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ABSTRAGCT

This study is concerned with the effect of two parameters, char-
acteristic length and aspect ratie, on the performance of large diam-
eter viscoseals, and with methods of preventing or controlling gas
ingestion 1n the same device,

The characteristic length, orxr length of the groove-land pair in
the direction of seal rotation and the aspect ratio, or ratio of groove
width to groove depth, arose as parameters likely affecting visco-
seal performance 1n a viscoseal analysis by Zuk, Ludwig, and Johnson (1)
who 1ncluded the convective inertia terms heretofore neglected or only
indirectly included in other analyses Two series of three seals each
were tested to determine the effect of each parameter on performance.
One series of seals varied only characteristic length and aspect
ratio, and the other series wvaried only characteristic length and X
Results showed that the characteristic length had a negligible effect
on viscoseal performance. The aspect ratio affected performance 1in
the transition region where a higher aspect ratio produced a lower
transition Reynolds number.

Two methods of controlling or preventing gas ingestion in visco-
seals were studied One, the centrifugal separator, sets up a clrcu-
lating flow loop in the upper half of the viscoseal which sweeps gas
bubbles 1into an inner cavity where they are separated out to the gas
side of a liquid-gas interface while the fluid returns to the annulus.
The centrifugal separator was designed into a viscoseal which had
already been tested for performance and gas 1ingestion rate. Results
showed that the separator reduced gas accumulation in the sealed
cavity by an order of magnitude while further modification resulted
in an additiomal reduction of about 30% to 40%. The separator had
a negligible effect on sealing performance as measured by a sealing
coefficient,

Ancther method of controlling ingestion involved a backflow of
fluid from the high pressure to the low pressure end of the visco-
seal Results showed that a backflow of suitable magnitude would
effectively sweep out ingested gas and prevent its transport to the
high pressure end of the viscoseal.

i1l



TABLE OF CONTENTS

CHAPTER PAGE
I INTRODUCTTION 1
Convective Inertia Effects 1

Gas Ingestion ., . . 4

11 LITERATURE SURVEY . 7
Convective Inext:ia Effects . . 7

Aspect Ratio . 9

Gas Ingestion ‘ . . 10

ITT  APPARATUS AND PROCEDURE . . . 16
Inertial Test Apparatus . 16
Tnertial Test Procedures . ., . 20
Ingestion Test Apparatus . 22
Ingestion Test Procedures . 25

IV  RESULTS AND CONCLUSTIONS 26
Inertial Test Results 26
Ingestion Test Results 31
Backflow Test Results . 40
Conclusions 43
BIBLIOGRAPHY 45
VITA 48

iv



LIST OF FIGURES

FIGURE

1

v BN

OO0l o~

10
11

12

13

14

15

16

17

18

19

20
21

Elements of a Typical Viscoseal

Centrifugal Separator .

Boon's Viscoseal with Recirculation of Ingested Aar

Assembled Test Apparatus

Photo Showing the Assembled Test Apparatus with Seal
12-A Mounted on the Shaft

Photo Showing the Complete Test Facility

TIllustration of Viscoseal Dimensions

Q Versus k for Centrifugal Separator

Experimental Performance of Seals 11, 14, 15

Experimental Performance of Seals 11, 12, 13

Seal 12-C at Rec 770 (900 rpm), T = 71° F, Operating

with Water

]

i

Seal 12-C at Rec 1560 (1800 rpm), T = 72° F, Operating
with Water
Seal 12-C at Rec

wlith Water

2000 (2200 rpm), T = 82° F, Operating

Temperature, Pressure, and Accumulated Air Versus Time
for Seal 12-C at 36860 rpm

Seal 12-C Within One Minute of Operation at 3600 rpm,
T = 71° F, Operating with Watex

