedly with 

C 
high l iquid level.  - -- 

. Loss of system pressure; 
poor agitation. c 
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SEQUEKClkL DEVELOFMRiT OF ATTITUDE-STADLE XENON REMOVAL SYSTEM 

IbWOR CHANGES FRaM 
PREVIOUS MODEL r n R F I I C E  FLOW PA!ll??JVi EVALUATION 

~~ 

?ig. A.l 1) Swirl insufficient t o  
remove bubbles. 

2) Agitation g o d  

3) Slinger effective. 

. 

. 

Swirl s t i l l  insufficient 
t o  remove bubbles. 

Fig. A . l  Je t  added t o  a s s i s t  sirirl.  

. . .  

Pig. -11.2 Centr i fxe  added above pump 
impeller. 

Insufficient lift avail- 
able for  getting f lu id  
into cent r i fxe .  

ll Scoops addcd i n  s v i r l  
chamber t o  assist l i f t i xq  
rl.uid into centrifuge. 

Effective up t o  1400 r p  
only. 

Pig. 8.2 

5 P i c .  A . 3  I) Peripheral a i r fo i l  scoops 
added. 

2) Expnsion - and o i r i r l  
chamber bui l t  as unit 
chamber (baffle omitted). 

3 )  C e n t r i m e  discharge intc 
impeller discharge regior 

1) Unstable operation. 

2) Passed air bubbles. 

Pig. A.3  kbyr in th  seal added betweer 
pump volute and sirirl 
chamber. 

No improvement. 

I 

kc i s ion :  1) To separate centrifuge and m r i r l  

2) ITCW ncdels not t o  include sin1dnt-d 
chambers. 

main circuit .  
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Table 3.2 (contd.) 

. 

ODEL 
60. 

7 

8 

9 

10 

Lg. '3.10 

L g .  5-10 

ig. 3.10 

ig .  3.10 

Decision: To bui 

F m I  PATTERN 

I , '  I 

S W I R L  kd I CHAMBER I 

I 

M O R  CHANGES FRCXI 
PRFVI OUS 1 IODEL 

so la t ion  of s w i r l  
hamber from pump 
mpeller. 

vir1 chamber 
onnected t o  sing11 
en t r i fuge  u n i t .  

h r i r l  chamber 
a i s e d  with respec 
.o c e n t r i m e .  

'low reduced by 
ilocking one nozzl 

)ischarge through 
:onnection opposit 
mpeller mounted 
)n centrifuge.  

EVALUATION 

Pest of swirl chamber 
d t h  c i t y  water pressurc 
iupply and var iab ly  
r e s t r i c t ed  discharge. 

see Table 3.3. 

L) System unstable as 
l iqu id  l e v e l  is  
changed. 

prime. 
2 )  Centrifuge l oses  

k r g i n a l  performance due 
to in su f f i c i en t  sp in  
:nerU. 

1) Effective bubble 

2) NO system pressure. 

3) Good sp in  cxcept e t  
very high l i qu id  level 

4 )  Centrifuge can l ose  
prime because of 
l imited sp in  e n e r a  
and excessive f l u i d  
f r i c t i o n  losses .  

separation. 

p l a s t i c  model containing,two centrifuge assemblies with in t eg ra l  swirl chamber between 
she f t  centers.  
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Table 3.2 (contd.) 

CIODEL 
NO. 

11 

12 

13 

pig. 3.11 

p i & .  3.1 

'ig. 3.2 

pig. 3.1 
3.2 
3.1'2 

PL(x.I PATTERN 

I .  

I 

I I "  

MAJOR CHANGES FRQM 
PREVIOUS MODEL 

.) TWO centrifuges 
feeding c m o n  s w i r :  
chambers. 

!) Auxiliary impeller 
t o  reinforce swirl 
a t  high volme 
levels. 

;linger replaced by 
Linger impeller. 

inpeller added above 
Lentrifuge. 

lpccial test rig t o  
nvestigate s e a l i q  
.rrangements. 

dent ical  x i t h  Ilcdel 13 
,ut with rebui l t  ccntrj 
'uge and carefully 
wchincd h p e l l c r .  In- 
e r t ing  r i g  providcri. 

Slinger s e a l  ineffective. 

1) Slinger impeller 

2) LOV pressure i n  main 

effect ive.  

sys tern. 

I) System pressure 
sat isfactory.  

2)  Cubbles by-passed or  
passed throLch 
centrifuge. 

Iabyrinth seals  in- 
effective. 

Satisfactory opcra'cion 
with respect t o :  
a )  k b b l e  sepal-atior, 
b)  S tab i l i ty  
c )  System prcssme 
d )  Attituae chzwes 

. 
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Table 3.3 Model 7.'' iPe*f6mance Evaluation 

Spin Velocity Swirl * Stat ic  Head 
In le t  Back Measured 3/4 in .  above Chamber Agitation S tab i l i ty  

Pressure Pressure scoop, E, f t / sec  Flow Efficiency Evaluation Evaluation 

6 0.52 5 *25 0357 16.7 f a i r  stable 

* 

f t  f t  CTS % 

. 

0.605 

unstable 

10.6 0.52 

5.78 00357 18.2 

3.38 .0488 13.4 

0 A05 3.22 0473 13 *7 

poor 

good 

stable 

unstable 

stable 

good . stable 

0.687 3.22 ,0460 14.1 fair  stable 

poor stable 

0.855 5 *25 0473 16.1 none stable 

- 0.77 3.04 .0473 15.2 

unstable unstable 

20.6 0.52 8.9 .067 10.8 excellent stable 

0.687 8.18 .067 11.6 excellent stable 

0.935 9.62 ,067 12.9 excellent stable 

1.27 9.62 ,067 14.5 excellent stable 

stable 1.40 9.62 I 067 15.2 f a i r  
unstable unstable 

Total Head of Leaving Fluid 
Total Head of Entering Fluid * S w i r l  chamber efficiency = 
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Table 3.4 

Model15 - Dimensions 
Bleed Flow Rate - .0297 ft3/sec 

Swirl Chamber Nozzle Orifice 

Expansion Volume required 

Expansion Tank Dimensions 

Centrifuge Cup Size 

Centrifuge Holes 

1/16 in. x 5/8 in. 

0.45 ft3 

O.D. 14 in. 
I .D. '5 in. 

Height 5.75 in. 

O.D. 5.75 in. 
I.D. 3.50 in. 

Number 8 
Diameter 1/4 in: 

Centrifuge Slinger Seal radial vane I.D. 3.50 in. 
radial vane O.D. 5-5/8 in. 

