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ABSTRACT

The sodium pumps for a liquid metal fast breeder

reactor must be designed for exceptionally high

reliability and long life. The principal adverse

factor which tends to limit the primary pump life is

cavitation which becomes potentially severe under off-

design flow conditions caused by the requirement of two

loop operations which resulted in a large operating

flow range. This problem prompted an extensive study

which included experimental investigations of scaled

down and full size pumps. The investigations involved

visual observations, acoustic signature recordings, and

physical characteristic measurements of the model and

full size impellers. The blade configuration of the

model was modified several times. After each

modification intensive testing was conducted with
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feedback to established design criteria. The results

obtained from the final configuration showed excellent

cavitation performance. This configuration was then

machined on the full scale impeller and tested. The

results confirmed acceptable performance in the entire

range of operating conditions.

This paper describes the test facilities erected

for this study, discusses the experimental techniques

employed, and presents a sample of the experimental

results.

1. INTRODUCTION

The primary coolant pump in a liquid metal fast

breeder reactor (LMFBR) must be designed for

exceptionally high reliability and long life. This is

necessitated by the critical role the pump assumes in

maintaining a viable reactor core temperature and the

difficulty in providing maintenance and repairs. Due

to the low available suction pressure in an LMFBR, the

principal adverse factor which tends to limit this life

is cavitation.

The specific pump investigated in this study is the

large scale breeder reactor (LSBR) pump. It is a

vertically mounted, variable speed, free surface, two-

stage pump, illustrated in Figure 1. The pump total

weight is 410 tons (372 m tons) with an overall height



of 70 feet (21.3 m). Its design point hydraulic

parameters are as follows:

Flow rate = 85,000 gpm (19,303 m3/hr)

Total head = 500 ft (152.4 m)

Speed = 480 rpm

Sodium temperature = 950*F (510'C)

Available net positive suction head = 49.5 ft (15.1

m)

The overall hydraulic operating envelope is shown in

Figure 2.

The location of this pump inside the containment

building imposes severe constraints on the inlet piping

geometry. The vertical suction pipe is connected to

the pump with a 180 degree elbow which induces vortices

and distorts the velocity profile at the impeller

suction eye. The reactor cover gas pressure is only

slightly above atmospheric. The combination of

distorted profile and flow acceleration at the impeller

eye reduces the local pressure and if not properly

designed may induce cavitation and consequent damage.

In order to assure the required high reliability, the

steady state normal operation of the pump must be

cavitation free, and at off-design conditions, the pump

must operate without damaging cavitation (Figure 2 -

32.5 yrs. and 6 yrs. plant operation region,

respectively).
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The design base for the LSBR pump was the FFTF

(Fast Flux Test Facility) pump which was tested in

sodium for an extended period of time, -including high

2 3 4temperature and thermal transient tests. ' ' The

correlation of the test results with the calculations

was excellent.

The development program reported here was an

intensive study which included experimental

investigations of a 3/16 model and full size pump. The

study was focused on the first stage impeller, because

it is more prone to cavitation due to the low suction

pressure. Most of the development work was

accomplished with the 3/16 model. The full scale pump

test verified the final design.

Several design refinements aided by intermediate

testing and visual observations of cavitation were

performed on the models. Acoustic signature of

cavitation was recorded and compared with the

observations. The final model design exhibited

excellent performance and met every requirement. The

testing was then extended to the full scale pump. The

final results showed a large margin over cavitation

inception. The use of cavitation sensitive coatings

during both model and full scale testing revealed no

erosion in the long term (32.5 and 6 yrs.) operating

range shown in Figure 2.
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2. ARRANGEMENT AND INSTRUMENTATIONS

Two test facilities were erected during this

investigation. The first was for testing 3/16 scale

candidate model impellers, and the second was for

testing the full size pump. The following discussion

briefly describes each facility.

2.1 Scale Model Facility

The mechanical arrangement for the scale model test

facility consisted of a primary test loop and a

secondary support loop (Figure 3 and 4). Water was

chosen for the working fluid based on environmental

reasons which included availability, visibility,

toxicity and physical properties. The primary loop

contained the prototypic inlet piping and the pump

housing for the test impeller as shown in Figure 3.

Its drive motor was a dc, variable speed, 300 hp motor.

The prototypic inlet piping was made of clear plastic.