Seal 12-C at 3600 rpm, t =5 mn , T = 95° ¥, Operating

with Water

Seal 12-C at 3600 rpm, £t = 10 min , T
with Water

Seal 12-C at 3600 rpm, £t = 15 mtn , T
with Water

Seal 12 Within One to Two Minutes of the Beginning of
Operation at 3600 rpm, T = 750 ¥, Operating with
Water

Experimental Performance of Seal 12-A

Experimental Performance of Seal 12-C

v

112° F, Operating

125° F, QOperating

PAGE

14

17

18

18

19

24

27

28

33

33

33

35

37

37

37

38

38

41
42



LIST OF SYMBOLS

SYMBOL DESCRIPTION

English Alphabet

a' Land width normal to the grooves
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CHAPTER I
INTRODUCTION

This thesis 1s concerned with the effect of two parameters, char-
acteristic lemgth and aspect ratio, on the performance of large diam-
eter viscoseals, and with methods of preventing or controlling gas

ingestion 1n the same device.

1. Conwvective Inertia Effects,

The viscoseal (also called viscosity pump, threaded seal, spiral
groove seal, or helical groove fluid film.seal) 1s 2 dynamic shaft
seal which generates an axial pressure gradient in a viscous fluad
enclosed in an annular space between a rotor and housing. Helical
grooves, 1oca£éd on the rotoxr ox the housing or both, pump the viscous
fluid and create tfle axial p;:essure gradient. This device acts as a
pump with a net effl;x of fluid at the high pressure end or as a seal
when operating at shut-off head. A typrcal viscoseal 1s shown 1in 1
Figure 1, :

The viscoseal was first studied as a pump and later as a seal as
the need for reliable, long life, low leakage seals in demanding
engineering. situations arose  The viscoseal 1s suited for such sit-
uations since 1t does mot depend on rubbing contact for effective
operation, it has low wear rates, and 1t has essentially zero leakage
rates

A number of relations have been presented for predicting visco-
seal performance under laminar conditions (3,4,5,11) and a fewer
pumber for turbulent conditions (5,6,7,8), some of which are dis-
cussed in the literature survey which follows. The various laminar
equations are similar in that performance i1s characterized by some
sealing coefficient of the general form A= 6),]UL/c2AP (2) The
predictions of Aas a function of seal geometry differ as do pre-
dictions of optimum seal geometry, These analyses assume convec-
tive inertia forces to be neglagible as compared to viscous forces,

and otherwise assume steady, 1sothermal, incompressible, laminar flow

1
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Experimentally the sealing coefficient 18 constant for low
Reynolds numbers (Re. = 200-600) which is normally termed the lam-
inar or creeping flow regime At high Reynolds numbers, the sealing
coefficient improves with increasing Reynolds number. This regime
has been termed turbulent and the improvement in sealing has been
attributed to the onset of turbulence Between the laminar and tur-
bulent regimes is the transition regron which presents a smooth
change from a steady to a varying sealing coefficient  The start
of transition has normally been predicted by a critical Reynolds
number which 1s a function of seal geometry, but transition has been
hard to predict with any precision.

The turbulent analyses are somewhat dissimilar in that most
investigators take different approaches to includrng effects of
turbulence They are similar in that most i1nvestigators do assume
turbulence to be present  They either neglect the effect of con-
vective inertid forces or include them indirectly through the use of
empirical coefficients.

Convective inertia i1s an acceleration of fluid mass due to a
spatial velocity change such as a change due to an obstacle in the
flow path The convective acceleration terms appear in the Navier-
Stokes equations i1n the Eulerian or spatial derivative D /Dt which
also includes the local or temporal acceleratiom  Thus

D /Dt = 3t +ud Px+vd Ry +wd ez
" Temporal ’ Convective
Acceleration Acceleration .