-. . 
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SECTION B-B 

. I 

FIG. 3.11- ATTITUDE-STABLE XENON REMOVAL SYSTEM TEST MODEL NO. I I  

A B . .  

r r  
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e? FIGURE 3.12 ATTITUDE- STABLE XENON REMOVAL SYSTEM TEST MODEL NO. 15 
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FIG. 3.13 
ATTITUDE -STABLE SYSTEM MAIN 
FUEL CIRCUIT CHARACTERISTIC 

8 5  

A P  

IO 
0 

UNCLASSIFIED 
ORNL-LR-DWG. 23965 

LCENTRIFUGE 
DELIVERY 
PRESSURE A P  bi 
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0 .0268 Q 

FIG. 3.14 
ATTITUDE - STABLE SYSTEM 

BY-PASS CIRCUIT CHARACTERISTIC 

FIG. 3.15 
. ATTITUDE -STABLE SYSTEM PARALLEL MAIN FUEL AND 

BY- PASS FLOW CHARACTERISTIC 
I 
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Appendix A 

SUMMARY OF WORK (TO JULY, 1954) LEADING TO THE 

DESIGN OF PUMPS FOR THE CFRE 

I 





SLJMMARY OF WORK (TO JULY, 1954) LEADING TO -TBE 
DESIGN OF PUMPS FOR TBE CFRF: 

(Refer t o  Models 1 through 6 Table 3.2)" 

The face-type gas-seal sump pmp is  at t ract ive f o r  use with high tempera- 
ture liquids because, by inserting a heat dam, the seal can be operated a t  
conventional temperatures with conventional materials, f o r  example, hardened 
s t e e l  and graphitar i n  a petroleum o i l  bath providing both lubrication and 

cooling. 
that the f ree  surface could be maintained i n  a centrifugal f i e l d  and hence could 
be made insensitive t o  the variations i n  pump attitude arid negative "g" loads t o  
be expected i n  f l igh t .  A particular feature of the design w a s  that it should 
ac t  t o  de-aerate the system -- a feature considered essent ia l  i n  a full-scale 

a i r c ra f t  type pump. 
the pump M t h  water i n  the fa l l  of 1950 and approximately ,80;.Hr of I further tes t ing 
with sodim a t  temperatures up t o  1000°F w a s  carried out i n  the summer of 1951. 

As the design of the ART progressed it became evident tht there is  a 

strong incentive t o  remove xenon, and tha t  t h i s  might be done by agitating the 
fuel i n  the expansion tank so that it would entrain bubbles. This would serve 
both t o  increase the surface area by a large factor  and t o  bring a high propor- 
t ion  of the fue l  close t o  a surface within a short  period of time. 

2$ of the fue l  could be by-passed tbrough the expansion tank and the bulk of 
the xenon stripped before returning it t o  the main stream. 

the additional advantage that it would avoid overheating of the fuel i n  the 
expansion tank as a resul€ of f i ss ion  product decay act ivi ty ,  
agi ta tor  could be provided, it was f e l t  that the nmber of moving p a r t s  should 
be minimized and that the pump impeller shaft could serve a double purpose. 
The notion of ut i l iz ing  a centrifugal f i e l d  i n  back of the impeller t o  stabi- 

l i z e  a free surface there had worked so'nicely i n  the pump mentioned ea r l i e r  

An experimental unit was prepared i n  the summer of 1950 on the thesis  

The principles of operation were demonstrated by operating 

Thus 1 o r  

The arrangement had 

While a separate 

*A. Pb Fraas, abstract  taken from "CFRF: Design and Developent Program Handbook," 
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that a modification of it t o  effect  xenon removal seemed promising. 
model of work, glass, and p las t ic  was  prepared t o  investigate the possibi l i t ies .  
A section through this model i s  s h k  i n  Fig. A.1. 
operate with the fluid i n  the expansion tank s w i r l i n g  under the impulse of f luid 

A simple 

The model was designed t o  

accelerated and thrown off by the impeller. A considerably higher swirl velocity 
w a s  expected i n  the annulus ju s t  above the impeller, and a diaphragm vas inserted 
t o  separate this region frm the main part of the expansion tank above. It was 
hoped that the swirl velocity i n  this lower region would be high enough so that 

the outer periphery would operate free of bubbles. Thus, fluid leaking upward 
through the labyrinth sea l  between the impeller and the casing would pass in to  
the expansion tank where it would be violently agitated and mixed w i t h  bubbles. 
This bypass flow from the high pressure region a t  the impeller discharge in to  
the low pressure region i n  the expansion tank would be returned t o  the impeller 

inlet through holes i n  the periphery of the swirl chamber under the expansion 

tank. 
la ted i n  the model of Fig. A.1 by a set of twelve 1/4-in.-dia or i f ices  i n  the 
lower of the two disks bounding the annulus in to  which the impeller discharged. 
Thus the main stream flawed direct ly  from the impeller discharge through these 
or i f ices  back t o  the pmp inlet while the bypass f l o w  through the expansion 
tank followed a more devious route. 
shaft just under the roof of the expansion tank t o  prevent fue l  from entering 
the clearance between the shaft and the heat dam between the expansion task and 

the gas seal. 

It should be noted that the resistance of the main fuel system was simu- 

A slinger was mounted on the impeller 

When the model was b u i l t  and tested, it w a s  found that it performed 
substantially as desired except that the swirl velocity i n  the expaasion tank 
was not adequate t o  centrifuge the bubbles out of the fluid returning from 
the eqans ion  tank t o  the impeller inlet. Tangential j e t s  i n  the f loor  of the 

swirl chamber were drilled from the high pressure region a t  the pump dischazge 
t o  give a higher swirl velocity i n  an e f fo r t  t o  get be t te r  bubble separation. 
no improvement was obtained. Two features of the pump did perfom surprisingly 

w e l l ,  however. 
of f luid in to  the region between the sl inger and the seal, and the agi ta t ion 

The slinger was  eminently effective i n  preventing the entrance 

and bubble entrainment of the fuel i n  the expansion tank gave good promise of 
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removing the xenon. 

The results of this analytical  work clearly showed the need f o r  a centri- 
fuge operating with a t  l e a s t  as high a t i p  speed as the impeller. 
the impeller was modified as indicated i n  Fig. A.2 t o  include a centrifuge cup 
on i ts  rear face. 
would discharge in to  the swirl chamber. This arrangement was found t o  be much 
superior t o  the first model, but it proved d i f f i c u l t  t o  get  f luid t o  f l a w  into 
the centrifuge cup a t  speeds above about 1200 rpm. Various scoops were t r ied,  
including airfoil-shaped radial structs.  
scoops in t h e i r  leading edges near the outer periphery so that ram pressure from 

swirl i n  the expansion tank would force fluid through the strut and in to  the 
centrifuge cup. 
and would give positive de-aeration a t  speeds frm about 800 t o  1400 rpn. 

On t h i s  basis 

Holes were drilled i n  the periphery of the cup so t h a t  f luid 

The latter were hollow with i n l e t  

The best  of these scoops worked fairly w e l l  up t o  about 1400 rp, 

A careful re-examination of the system led t o  the decision t o  make several 

major changes. 
of the severalmodifications, it w a s  decided that a new model should be bui l t  as 
shown i n  Fig. A.3. The baffle or  diaphragm at  the top of the centrifuge cup w a s  
omitted and the fluid allowed t o  discharge from the centrifuge through 3/16-in. 
holes in to  the regions behind the impeller vane t ips .  
c d t t i n g  the diaphragm would increase the l iquid level  range i n  the expansion 
tank f o r  which it might be hoped that the pump could operate. The centrifuge 

Since the first m o d e l  had deteriorated considerably i n  the course 

It was expected that 

cup was made as long as possible i n  the space available t o  minimize the radial 
througb-'flar velocity. 
of the expansion tank t o  lift the f iu id  through the annulus between the tax& 
wall and t%n internal  l iner ,  and deliver it t o  the centrifuge. This arrange- 
ment was found t o  be satisfactory i n  every respect except that, at  high speeds, 

A new type of scoop was designed t o  f i t  in the bottom 

if the l iquid level  dropped so that the free surface of the expansion tank 

vortex dropped below the top of the centrifuge cup, the f lu id  would be thrown 
off the &eel intermittently and long streamers of a i r  would extend down t o  and 
in to  the labyrinth sea l  a t  the top of the impeller and severe bubble entrain- 
ment i n  the main stream would result .  
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Separating the expansion tank from the pump impeller seemed to be a 
promising arrangement if sufficient agitation could be produced by jet action 
to take care of both xenon removal and pumping the bypass flow from the expan- 
sion tank to the centrifuges. 
in Fig. 3.10 was designed to accomplish both functions. 
bottom of the tank were designed to allow fluid to discharge from the high 
pressure region at the pump discharge into the e m i o n  tank, which would run 
at essentially pump impeller inlet pressure. The large scale swirl induced in 
the expansion tank could be made to entrain gas bubbles through the use of 
aspirator tubes. 
serve to pump fluid through the scoops to the centrifuge chamber. 