A special section with a flat viewing surface to allow

undisturbed view of the impeller was fitted on the

pipe. A stroboscopic light operating at the impeller

speed with adjustable phase shift was used to freeze

the image of the impeller during testing so as to view

and photograph any of its blades. The impeller flow

rate was controlled by a cavitation-free drag valve

which permitted acoustic recording of the impeller

cavitation noise.
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The secondary loop's functions were to control

water quality which included oxygen content, and to set

cover gas pressure in the storage tank which determined

the pressure level at the suction eye. The major parts

of this loop were a pair of small circulation and

vacuum pumps, vortex deaerator, and a pressurized argon

bottle as illustrated in Figure 4. The viscous heating

in the main loop was removed by a heat exchanger

installed inside the storage tank.

The test facility was instrumented mainly for

performance measurements of the test impellers. This

included the impeller flow rate, inlet pressure, head

rise, and shaft speed. The test loop water temperature

and oxygen content were also measured. The oxygen

content determined if the conditions were proper for

testing. The temperature was used in the calculation

of the available impeller net positive suction head,

NFSH,

NPSH = Ps • Py - P s a t - Pg (1)

where P is the suction static pressure, P is the

velocity head, P , is the water vapor saturation
sat

pressure and P is the combined partial pressure of

dissolved gases. Gas partial pressure was calculated

from Henry's Law.



Other instruments were installed to monitor vital

operation parameters such as bearing oil pressure and

temperature and flow rate of the vacuum pump cooling

water.

Pressure differences in the loop were detected by ,

Sensotec differential pressure transducers. The

impeller suction pressure was measured by a Statham

absolute pressure transducer. The impeller flow rate

was determined from the pressure drop across a venturi.

The impeller speed was sensed by a magnetic proximity

pickup and 80-tooth gear mounted on the shaft. The

output of these instrumentations were fed into a Fluke

data acquisition system (DAS) and were sent directly to

a PDP-8 computer for data reduction. Twenty readings

of each measurement were taken and averaged to minimize

random variations. The instrumentations and DAS were

calibrated frequently throughout the testing to

eliminate errors caused by drift.

The cavitation noise was monitored through a

piezotronic transducer (hydrophone). Each bubble

collapse is like an implosion which generates a high

frequency noise (10 to 45 kHz). Structure vibration

and flow noise, on the other hand, are in the lower

frequency range. Although experience showed that the

small band 10 to 15 kHz contains all the needed



cavitation bubble collapse information, the acoustic

recordings were made in the range 200 to 50,000 Hz as

the sample in Figure 5 sho^s. In fact, it was found

that only the signal at 12.5 kHz need be monitored to

detect cavitation bubble collapse.

The cavitation noise was recorded on a Lockheed

tape recorder, analyzed on a Nicolet FFT analyzer, and

plotted on a Hewlett-Packard plotter,

Cavitation-sensitive coatings were used on the

model test impellers. Each blade was photographed

before, during, and after testing. Comparison between

photographs would reveal the presence of any

aicroscopic cavitation damage. The technique developed

was later applied during the full scale pump testing.

2.2 Full Size Facility

The full size-full flow facility consisted of a

main loop which contained the test tank, piping,

throttling valve, and acoustic flow measuring device,

and an auxiliary process system which provided for the

maintenance and control of loop water. A fully

computerized instrumentation and control system

afforded assimilation and documentation of large

amounts of test data and control of testing operations.

Water entering from the auxiliary system was

filtered to remove particulate materials five microns



or larger. The loop water was also required to meet

the following minimum requirements:

pH neutral to 11

Cl-ion 1.0 ppm max.

F1-- ion 0.1 ppm max.

Dissolved gas 4 ppm max.

Turbidity Clear

During NPSH and cavitation erosion testing when gas

bubble entrainment was a potential source of error,

total dissolved gas content was to be held below 1 ppm

or corrected for determining available NPSH values by

readjusting for partial pressure of entrained gas

content in the water.

The suction leg to the pump contained a flow

resistance assembly which simulated the plant suction

pipe pressure drop. Following this run was the

prototypic suction piping assembly which consisted of a

SQ-inch long radius elbow, a 40 to 48-inch radius

increaser, a 100-inch long straight section, and a 48-

inch x 180 degree long radius return elbow followed by

a reducer inside the pump assembly. The size selection

of the elbow was based on the results acquired from the

scale model testing. The elbow adjacent to the tank

flange was equipped with two viewing ports for visual

inspection of the operating impeller and a manway port

for hands-on inspection of the impeller (Figure 6).
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3. Procedure and Results

The 180 degree elbow of the suction piping causes

difficult design conditions for the pump because it

distorts the velocity profile in the impeller suction

eye and tends to affect the cavitation performance.