In an analysis by Zuk, Ludwig, and Johnson (1), the convective
inertia terms were included in _a unified approach to laminar and
turbulent operation From their analysis evolved a modified Reynolds
number Re% which was based on the characteristic length I. or the
length of the groove-ridge pair in the direction of rotation of the
seal Thus

Re = (ULJ/\))(C/LJ)2 = 1nertia forces/viscous forces
Applyaing this concept to experimental results, they found that
departure from a constant sealing coefficient, which others claimed
to be due to the onset of turbulence, took place at a ReJ value of
approximately one  They conclude that this improvement in the sealing

coefficient 1s due to the onset of significant convective inertia forc
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Since most experimental studies of viscoseals have utilized Seals
with diameters of two 1nches or less and a2 limited number of thread
starts, the values of L have varied over a limited range There-
fore, a serres of three large diameter seals, geometrically similar
except for their characterastic lengths and aspect ratios, were
tested

The consideration of convective inertia forces in viscoseal anal-
ysis revealed parameters affecting viscoseal performance that were
heretofore neglected by most analyses The most significant of these
1s the aspect ratio b'/h, the ratio of groove width to groove depth
Zuk stated that the aspect ratio implies the degree of the convec-
tive 1nertia effect and could therefore not be neglected unless 1ts
value 1s quite large Most analyses neglect the aspect ratio be-
cause of 1ts large magnitude A series of three voscoseals with
equal aspect ratios was assembled and was tested and compared with
the previously mentioned three seals to reveal the effect of aspect

ratio on sealing performance,

2 Gas Ingestion

In the testing of viscoseals, a serious problem arose whereby
gas bubbles passed through the liquid-gas interface and were trans-
ported to the high-pressure end of the seal This phenomenon has
been termed gas 1ngestion and in severe cases can lead to a leakage
of sealed fluid Gas ingestion has become the subject of increasing
study although 1t 1s still not understood how gas bubbles are trans-
ported against an adverse pressure gradient to the high-pressure end
of the seal A study of the stability of a dynamic gas-liquid
interface between rotating cylinders made by Fisher (9) has revealed
a mechanism by which gas can be ingested at the interface  Other
studies (5,8) have revealed possible correlations between the onget
of i1ngestion and various nondimensional numbers (Reynolds, Weber,
Froude, Cavitation), and many parameters which affect ingestion
have been revealed However, as Fisher concludes, gas ingestion
in viscoseals 18 an essentially inherent phenomenon which cannot

readily be eliminated through optimization of the viscoseal geometry
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Thus, a means of controlling existing ingestion and preventing 1ts
being transported to the sealed cavity rather than preventing inges-
tion altogether might be the proper mode of handling the 1ngestion
problem

A concept of recirculating entrained gas was introduced by Boon
(10) Radral passages connected to an inner axial passage allowed
gas bubbles to be recirculated to the upper part of the annulus
However, the change of geometry of the seal required to completely
stop gas transport also adversely affected the sealing coefficient

Following this work, Fisher designed a centrifugal separator
into a viscoseal that would circulate gas bubbles and ligquid into
an inner caviiy, separating the gas bubbles ocut to the gas side of
the fluid layer in the cavity and returning the liquid te the annu-
lus An existing viscoseal, whose performance already had been
measured, was modified, as shown i1m Figure 2, to study the effec-
tiveness of the principle

Another method of controlling and possibly eliminating ingestion
was investigated This method involved g backflow of fluid against
the pumping action of the viscoseal in order to sweep ocut existing
air bubbles and prevent their transport through the annulhs This
method zs mpractical due to the fact that it completely defeats
the purpose of the seal and produces significant leakage rates
However, 1t was thought that 1t might provide some imsight into the
mechanism of gas transport or lend itself to other possible methods

of controlling gas ingestion
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CHAPTER II
LITERATURE SURVEY

1 Convective Inertia Effects.

A survey of literature on viscoseals reveals that convective
inertia effects normally are either neglected in a laminar or
creeping flow analysis, or they are indirectly antroduced through
the use of empirical coefficients 1n an analysis which treats the
turbulent operation of the vigseoseal A significant improvement
1n sealing coefficient 1s attributed to the onset of turbulence
which s predicted by a critical Reynolds number As the Reynolds
number becomes small, the analysis approaches that of laminar or
creeping flow