A circular tank between the two pumps as shown 
Tangential jets in the 

The ram pressure on tangential scoops in the outer walls should 

. 
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Apperkdix B 

CENTRIFUGE TEEORY AND CALCULATIONS 



. 



. 

CENTRIFUGE THEORY AM) CALCULATIONS 

The centrifuges serve two purposes essent ia l  t o  the system. First ,  they 

remove the mixture of helium and enert f i s s ion  gases from the f u e l  before it 
reenters the main f u e l  system; and secondly, they serve as pumps t o  return the 
f u e l  t o  the main system under pressure. 

The a b i l i t y  of the centrifuges t o  remove the gas bubbles from the f u e l  
depends primarily upon four factors: 
the rad ia l  distance t o  the point of discharge, the velocity of radial flow 
through the centrifuges, and the s ize  of the bubble t o  be removed. 

the speed of rotation of the centrifuges, 

The relationship between these factors may be shown as follows: 
The drag force on an 

by the equation 
object with motion relat ive t o  a f l u i d  is given 

where 
- 
- 
- 

cd - 
P =  
v =  

, g '  ,= 

A =  

drag force ( l b )  

coefficient of drag 

density of the f l u i d  ( LL.bft-3) 

velocity of the object re la t ive t o  the f lu id  

gravitational acceleration (ft-sec-*) 

area of object projected t o  the f l o w  ( f t  ) .  

( f t -se c- l )  

2 

The centripetal  (flotation) force on a bubble i n  a rotating fluid (assuming 
density of object is negligible) is  given by the equation 

4 3 w2x FC = -$r  p -  3 g 
where 

= centripetal  force (lb ) . 
FC 
r = bubble radius ( f t )  

_I 

W = angular (sec-') 
X = rad ia l  rom center of rotation t o  

center of bubble (ft) . 
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For the relat ive motion between the centrifuge cup and the bubble t o  be 
zero, the two forces must be equal. 

I n 

The value of Cd i s  a function of Reynold's Number* and is as shown i n  Fig. 

The 
B. l .  (lo) Figs. B.2 and B.3 are plots  of rad ia l  l iquid velocity versus bubble 

radius f o r  zero relat ive motion between the bubble and the centrifuge cup. 
rad ia l  distance t o  the bubble i s  assumed t o  be 2-7/8 in .  i n  each case. 

The above analysis indicates several desirable design features, namely, a 
large diameter centrifuge t o  increase the centripetal  force on the bubble and 
also reduce the radial velocity, a tall cup t o  reduce the radial velocity and 
a high speed t o  increase the c e n t r i p e b l  force on a bubble. The diameter and 
height of the cup are limited by shielding considerations and the speed i s  
limited by the main f u e l  pump design. 

Another method of increasing the effectiveness of the centrifuge i s  t o  
increase the area of the holes that feed fue l  back t o  the main system. 
reduces the radial velocity of the f lu id  a t  the periphery where the centrifuge 
i s  most effective.  This a lso reduces the tendency f o r  the radial flow through 
the holes t o  disrupt the pressure f i e l d  s e t  up by the rotating l iquid.  

This 

It has been calculated th.at any bubble smaller than approximately 0.003 in.  
radius w i l l  pass out of the ART centrifuge if it reaches the ex i t  holes when 
operating a t  2700 rpm on Fuel 30 (see Fig. B.2) .  

exis ts  a point a t  a smaller radius and lower radial velocity where bubbles 

smaller than 0.003 in.  radius w i l l  be screened. The number of these small 
bubbles which enter the system is a function of the surface tension of the 
l iquid.  
small. 

It i s  probable that there 

With clear water the number of bubbles entering the system w a s  very 
By adding a small amount of soap, thus decreasing the surface tension, 

the system became very cloudy from the a i r  bubbles passing through the centri-  
fuges. - A l l  of the fuels  presently being considered have a surface tension ap- 
proximately twice that of water. 

* The length dimension i n  the Re p.umber i s  the diameter of the bubble. 
3$ 
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The second function of the centrifuge is  t o  deliver the stripped f u e l  t o  

the system under pressure. 
function of the outside diameter of the cup and either the diameter of the 
free surface when the cup is  not running fu l l  or the inside diameter of the 

The pressure delivered by the centrifuge is a 

centrifuge top when the cup i s  flooded. The pressure buildup i n  a rotating 
f l u i d  w i t h  no flow i s  identical  t o  that of a radial vane pump. As the thorough 
flow increases, there w i l l  be some slippage between the cup and the fluid,  giving 
a pumping characterist ic s i m i l a r  t o  that of a pump w i t h  backward swept vanes. 
There w i l l  also be a pressure drop across the out le ts  from the centrifuge de- 
pending on the through flow and hole sizes. 

. .  
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m c  SEALS 
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DYNAMIC SEAIS 

In the X-R system seals are required i n  two c r i t i c a l  locations, namely, 

on the shaft  t o  prevent fue l  leakage up in to  the bearing housing and i n  the 
region of the pump t o  prevent high pressure fuel frm leaking around the 
centrifugeso In the case of the upper sl inger seal, no leakage can be tole- 
rated, while i n  the centrifuge seal  a s m a l l  amount of leakage, properly directed, 
does not seriously a f fec t  the system. 
system f o r  two reasons: 
and 2) t o  control the amount of leakage. All fuel which passes through the 
centrifuge seal  i s  recirculated through the centrifuge, thus increasing the 
radial velocity and consequently the s i z e  of the bubbles which will escape t o  
the main fue l  c i rcui t .  

The centrifuge sea l  i s  essent ia l  t o  the 
1) t o  determine the pressure i n  the main fuel circui t ,  

A very similar sealing arrangement was used fo r  each location. The shaf% 
sea l  used w a s  a sl inger attached t o  the shaft (see Fig. 1.2). 

delivery pressure of this slinger was greater than the pressure of the fue l  i n  
the region of the seal. 
greater than i ts  discharge pressure, a gas pocket exis ts  around the shaft. 

of the centrifuge cups (see Fig. 3.8) 
age, the discharge pressure from the seals must exactly match the pressure from 
the centrifuges, This eondition would be impossible t o  maintain i n  operation. 
In the actual system a radial vane impeller was designed t o  deliver a pressure 
s l igh t ly  l e s s  than that from the centri#'uges. The leakage around the centri- 
fuge cups w i l l  then be so directed that no fue l  bypasses the centriruges, As 
the head potential  of the seal and the centrifugecare very close, the leakage 
is small and the additional flow through the centrifuge is  held t o  an accept- 
able atnouzlt. 
or  cup diameter fo r  various speeds. 
by subtracting the pressure corresponding t o  the inside diameter from that 

for  the outside diameter. 