These effects were undesirable in the first phase of

the model test investigation. During this phase the

objective was to understand the relationship between

the cavitation performance and the blade configuration.

This was accomplished through the use of a straight

section of the suction piping with a set of flow

straighteners in the scale model test facility. Later

and after developing a cavitation free design which

demonstrated a very large inception margin, the

prototypic inlet geometry (180 degree bend) was

employed. The knowledge acquired during the first

phase was applied in the refinements of the impeller

blade inlet angle design so that one could compensate

for the distorted profile and operate cavitatica free.

Three model 180 degree inlet piping configurations with

different inside diameter and convergence angle ahead

of the impeller inlet were tested. The three pipings

provided different velocity profiles at the suction

eye, the larger tending to reduce the profile

distortion created by the 180 degree turn.
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A total of six model impellers were used in this

investigation. The first five were modified and tested

repeatedly in order to establish inlet design

configurations. The modifications included blade and

hub geometry, balance hole size and location, and

suction labyrinth configuration and clearance. Two of

these impellers had acrylic suction shrouds which

permitted visual observations of both sides of the

blades. The sixth impeller had the final design

configuration which exhibited excellent cavitation

performance and showed a large cavitation margin under

a wide range of operating conditions.

A great volume of data was generated during this

investigation. Only sample results acquired from the

final design (sixth impeller) are presented here. They

include flow and head fall-off characteristics and

acoustic signature. The flow characteristic (pressure

rise versus volumetric flow rate) is presented in

Figure 7. A selection of the head fall-off test

results are shown in Figures 8 through 11.

In each head fall-off test run, the impeller flow

rate was fixed while the NPSH value was gradually

reduced from 55 ft-H_0 to below the point where loop

"boiling" was observed. During the pressure decrease,

the impeller head rise and acoustic signature were
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recorded at several points. In addition, the impeller

suction eye was visually monitored to determine the

point of cavitation inception. The results shown in

Figure 8 were taken at JOQO rpm and 1120 gpm. At these

favorable conditions, no cavitation bubbles were

observed and the sound recording was that of the

background flow noise and structure vibration. The

results presented in Figures 9, 10 and 11 were acquired

at 1780 rpai. The three corresponding operating points

represent a wide range of conditions for the pump.

Figure 9 looks at an operating point to the left of

Design Point No. 1 in the transient region of Figure 2.

Figure 10 depicts Design Point No. 1 and Figure 11

corresponds to Point No. 3. The behavior of these
7

results is schematically illustrated in Figure 12

where NPSH is plotted versus vapor cavity size,

cavitation noise, and output head.

At high NPSH values the pump is operating at design

head, and there is no vapor formation and no cavitation

noise. As the NPSH is reduced (moving from the right

to the left), light cavitation sets in which generates

high frequency noise (10 to 45 kHz). In this operating

range invisible nuclei are being momentarily formed.

Further reduction of the NPSH results in moderate

cavitation. This regime is characterized by further
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increase in the noise level and the formation of

visible vapor cavities on the impeller blade inlet tip

at maximum blade diameter. It is believed that this

type of operation will not result in short term damage;

however, long term damage is possible. A further

reduction in the NPSH will result in intense cavitation

in the pump which is characterized by severe noise

increase. Operating in this regime will likely result

in short term damage and considerable long term damage.

The sound level soon reaches a peak and starts to fall

when the bubble size becomes bulky. Its collapse is

retarded by its size. It occurs further downstream and

is not as violent. The radiated sound waves are

partially absorbed by adjacent bubbles. Also, the loop

water begins to "boil". The bubbles in the free stream

considerably attenuate the cavitation noise thus

causing a sharp drop in the recorded sound level. At

the same time, the large vapor bubbles displace the

water being pumped and reduce the head output of the

pump.

Figure 10 also reveals that at minimum operating

conditions, the pump was free of cavitation. The N^SH

level had to be lowered close to the point where loop

"boiling" occurred before the appearance of any

damaging cavitation which shows the large margin of
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this design. It is also noted that the increase in

noise level as the NPSH was reduced to incipient visual

cavitation was attributable to cavitation in the

impeller labyrinths.

The development of the cavitation-free design of

the scale model impeller was mostly performed at 1780

rpm. Because the full size impeller operates at 480

rpm, the effects of the tip speed difference were

investigated by testing the final design (the sixth

impeller) at 2600 rpm. The results were the same ^s

were obtained at 1780 rpm.