McGrew and McHugh (5) introduced inertia forces into their
turbulent analysis by using Prandtl's mixing length  This concept
uses an empirical factor that must be determined by experiment
The result was an equation of the form V=K
Kl’
value of ¥

King-(8) alsoc incorporated inertia forees indirectly using, in

nu
1t Kz(Reh) = 6/ A where

KZ’ and n are experimentally determined and Kl 18 the laminar

part, the form of the McGrew and McHugh equation  He proposed an
equation of the form Apcz/;Jde = Kl(Reh/KZ)n and found the values
of Kl’ K2, and n from experimental data where again K1 1s the value
of the laminar sealing coefficient

Pape and Vrakking (7) indirectly included inertia effects since
certain empirical coefficients were obtained by use of turbulent
flow correction coefficients presented by Ng and Pan

Stair and Hale (6) used empirical coefficrents determined from
pipe friction data in their turbulent analysis  They further pre-
dicted the onset of turbulence at a critical Reynolds number defined
as

Re ., <41 {(m/2)/((1-¥c + ¥Be) ];’2

This equation 1s based on the Taylor criterion for the onset of
turbulence in concentric cylinders with the inner cylinder rotating

Experimentally they found the onset of turbulence at lower Re.c
7
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values as ¥ increased in tests with the same ¢ and &  They also
found that the onset point began at lower Re values for increasing
ol

Schlichting (12) treated the relative magnitudes of vigcous and
inertia forces in connection with the hydrodynamic theory of lubri-
cation In his treatment of flow 1n a wedge between slide block
and plane guide surface, he used a reduced Reynolds number Re' to
give the relative importance of viscous and inertia forces where

Re! = Inertra force/Viscous force =
(pudu/dx)/ (pu dzu/dyz) = (fﬂuz/L)/(,u u/h?) = (,auI../;.()(h/L)2

Here, h 1s the distance between slide block and guide surface and L
1s the length of the slide block i1n the x-direction

Zuk, Ludwig, and Johnson (1) presented the only unified approach
covering both laminar and turbulent operation of the viscoseal
They formulated a set of two-dimensional equations that directly
included both viscous and inertia forces  The equations can be
solved using numerical methods on a high speed digital computer
4 modaifred Reynolds number, Re , similar to that presented by
Schlichting, evolved from a formal ordering procedure applied to
the conservation of mass and momentum equations It was based on
the characteristic lengith L , which 1s the length of the groove-
ridge pair in the direction of rotation of the seal As Schlichting
stated, the convective inertim forces can be neglected only when
this Reynclds number 1s much less than one  As mentioned previously

Rek = Tnertia force/Viscous force = (UL /\))(c/Ld‘)2

Zuk, Ludwig, and Johnson applied the modified Reynolds number
concept to the published experimental results of four researchers
The departure from a constant sealing coefficient, an occurrence
normally attributed to the onset of turbulence, occurred in a range
of Re* values of 0 26 to 2 2 or, 1n other words, when Re* was near
unity This result suggests that what others predicted to be the
beginning of turbulence was actually the beginning of significant
convective inertia effects which cause an improvement in the sealing
coefficient This 1mprovement was further attributed to the fact
that the axial pressure gradient results from an unbalance of con-

vective 1nertia force and drag force across the groove-ridge pair
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Zuk, Ludwig, and Johmson further_noted the work of Kettleborough
(13) who numerically analyzed the slider bearing with inertia, tur-
bulent, and viscous terms considered When he considered only
inertia terms in his analysis, the results were in qualatative agree-
ment with published, turbulent-attributed, slider bearing experi-
mental results  He concluded that the turbulent terms did not