The potential  

As the theoretical  pressure r i s e  across the sea l  was 

In  the case of the centrifuge seals, rad ia l  vanes were attached t o  the top 
For t h i s  arrangement t o  stop a l l  leak- 

Figure C.1 shows the head delivered as a function of vane length 
The net head delivered may be determined 
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Figures C.2 khrough C.5 give the amount of leakage through the centri- 
fuge seals  as a function of speed and the difference i n  pressure delivered 
by the centrifuges and seals  f o r  several ax ia l  clearances. 
clearances are the distance from the top of the sea l  vanes and the stationary 

These ax ia l  

plate  above (see Fig. 3.8). 
As the speed increases, the difference i n  pressure delivered by the centri- 

fuges and the sea l  hpeLlers  w i l l  increase and the flow delivered by the centri- 
fuges will also increase. In order t o  reduce the bypass leakage caused by the 

larger pressure different ia l ,  it is necessary that the holes i n  the centrifuge 
cups be slightly res t r ic t ive ,  This res t r ic t ion  will a lso  ddd s t a b i l i t y  t o  the 

system by enabling it t o  sense d counteract any v a r i a t i o k  i n  leakage. 

bubbles depended upon the precision with which the centrifuge seal impellers 

were made. 

very badly. 
milled in to  the top of the centrifuge cups, the system operated sat isfactor i ly ,  

Figure c.6 gives head and speed characterist ics of a sea l  a t  no flow 

It was found experimentally that the a b i l i t y  of the system t o  screen gas 

One un i t  i n  which the blades were glued i n  place passed bubbles 
Upon replacing these seals with new ones in which the vanes were 

conditions. 
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CALCULATIONS FOR THE ART FUEL PUMP I M P E U R  KEDESIGN 

Assuming no prerotation, Fig. D . 1  is  the i n l e t  velocity diagram f o r  the 
impeller a t  the outermost i n l e t  radius from which it can be seen t h a t  

W: = 3 + Ca 2 

Ca 
where 

U1 = nDIN 

< u, D1 = Impeller blade diameter-at 
the outermost i n l e t  edge - 

Fig, D . 1  - Pump In le t  Velocity D i a g r a m  

N = Impeller speed, revolutions 
per sec e 

I Referring t o  Fig. D.2, assume the f l u i d  streamlines entering the blades 

curve i n  an axial plane with radii ,  R, which is  a function of the distance from 
the shaft centerline, r, according t o  the following relationship 

R = a + b r  (2) 

where a and b a re  constants evaluated as follows: 

when rl = 0,09637 f t  R~ = 0.25 f t  

r2 = 0.15 f t  R2 = 0.08333 f t  

b = -3.108 and a = 0.5495 

or R = 0.5495 - 3.108 r ( 2 4  

The blade leading edges l i e  on the surface of a cone having a 28 deg h a l f  angle. 
This surface is  approximately perpendicular t o  the throughput component of the 

i n l e t  flow, Ca,  therefore 

A = area perpendicular (3) 2sr dr 
s in  28 deg t o  throughput com- 

ponent of flow 

a =  

. As the f l u i d  turns 
follows the l a w  of 

the corner from the i n l e t  eye into the impeller blading, it 
constant moment of momentum, i.e., 

K Ca = 6 where K = a constant 

o r  
n 
K 
a+br Ca = - 

- 
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and from the l a w  of continuity 

J rl 

% = T o t a l  flow in to  impeller 
(includes leakage) 

dr r 
a + b r  

2nK 
% = s i n  28 deg ' 

In a 
i2 

2nK 
% = s i n  28 deg 

% s i n  28 deg 
2r( or  K =  

Substituting i n  equation (6a) 
2.405 . 
0.5495 - 3.108r and Ca = 

( 6 4  
a + brl 

'L2 In a + br2 1 1 

a 

K' = 2.405 

r = f t  

r = in .  28.86 
'.594 - 3.108r or  C a  = 

Fig. D . 3  is  a p lo t  of Ca as a function of r which is  the velocity prof i le  enter- 
ing the impeller blades. 
Ca = 28.86 f t /sec 

From Fig. D . 3  it can be seen that a t  r = 1.8 in., 

U1 = nDIN = n A 3 6  x 45 = 42.39 f t / sec  N assume t o  be 45 rps 12 
2 2 W: = C a  + 3 = 28.862 + 42.39 

W: = 262g18 . 
I. 

W i  = 51.28 f t / sec  

I 



. 

0
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p, = 34.25 deg -34 deg 

= 24.1 deg -24 deg prn 

pi = 19.32 deg -19 deg 

In order f o r  the impeller blade t o  be aligned with the fluid,  the angle 
formed by the intersection of the blade mean l ine  and the tangent of i%s termi- 
nating c i rc le  whose center is  common wi th  the shaft centerline must equal the 

f luid angle. For ease of fabrication the trace of the blade,mean l ine  on the 

hub projected on a plane perpendicular t o  the shaft centerline w a s  made circu- 
lar. 

the same angle as that seen i n  the plane perpendicular t o  the shaft centerline. 
A correction is made f o r  t h i s  deviation w i t h  the following equation: 

Due t o  the f l u i d  &sage curvature the an$le that the flow sees is not 

tan f3 cos y = t a r@'  (7) 

where 
f3 = angle f l u i d  sees 

y = angle between the tangent t o  the f l u i d  passage 
and the plane perpendicular t o  the shaft center- 
l ine  

f3' = angle seen i n  the plane perpendicular t o  shaft 
centerline. 

To allow f o r  contraction through the blades a pi of 20 deg was used f o r  
From Fig. D02 y was measured and f o n d  the blade entrance angle on the hub. 

t o  be 33.17 deg. 

tan 20 deg cos 33.17 deg = tar@; 

= 16.94 deg p i  
From the experimental work, the blade p2 was determined as 26-5 deg. 
rection is required f o r  the f l u i d  passage curvature a t  the discharge since f o r  
this  impeller the tangent of the passage i s  parallel t o  the plane perpendicular 
t o  the shaft centerline. 

No cor- 

The radius of the hub trace is calculated from the 
equation R$ - Ri 2 

P =  
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Substituting i n  equation 
the centers of curvature 

- 

(8)9 p is calculated t o  be 2.3619 in .  
of the blades w a s  found from the l a w  of cosines t o  l i e  

The locus of 

on a 2.600 in.  diameter c i rc le .  The hub blade t race i s  shown i n  Fig. D.2. 
To al ign the f l u i d  along the shroud w i t h  the blade, the streamline of the 

f l u i d  along the shroud is assumed t o  follow a portion of a two t o  one e l l ipse .  
The relat ive entrance angle of t h i s  streamline is  equal t o  f3, and the relat ive 
exi t  angle equal t o  f3,. 
a rc  length of the f l u i d  passage a t  the shroud i n  a plane para l le l  t o  the pump 
centerline, and the abscissa represents the circumferential distance along the 
shroud blade trace i n  a plane perpendicular t o  the shaft centerline. 
length of the partial e l l ipse  is  the a rc  length of the blade trace i n  the plane 
perpendicular t o  the shaft centerline. 
from the pump layout as shown i n  Fig. D.2. 
by W and U. 
blade entrance and exit .  
f3, and f3, i s  defined as is  shown i n  Fig. D.2. 

the shroud contour i n  a plane parallel t o  the shaft centerline. 
t ion is  done by plot t ing on the plane perpendicular t o  the shaft centerline 

The ordinate of t h i s  partial e l l ipse  represents the 

The a rc  

The f l u i d  passage arc  length is obtained 
The angles f3 and f3, are determined 

With these values, the portion of the e l l ipse  between 

1 
The tangents 09 f3, and f3, a re  the tangents of the e l l ipse  a t  the 

* 

The blade trace on the shroud is  constructed from the p a r t i a l  e l l ipse  and 
This construc- 

concentric c i rc les  (see Fig. D.4b) whose rad i i  a r e  the distance from the shaft 

centerline t o  a set of a rb i t r a r i l y  chosen points on the shroud contour (see 
Fig. D . h ) .  