Based on this excellent performance, the final

design was installed and tested in the full size, full

flow facility. The test results again showed excellent

performance which met every requirement for long life

and high reliability. Sample observations and results

are as follows.

It is recognized that gas dissolved in a liquid

adversely affects the "visual NPSH required"

performance of a pump when operating at reduced

available NPSH. The presence of gas in the liquid not
g

only can change the head-NPSH curve characteristics,
g

but also the inception point. Experimental results

have shown that gaseous cavitation occurs at much

higher ambient pressures than that for the vaporous

14



cavitation. Ths full scale water test program provided

an excellent forum to study the effects of dissolved

gas. Unlike the scale model tests where gas content

was held below 0.5 ppm, it was virtually impossible to

maintain low content in the full scale loop because of

the numerous free surfaces. Therefore, specific tests

designed to correlate visual inception of cavitation

with gas content were performed. The results at design

point are shown in Figure 13 where visual inception

NPSH required is compared against specification minimum

NPSH (corrected for gas content) to determine the

margins for safe noncavitating performance. The

results attested to this proportionality behavior of

the NPSH at which bubbles first occur with gas content.

The results also confirmed the pump ability to meet

cavitation-free performance at minimum specification

NPSH under degassed conditions.

Table 1 identifies the NPSH inception points for

the impeller corrected for i.he measured gas content in

the loop. Minimum specification values are also

included to establish the margins for noncavitation

operation. This table also compares the full-scale

corrected results with the corrected model test

results.
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The test points selected for the full scale pump

performance evaluation are represented by Points 1, 3,

4 and 17 of Figure 2. The results are plotted in

Figures 14 through 17, respectively. From Figure 14 it

appears that the noise level exhibits a slight

inflection point near 55 feet NPSH. This is comparable

to the upturn seen in Figure 12 at the start of the

light cavitation regime. It would appear to be heading

for a dip at about 35 feet at which point the suction

pipe itself was noted to enter a region of heavy

vibration attributed to cavitation at the elbow ahead

of the downcomer. Noise traces were not taken beyond

this point. Head drop, however, did not occur. At the

higher NPSH values where very light cavitation was

present, noise levels were relatively constant. This

cavitation was attributed to gas coming out of solution

(discussed above).

Figure 15 shows that the noise region above minimum

specifications remained constant. This region was

characterized as having very little cavitation (gaseous

cavitation) and, in fact, it was not until below

minimum NPSH that a marked change was witnessed. At

this point the fluid in the loop was noted to be in

heavy cavitation, and the blades were progressing into

deeper cavitation.
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Figures 16 and 17 demonstrate that no cavitation

existed on the blades until conditions had dropped

below minimum specification. The moderate rise in the

noise level of Figure 16 was noted to have been caused

by the loop. At the conditions of Figure 17, both loop

and impeller were free of cavitation.

As a final confirmation, the pre- and post-erosion

test conditions were checked with a hands-on inspection

of the blade cavitation sensitive coating. In

addition, photographs were taken from inside the

suction pipe; the results showed no evidence of coating

removal.

4. CONCLUSIONS

Both model and full size impeller configurations

demonstrated cavitation free performance within the

steady state envelope requirements of plant operation

(Figure 2 - 32.5 and 6 yrs. operating range). This

attests to the successful scaling of geometric

parameters from the model to the full size. In

addition the coating techniques developed during the

model testing confirmed cavitation-damage-free

operation at points outside the steady state operating

envelope, for both the model and full scale pump.

The test results demonstrated the ability to

correlate noise with visual observations of cavitation.
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The test program confirmed the importance of

accounting for the effects of dissolved gas on

cavitation inception. -The results identified the

proportionality between NPSH at inception and gas

content for geometrically similar configurations.
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Operating
Point (1)

1
3
4
17

Notes: 1.
2.

3.
4.

Table 1
NPSH Margins to Cavitation Inception

RPM
Head
Ft.

474 502
498 512
415 334
386 267

Flow
Gpm

84471
93449
87697
87019

Spec (3)
NPSH,Ft.

52.88
50.22
52.10
52.10

Visual
Inception

51.1
49.3
(2)
(2)

Visual
Inception
NPSHD Model,

?

42.5
46.9
49.5
52.9

Refer to Figure 2.
No visible cavitation as NPSH was dropped well below minimum
spec values.
Spec NPSH corrected for inlet piping losses.
Extrapolated from model.
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