greatly affect the operation of the slider bearing

2 Aspect Ratio

Zuk, Ludwig, and Johnson's consideration of convective inertia
effects (1) revealed parameters affecting viscoseal performance
that are somewhat neglected by other authors. Most notable 1s the
aspect ratio, the ratio of groove width to groove depth, which
mmplies the degree of the convective inertia effect  They state
that the physical sagnificance of the aspect ratie is the fact that
i1t 1s the distance over which the fluid accelerates and then decel-
erates on impact with the ridge edge. Since this edge causes con-
vective acceleration, 1ts effects are not negligible unless the
aspect ratio is very large. As the ratio increases, the point of
improvement 1nt sealing coefficient or onset of inertia forces occurs
at lower Rec values This 1s explained by the reasoning that a
larger ridge area or low aspect ratio results in a less infiuential
convective inertia effect and delays the beginning of significant
inertia effects

In the analyses of most authors (6,7,14), the assumption 1s made
or 1mplied that the aspect ratio 1s so large as to be insignificant
This was found to be evident particularly in turbulent analyses

However, some authors mentioned aspect ratio to some degree
Rowell and Finlayson (15), 1in their analysis on the viscosity pump,
showed that both the i1deal flow rate and the maximum pressure devel-
oped increased as aspect ratio increased. They experimentally
observed that for values of aspect ratio greater than two, the calcu-
lated and experimental results were 1n good agreement.

In his analysis of the laminar viscoseal, Asanuma (4) showed
that for a smaller groove depth or larger aspect ratio, a better

sealing coefficient resulted for a zero clearance seal Tor a
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finite clearance, the optimum sealing coefficient was obtained at
aspect ratios of five to twently

Weinand and Wroblewski (16) conducted experimental tests on a
series of viscoseals that were identical except for the groove depth
They found that the aspect ratio giving a maximum pressure genera-
tion was small for low viscosity sealing fluids and larger for
higher vaiscosity sealing fluids TIn general, they found the opti-

mum ratios to lie between 3 3 and 16 7

3 Gas TIngestion

The problem of gas being imngested into a sealing fluid through
the liquid~gas interface has been observed and reported by a major-
ity of those who have experimentally stud:ied the viscoseal Some
researchers have focused their studies on gas ingestion alone with
some 1nsight being gained into the basic causes of the problem
Furthermore, several partial solutions to the ingestion problem
have been proposed and tested with varying degrees of success

Several authors (3,17,18,19,20) have simply reported gas inges~
tion in viscoseal operation In each case a drop i1n pressure gener-
ation was observed at high speeds along with foam generation or the
appearance of a liquird-gas mixture in the seal The 1ingestion was
found in both grooved rotor-smooth housing and grooved housing-
smooth rotor combinations In some cases pressure generatlion ceased
entirely, and in some cases a leakage of sealing fluid was reported

King (8) made a closer study of a "secondary leak" 1in his veriti-
cally mounted viscoseal with the sealed fluid above the grooved
rotor He reported the leakage as varying with speed and clearance
and thought that xt depended also on the Weber number (the ratio of
inertia forces to surface tension forces), the Froude number (Uz/gc),
and the location of the liquid-vapor interface The results were
obtained with water and potassium

McGrew and McHugh (5) also made a study of "seal breakdown" on
a vertically placed viscoseal with fluid above the grooved rotor.
The ""'seal breakdown" was a breakdown in the sealing capability upon
reaching a certain speed and yielded a leak of about one drop every

three minutes. The seal pressure also dropped They concluded that
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cavitation did not seem to be the cause since 1t was possible to
run with water at values of cavitation number far below one. Nor
did gravitational force seém important since the Froude number
would indicate that breakdown would always occur at the same shaft
speed, which was not tHe case, The Weber number data presented a
more consistent pattern since in three of the four fluids used,
breakdown occcurred in the range of Weber numbers of 800 to 1100
It also appeared that fluids with hagh values of surface tension
to density ratio could be operated at higher wvelocities without
breakdown

Ludwig, Strom, and Allen (21) investigated ingestion in both
grooved rotor and grooved housing situations with the housing being
transparent for observation  They reported the onset of i1ngestion
at a Rec+h value of 2300 using a grooved rotor and water., The

1ngestion increased i1n rate with increasing Rec In tests with

+h’

a grooved housing and smooth rotor, ingestion began at Rec+h =

h o 8400 and higher, no ingestion was evident.