Start ing a t  the discharge end of the blade, 'measure a chord length ( C )  ob- 

tained from Fig. D.4c on an average c i rc le  as shown i n  Fig. D.4b9 and connect i t s  
termination t o  the shaft center. The point of intersection of th i s  radian and 
the next smaller concentric c i rc le  l ies on the shroud blade t race,  
is  continued as shown i n  Fig. D.4b u n t i l  the smallest concentric c i r c l e  i s  

reached. The points of intersection obtained determine the blade trace as 
shown i n  Fig. D.2. 

This process 

The sJtoape of the blade blank is determined from the blade t race and the 

f l u i d  gassage, Figs. D.5a and D.W. 
ence radius are taken through the blade as shown i n  Fig. D.5a9 as sections A, 

B, C.  e tc .  

Plane sections perpendicular t o  the refer- 

These sections are constructed as shown i n  Fig. D.5c with the 

. 

. . J '  



. 

distance "a" obtained from Fig. D.5a and the distance "d" obtained from Fig. 
D . P .  

F, etc., parallel t o  the reference perpendicular plane a re  constructed. The 
center of curvature and radii of these sections is also the center of c w a -  

From the plane sections shown i n  Figs. D.5a and De5c, sections D, E, 

t u re  and radii of the blade blanka The blade mean l ine  and blank is  l a i d  out 
from these radii as shown i n  Figi.D.5d. 

struction, it was desirous t o  make the blades and f l u i d  passage parts of sur- 
faces of revolution. 

Since th i s  impeller is of welded con- 
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BYPASS FLOW CfYU3JIATIONS AND EXPANSION TAEK HEATING 

In  examining the experimental data it was found that the accuracy 

required t o  closely determine the bypss  flow ra te  direct ly  was greater 
than the accuracy of the data that could be obtained. 
true a t  the lower e m i o n  tank liquid levels where the system (pressure) 
fluctuations were quite large, - 

This is  especially 

A n  equation was  derived t o  determine the pressure losses i n  the by-pass 

circui t ,  that is, from the pump suction t o  the expansion tank, 
was then tested separately with water t o  determine the val idi ty  of the de- 
rived equation, 

iq so that the t e s t  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 check of the experfmentally determined value of bypass flow at high 

expansion -la.& l iquid levels agreed very well with the calculated values (see 

Fig. 2.28). 

1) the loss entering the pump shaft, 2) %he loss entering the four radial 

shaft holes, 3 )  the loss  entering the four holes i n  the spool piece, and 
4) the loss leaving the spool piece. 

en t ia lwas  taken as the difference between the pump suction and the e x p s i o n  

This c i r cu i t  

In the water tests the shaft and spool piece were not rotat-  

The t o t a l  loss  i n  this c i rcu i t  was  comprised of the following: 

The driving force o r  pressure dfffer-  

tank pressure plus the head developed i n  the radial holes which were assumed 

t o  be acting as radial impellers. 
The equation used is  as follows: 

where 
= velocity i n  the hole up shaft, ft/sec, vs 

v = velocity at ex i t  of radial spool holes, f t /sec,  

&P = 

e 
(Ps - PEe) + AP (head developed by radial holes), f t .  



Subst i tuthg i n  the value of the areas 

Q 

Calculated bypass 

is  shown i n  Fig. E.1. 

’ 1/2 = 1.94 (AP) , 

flow t o  the fue l  expansion tank through each pump shaft 

The temperature of the f u e l  i n  the expansion tank w i l l  depend upon four 
factors: 1) the fuel volume i n  the tank, 2) the t o t a l  recirculation r a t e  
through the tank, 3 )  the power density of the fue l  i n  the tank, and 4) the 
temperature of the fue l  entering. The temperature of the fue l  entering the 
tank w i l l  be approximately that of the fuel leaving the heat exchangers and 

will depend on the manner i n  which the reactor will operate. 
the entrance, exi t ,  and equatorial temperatures of the f u e l  i n  the core. 
temp?ratures are  based on an operating procedure where the system is started 
from an isothermal temperature of 1200’F. 
equator temperature is held constant Until the inlet NaK temperature drops t o  
1070°F; at  higher operating power the IVaK temperature i s  held a t  1070°F w h i l e  

the fue l  temperature increases. 
i s  that which is  received by the fue l  and not the t o t a l  nuclear parer. 

Figure E.2 shows 
These 

As the power i s  increased, the core 

The power shown i n  Figs. E.2, E.3, and E.4 

The 
design pmer t o  fuel is about 55 Mw. 

Figure E.3 gives the expansion tank l iquid level  as a function of the 
power t o  the f’uel. 
a t  1200OF t o  a level  of 1/2 t o  3/4 in. The final leve l  was based on the mean 
fuel temperature and is approximately 25’F l e s s  than that of the core equator 
temperature a t  55 M w  of power t o  the fuel. 
from 0 t o  20 M w  is  due t o  a,shrinkage i n  the,.reactor volume. 
e~timated(’~)that the volume decreases by about 70 in.’ from assembly tempera- 
ture t o  the design operating conditions. 

l inear  with power 

In  t h i s  figure it is assumed that the reactor is f i l led 

The slight rise i n  l iquid level  

It has been 

I n  Fig. E.3 this w a s  assumed t o  be 

The mixed mean fuel temperature in the expansion tank is shown i n  
Fig. E.4. In  determining this temperature the init ial  f i l l  level  was assumed 
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t o  be 5/8 in. a t  1200’F and the bypass flow w a s  taken from the calculated 
value shown i n  Fig. 2.26. 
of the expansion -bar& was  calculated t o  be 4  an at 2700 rpm and is a 
function of the p a p  speed. 
sion tank was obtained from Fig. E.1. The heating r a t e  i n  the tank is  the 
sum of the nfter-heat rate (11 w / c I u ~ ) ( ’ ~ ~  and the ‘fissiontlheat release 
(10 w/cm3(’4!. These heating rates  are  f o r  60 Mw of nuclear power or 55 Mw 
of power t o  the fuel.  The heating ra te  was assumed t o  be l inear  with power. 
m e  high degree of turbulence i n  &he fue l  expansion tank as  revealed by high 

speed movies taken i n  t h i s  region indicate that the mixed mean temperature 
w i l l  probably be the t rue fue l  temperature. 

The leakage around the island through the floor 

The temperature of the fue l  entering the expan- 
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RADIOACTIVITY I N  THE ART FUEL PUMP OIL SYSTEM 

This section treats the transfer of radioactive gases from the expansion 
tank region of the ART reactor t o  the f u e l  p p  lubricating o i l  system, 
report by W. K. Stair (I5) covers tests on the back transfer of helium against 
argon i n  the f u e l  pump t o  give some indication of the back transfer of xenon 
and krypton against helium. Two numerical values from t h i s  report were used 
f o r  the calculations of t h i s  section, i.e., an attenuation of 10 between the 
concentration of radioactive gases i n  the expansion tank region and the con- 
centration i n  the o i l  catch basin, and a leakage rate of gas from the o i l  catch 
basin t o  the o i l  reservoir of 0.8 in.  / b y .  
0.8 in.  /day, it was assumed that the o i l  w a s  completely saturated with argon 
a t  the beginning of the test run and t h a t  a l l  leakage across the seal w a s  COP- 
lected i n  the o i l  reservoir. The value of 10 f o r  the attenuation i n  concen- 
t ra t ion  between the f u e l  expansion tank and the pump sea l  i s  a minimum. The 

helium concentration i n  the argon buffer gas used i n  the experiment reported 

by S ta i r  was 10 , hence the actual attenuation i n  concentration between the 

A 

4 

3 In determining the leak ra te  of 
3 

4 

-4 

tank and the sea l  may have been greater. 
Because of the short half'-lives of the f i ss ion  product gases the attenua- 

t ion i n  the amount of ac t iv i ty  between the f u e l  expansion tank and the o i l  
reservoir is greater than the attenuation in  gas concentration. Thus the r a t e  
a t  which the f i ss ion  product gases enter the o i l  system is of significant i m -  

portance. 

Method of Calculation 

In the ART, as well as i n  the above mentioned test, 500 l i t e r s  per day of 

buffer gas flows down through the clearance around the pump shaft into the ex- 
pansion tank and 50 liters per day w i l l  be bled direct ly  from the o i l  catch 
basin. The attenuation of LO 
the 500 l i t e r s  per day of argon. 
sis of the 50 liters per day bled from the catch basin. 

4 represents the back transfer of helium against 
This back leakage was determined from analy- 
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The equation representing the number (N)  of nuclei of any nuclide in the 
catch basin as a function of time (t) may be written 

where 
% = source or leak rate into basin 

= reciprocal of average dwell time in the catch basin 
XP 
hd = decay constant of radioactive nuclide. 

4 3 Assuming an attenuation of 10 
per day) the value of % and A 

and a purge rate of 3000 in. /day (50 liters 

P may be calculated as follows: 

assume X concentration in expansion tank and 
X concentration in catch basin 

10 in.3 = volume of gas in catch basin 

Sb = leakage of into catch basin 
-4 

-4 3 
= 10 X leakage from catch basin 

E$ = 10 x 3000 in. /day = 3.47 x in.3/sec of 
concentration 

-6 N (expansion tank) 
SD = 3.47 x ' 0  x volume (expansion tank) 

= 3.86 x N/sec 

- - 3000 = 3.47 x 10-3 sec-' 86,400 x 10 

and N may be eqressed as 
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The leak rate into the o i l  system from the catch basin is 0.8 in.'/day 
o r  9.26 x 
9.26 x 

volume of the catch basin is 10 i n e 3  and the leak r a t e  is: 

inO3/sec. To convert t h i s  rate t o  nuclide/sec the constant 
must be multiplied by the n ~ c l i d e / i n . ~  i n  the catch basin. The 

Nuclide Concentrations i n  E-nsion Tank 
.. 

In  the calculations f o r  the BRT, the following assumptions are made: 

H e l i u m  flow ra te  down shaft = 500 standard l i ters /day 
Gas volume i n  expansion tank = 90 in.  
Ent i re  reactor f u e l  volume passes through xenon re- 

moval system every l9O sec where a l l  f i s s ion  
gases a re  removed. 

3 

= r a t e  of formation* of a particular nuclide i n  f u e l  a t  'r 
60 Mw = 186 x 10l6 x the yield of that nuclide per f i ss ion  

Assuming complete removal of the gaseous nuclide i n  the course of i t s  t r a n s i t  
through the f ie1  expansion tank, then 

= reciprocal of average dwell t i m e  i n  the reactor 
A S  

= - 1 = 5.27 x i o  -3 
A S  190 

= 186 x x yield 'r 
a t  equilibrium 

source of f i ss ion  gases into expansion tank = sNfuel 

* There a re  approximately 3.1 ssions/watt 
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purge rate of helium into expansion tank at tank temp. and pressure 
gas volume in tank hQ = 

-1 = 1.96 x see 

at equilibrium 

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

havior of these nuclides is not known. 

Nuclide Concentrations in Oil System 

The following equations give the total number of each nuclide in the oil 
system feeding each pump: 

- h,t 
N: - - 

N20 - - 

N: = 

(1 - e " 1  
'A'B A 1  

'A'B a 2  

(1 - e - h2t) 
J. J? 

+ [I + 

+ 'A'B 

4 
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where 

( 

supers. 

subs. 

N =  

- 
hP - 

cA - 

x =  
- 

- 
‘B - 
t =  

o =  

T =  

1 =  

2 =  

3 =  

4 =  

t o t a l  number of any one nuclide 

purge constant f o r  o i l  catch basin = 3.47 x sec-’ 

decay constant f o r  nuclide under consideration 

leakage constant t o  catch basin = 3.86 x 10 ( 

leakage constant t o  o i l  system = 9.26 x 10 

)a  sb -8 nuclide 
~ 

1 -7 nuclide 
( 

time (sec) 

o i l  system 

expansion tank 

parent nuclide (fission g a s )  

first  d a u e t e r  

second daughter 

th i rd  daughter 

To calculate the dose rate near the o i l  reservoirs all: of the radioactive 
nuclides a re  assumed t o  be concentrated as a point source i n  the o i l  reservoirs. 
In  the calculations it is assumed that the 3/8 in .  thick s t e e l  w a l l  of the 

reservoir w i l l  give no attenuation f o r  gamma energies above 0.03 MeV, an attenu- 
a t ion of 10 i n  the energy range of 0.01 t o  0.03 MeV and 75 f o r  energies below 
0.0lMev. In  cases where the exact percentages of the gtunma energies are not 
known, the maximum possible percentages a re  used. The data f o r  yields, ener- 
gies, and percent @;ammas are taken from Blomeke (16). The d a t a  f o r  dosages 
are  taken from Rockwell (17). 

Calc ulationc Results 

The resul ts  of the calculations are  given i n  Table F.l. Columns 6 and 7 
give the p and 7 energy release rates  i n  the fue l  expansion tank. 

equal t o  15.7 and 0.1 Kw, respectively. 
per sec of each nuclide and Column 10 converts the p energy release of these 

These a re  
Colwnn 9 tabulates the disintegration 

. .  - 1 6 0 ~  
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disintegrations to Mev/sec. Columns 9 and 10 refer to the activity and 
release of only one of the two oil systems. 
distance of 1 ft from either of the two fuel pump oil reservoirs. 
rate is about 30 mr/hr at a distance of 1 ft and is inversely proportional to 
the square of the distance from these reservoirs. 

Column 11 gives the 7 dose at a 
This 7 dose 

The approximate volume of oil in each pump lubricant system is 30 gal* 
If the total f3 emitters in the oil are assumed equally dispersed throughout 
the system, the dose to the oil is found to be about 20 rads/hr. 
500 hr of operation at 60 Mw after equilibrium is reached amounts to 10 
which is insignificant compared to the 10 

This dose for 
4 rads, 

8 rads which the oil is capable 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 75 per cent of the 
total activity in the oil system but only 25 per cent of the y dose calculated 
in Column 11. 
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R 

Rr 8 j m  
Kr 8 p  
Kr 87 
Kr 88 
Kr 89 
Kr 90 
Kr 91 
Kr 92 
Rb 88 
Rb 89 
Rb 90 
Rb 91 
Rb 92 
Sr 90 
Sr 91 
Sr 92 
Y 90 
Y 91“ 
Y 92 
Xe 1 3 P  
Xe 133 
Xe 1 3 9  
Xe 135 
Xe 137 
Xe 138 
Xe 139 
Xe l&O 
C s  137 
Cs 138 
C s  139 
cs l&o 
Ba 1 3 F  
Ba 139 
Ba l&O 
La l&O 

1.01 x 10-b 
h.hl x 10-2 
1.M x 10- 
6.95 x 10-5 
3.63 x 10-3 
2.1  x 10-2 
7.00 x 10-2 

3.1 

2.96 x 10-3 
6.79 x l d  
1.69 x 10-2 
h.33 x 10-2 
6.66 x 
3.62 x 10-11 
1.22 10-3 
1.05 x 1(r2 
h . ~  10-3 
1.36 x 1d 
6.27 10-7 
h.81 x 10-6 

0 
0.213 
1.01 
0.3U 
1.3 
1.07 
1.20 
1.67 
1.61 
2.15 
1.9 
1.0 
2.5 
0.20 
0.533 
0.1 
0.73 

0 
0.512 

0 
0.115 

0 
‘0.302 
1.33 
1.0 
1.7 
1.3 
0.192 
0.92 
1.3 
2.0 

0 
0.76 
0.268 
0.h95 

O.olr l5  
0.173 
0.56 
0.019 
0 
0 
0 
0 

0.&7 
0 
0 
0 
0 
0 

-0.8b5 
0 
0 

0.551 
0 

0.233 
0.001 
0.52 

0 
0 
0 
0 
0 
0 

2.08 
0 
0 

0.661 
O.OL8 
0.2h6 
2.38 

TOTAL 

h.33 x 1017 
7.95 x 1017 
3.55 x 1018 
2.18 x lo?! 
2.h7 x 10l8 

5.61 x 1017 

1.22 x 1016 
3.98 l g 7  
h.95 x 1017 
3.09 x 1017 

1.07 x 1017 
8.26 x 1017 

5.98 x 109 
3.32 x 1013 

8.90 x 1g6 
1.07 x 1 O I 6  

8.69 x 1g6 

3.82 x 1 O I 6  

1.38 x la 
1.52 x 1017 
6.28 x 1018 
1.37 x ls8 
6.25 x 10l8 
3.27 x lola 

1.95 x 1017 

1.69 x 1 6 7  
6.20 x 1017 
2.80 x 1017 
1.09 x 1010 

h.99 x 1018 
7.63 x 1017 

h.29 x 1017 

3;8l x 1016 
1.5 x 1017 
h.8 x 1012 

0 
0.75 
36.9 
~.13 
1030 
1260 
756 
bl3 
1.28 
64.2 
396 
25.5 
188 

0.08 
0.12 

0 

0 
0.11 

0 
3.98 
1290 
338 
2190 
1100 

5.63 
98.L 
588 

0.LO 

--- 
--- 
--- 

--- 

0 

-“- --- 

0.18 
0.61 

2O.L 
0.&7 
0 
0 
0 
0 

0.37 
0 
0 
0 
0 

0 
0 
0 
0 
0 

12.7 
0 
0 

0.03 
--- 
--- --- 

e-, 

9795 87.68 
(15.7 Kw) (0.I-h Kw) 

h.29 x 1O1O 
1.85 x lon 
5.15 x l o l l  
3.02 x lo! 
1.611 x 1011 

b.31 x 106 

2.13 107 
3.58 107 
1.10 107 

7.05 103 1.63 103 
5.50 id 3.57 x 107 
3.h9 1010 2.61 107 
1.10 109 lr.65 x io6 
3.98 109 3.28 106 
3.31, 107 2.89 x id 
1.81 1013 

6.28 x 109 

8.15 x 106 

3.89 x lo1 
6.0b x 106 

8.17 x Id 
L.28 x Id 

2.h6 x l@ 
1.92 x 10” 

2.16 x 1 d - O  
2.61 x 1010 
&.&7 x 1d.l 
h.95 x 1013 
1.57 x lOl9 

6.32 x 1O1O 
7.80 x 107 
3 . b  x lo6 
6.85 x 1013 
l.h3 x lou 
1.26 x lo8 

1.39 x 106 
1.56 x 106 
7.52 x 107 
1.16 x lo7 

h.29 x 107 
1.32 x lo6 
1.19 x Id 
h.56 x l& 
5.20 x lo7 
1.32 x lo6 

3.58 1017 7.55 x 107 
6.13 x 109 1.81 x 107 

8.97 109 1.10 io6 

1.07 l o l l  1.h6-i 107 
-- -- 

6.93 x 1012 h;3h x 106 
8.45 x 1011 h.07 x lo6 

1.99 x l$ 
3.89 x 1 
1.37 x lo6 
1.98 x l& 
h.91 x lo$ 

0 
1.7h 
2h6 
122 
143 
8.83 
5.111 
0.03 
5 75 
563 

32.8 
7.23 
0.95 
26 
5.h7 
O . l &  

0 
7.15 

ea.5 

0 
86.h 

0 
2 28 
2hl 
u 9  
22.h 
1.9h 
0.17 
h 76 
l&2  
26.5 

0 
110 
11.6 
20.1 

- 
io00  LITERS/DAY 

11 

d b o  b k 
* Q *  %I 0 OI 

o m m r l  m 

- - 
0.26 
0.22 
3.92 
0.07 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0.70 
0 
0 

0.119 
0 

0.06 
0.811 
1.09 

0 
0 
0 
0 
0 
0 

0 
0 

0.11 
0.18 
1.38 

5.88 

I ’  

16.&3 

--- 

3753 31.6 
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xe135 POISONING 

c 

. 

This f i n a l  section is concerned with the xenon poisoning in the ART, 
In the calculations which follow the removal of Xe135 by neutron capture 
i s  neglected- As the neutron captuke r a t e  of removal i s  only about 5$ of 
the t o t a l  removal rate, the calculations w i l l  not be greatly affected. Also, 
the resu l t s  for poisoning w i l l  be conservative in that it would be smaller 
were the burnup rate considered, 

The derivation f o r  the equilibrium xenon concentration i n  the fue l  can 
The t o t a l  fuel f l a w  through the best be followed by referring t o  Fig. Golo 

expansion tank including the leakage around the island is  about 23 gpm or  
1450 cm /sece 
frm 1000 t o  5000 l i t e rs lday  at standard temperature and pressureo 
solubi l i ty  (18) of xenon i n  fue l  is  shown i n  Fig, Go2. 
sparging efficiency is  defined as 

3 The helium flow ra te  i s  t reated as a parameter and is varied 

The 
If the value of the 

1 (W mol 
3 out cm cm ? =  Y 

(@ 3 i n  - (solubi l i ty)  Px, 
cm 

where Px, is  the absolute pressure of the xenon i n  the expansion tank, Then 

, 
Px 

and 

For equilibrium conditions, y m u s t  be equal t o  the rate of formation of 
xenon minus i ts  decay before reaching the sparger and is the rate a t  which 
xenon enters the sparger and thus the expansion tank. This term i s  the 
same as the source t o  the expansion tank as defined in Appendix F, a,nd is 
shown in the last colwnn of Table G.1. The value of Px, can be determined 
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from the t o t a l  xenon nuclides i n  the expansion tank. 
nuclides present are taken f o r  the case where the free gas volume i n  the ex- 
pansion tank is  90 in.3, and the method of calculation is again the sBme as 
Appendix F. 

The value f o r  the t o t a l  

The nuclides of each xenon which is  present i n  any appreciable amount 
A t o t a l  pressure of 2 atan and a temperature 1300°F i s  shown i n  Table G.1, 

were used t o  determine the partial pressure of xenon. 
a t  helium flaw ra tes  of fram 1000 t o  5000 standard liters per day are given 
i n  Table G.1. 

xenon concentration i n  the fuel. Figure G.3 gives the t o t a l  xenon concen- 

t ra t ion  i n  the -1 Tor helium f l o w  rates  of 1000 and 5000 standard l i t e r s  
per day. Also shown i n  Fig. (3.3 i s  the Xe135 concentration i n  the fuel. 

This was obtained by taking 14% of the t o t a l  xenon (the percent shown in 
Table G.1 i s  13.63). 

absorbed by the Xe135 t o  those absorbed by the fue l  o r  

The p r t i a l  pressures 

Substituting the values i n  Table G.1 i n  Eq. (2) gives the 

The ~e’35 poisoning (”I i n  the reactor is the number of thermal neutrons 

For a fue l  w i t h  5 mole 9 of UF4 the $35 concentration i s  about 
8.2 x lo2’ atoms/cm3. The. r a t i o  of the xenon-to-fuel cross section axe/sl” 
for a Maxwellian distribution at  ART thermal is 4.9 x 10 3 . (20) AS approxi- 

mately 22$ of the xenon cross section i s  scattering, the value of rXe/a 
multiplied by 0.4’8. Therefore 

F is  

P 18 $e 4.66 x 10- (4) 

The resu l t s  of Eq. (4) are shown i n  Fig. G.4 (upper curve). 
is only f o r  the poisoning effect  on the thermai neutrons. 

4% of the neutrons reach thennal energy. 
the poisoning based on the t o t a l  neutron density of the reactor and is  
assumed t o  be 4% of that f o r  the thermal neutronse 
f icat ion of the actual case, but i n  the present reactor i n  which the purge 

This equation 
I n  the ART about 

The lower curve of Fig. G.4 shows 

This is  a gross simpli- 
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rate is high compared to the burnup rate the assumption should be fairly 
accurate 

The effect of the poisoning may be more easily understood by comparison 
to the temperature coefficient, which for the ART is expected to be about 

change of 5 0 O ~ .  

a poisoning of 1 x 10-3 is equivalent to a temperature 
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Table G.1 

m 0 N  CONCENTRATION IN FXPANSION TANK GAS VOLUME 

..- 
ion Tank; x lo-“ for Helium Flow Rates of Nuclide i n  Eqans Source t o  Tank Decay Constant 

(sec-l) 1000 2000 3000 4000 5000 Nuclide/sec x 
Nuclide 

liters/day liters/cIay liters/ciay liters/day liters/day 

0 

0 

3.49 x 

1.52 x 

0 

7.40 

2 . u  10-5 

2.97 10-3 

0 

4 6.79 x 10- 

1.69 x lom2 
4.33 x 

28.2 

43.8 

1.52 

62.8 

74.2 

13.7 

62.5 

60.9 

32.7 

49.9 

7.63 

1.95 

14.1 

21.9 

0.76 

31.4 

27.1 

6.95 

31.0 

30.5 

17.5 

25.3 

4.97 

1.48 

9.40 

14.6 

0.51 

20.9 

24.7 

4.67 

20.7 

20.3 

11.9 

17.0 

3.68 

1.20 

7.05 

11.0 

0.38 

15.7 

18.6 

3.51 

15.5 

15 .2 

9-05 

12.8 

2.93 

1.01 

5 -64 5.53 

.8.76 8.58 

0.30 0.30 

13.0 12. 3 

14.8 14.5 

2.81 2.78 

12.4 12.2 

12.2 11.9 

7-29 7.39 

10.2 10.1.. 

2.43 2.78 

0.87 1.23 

* 
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. 

A number of people and groups played important roles i n  the design 
and development of the  ART fuel pump and xenon ram1 system. 

are indebted t o  the following people: 
The authors 

W. Lowen contributed t o  the design of the att i tude-stable 
xenon removal system, 

E, T. O'Rourke was responsible fo r  the assembly and function- 
ing of all equipment involved i n  the p las t ic  models of the 
xenon removal system, 
G. D. Whi.tmEhn and J.J.W. Simon followed the assembly and 
construction and subsequently operated the i ron fuel pump 
and the combined Inconel fuel pump and xenon removal system 
test loops, respectively. 
W. G. Cobb and L. Wilson were responsible for the layout of 
the fuel pump and xenon removal system, 

The authors also wish t o  thahk the members of the Power Plant J%@- 
neering and E3prirnental Engineering Grotpps of the Aircraft  Reactor Engi- 

neering Division f o r  t he i r  contributions and assistance i n  the design a.nd 
development of the AfpT fuel pump aad xenon removal systea. 



REFERENCES 

1. J. L. Meem, The Xenon Problem i n  the ART, ORp3L CF-54-5-1 (May 3, 1954) 

2. So I. Cohen e t  al., A F%ysical Property summary for AI@ Fluoride Mixtures, 
ORNL-2150 ( A x o  23, 1956). 

3. ARED-ANl? Design Meeting No. 55-4, ORNL CF-55-1-209 (Jan. 26, 1955). 

4. ANP Project Drawing E50-5447-4, Rev, 8 (Dec, 9, 1954). 

5. A. P. Fraas, CFRE Design and Developent Handbook, Project No. 3. 

6, H. Rouse, Fundamental Aspects of Cavitation, Proceedings of the National 
Conference - Industrial ~d rauLics ,  p. 31, 30-7 (1947). 

7. Do Thoma, Bericht zu r  Weltkraftkonf'erenz, London, 1924, Z. Ver .  deut. 
79, Po 329 (1935). 

8. D. Thoma, Verbalten einer Kreiselpunrpe beim Betrieb im Hohlzog Bereich, 
Z1 V e r .  deut. Ingo - 81, p. 972 (1937). 

9. W. Lowen and G. Samuels, ABT Xenon Removal System, unpublished (Feb. 7, 
1955 1 

10. F. H. Garner and D. Hammerton, Circulation Inside Gas Bubbles, Chem, Ebg. - -  Sci. 3, No. 1 (Feb. 9, 1954). 

11. Flow of Fluids Wough Valves, Fittings and Pipe, Crane Company Techni- 
ca l  Paper No. 409 (May, 1942). 

12, J+ E* Baker and J. W. Mchel, Pressure changes with the Flow of Water 
Through Tees, K 998 (Mr. 16, 1953). 

15. W. K. Stair, Back Transfer of Gas i n  ART Pump s, Experimental Report Task 
No. 7418, Exp.-l%O~.l ( A x ,  7, 1956). 

16, J. 0. Blomeke, Nuclear hopert ies  of t?35 Fission Products, 
ORNL CF-54-12-52. 

17. 

18. 

T. Rockwell 111, Reactor Shielang Design Manual, Fig. 2.1, p. 19. 

O m  Special Progress Report - Program 4400, ORKL-2249, p. ll (&e,, 1956). 

19. Sa Glasstone and M. C. Edlund, The Elements of Nuclear Reactor Theory, 
p. 333, Do Van Nostrand Cmpany, New York, 1952. 

20. A+ M. .Perry, personal coamrmnication. ,. 

. 