In each case the maximum Rec+h value was 13,000 (12,000 rpm)

2300, but at Re
c+

They reasoned that in the grooved housing case, the air bubbles
were displaced to the smooth rotor surface by centrifuge action
where they could pass over the lands and not be pumped to the high
pressure end of the seal With a grooved rotor, the air bubbles
were displaced into the grooves and pumped to the sealed cavity
When the air in the cavity formed a bubble that reached the size
of the rotor outer diameter, the gas blew back out the annulus

If the interface was far enough from the low pressure end of the
seal, the liquid forced out by the blowing gas would be scavenged
back into the seal and no leak would cccur  These results were
observed in both water and sodium  Ludwig, Strom, and Allen also
cbserved that the size of air bubbles decreased in moving from the
low to the high pressure end of the seal They stated that 1t 1s
probable with longer seal lengths and corresponding high pressures
to be able to reduce the bubble size enough to allow escape over

the lands and thus eliminate ingestion,
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Stair (2) also studied gas 1ingestion in a horizontally placed
viscoseal using water as the sealing fluid He observed the onset
of i1ngestion at certain speeds and an increase with increasing speed
In some cases a speed was reached at which the pressure profile
became unstable and rather severe pulsations occurred Continued
operation was characterized by pulsating leak The seal did not
otherwise leak unless the effective seal length required to main-
tain sealant supply pressure became longer than the active seal
length  Evidence indicated that ingestion i1ncreased with eccentric
seal operation and was reduced by wide grooves and narrow lands
Ingestion was not observed in one seal which had narrow lands and a
large helix angle. TFurthermore, ingestion was more severe and began
at lower speeds when the seal surface was completely wetted by the
fluird Nonwetting was achieved by coating the surface with oil

In another report (22), Stair described the operation of three
seals with small clearance dams on each end of the grooved section
of the viscoseal shaft in order to reduce ingestion  Although not
as effective as expected, the dams did slightly decrease ingestion
without affecting the sealing coefficient

Fisher (9) made a stability analysis of a dynamic gas-liquid
interface such as exists in a viscoseal using the same test facility
as used for this thesis. He used smooth rotors inside smooth,
transparent housings He found that " gas entralnment can result
from a gas-liquid interface i1nstability caused by a velocity of a
portion of the interface toward the more viscous fluid and/or an
acceleration of a portion of the anterface toward the more dense
fluid " He further credited eccentricity, shaft runout, and vibra-
tion with contributing to interface instability while fluid surface
tension would tend to stabilize the interface and prevent or delay
ingestion He found no significant relation between the beginning
of air entrainment and the Weber number or the Reynolds number or
combinations of the two  While Fisher's study did not reveal the
method with which gas bubbles are transported to the high pressure
end of the seal, 1t did provide an " explanation of a possible
mechanism by which gas ingestion can occur 1n the region of a gas-

liquid interface "
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Zuk, Strom, Ludwig, and Johnson (23) also observed that shaft
runout and eccentricity caused axial and crrcumferential oscillations
of the gas-liquid interface. The region of liquid~gas mixture and
the gas ingestion were more severe than with low runout, concentric
operation They also reported that vibration appeared to affect the
interface

A rather extensive study of gas 1ingestion and the prevention of
gas ingestion was made by R J G. Boon (10). Using a vertically
mounted viscoseal with grooved rotor and a transparent housing,
Boon confirmed many of the observations of Stair and Ludwig, Strom,
and Allen concerning the onset and build-up of ingestion He used
a fluid which was 2 1 5 mixture of Tellus 11 and "Petrol " The
fluid had a kinematic wviscosity of 1 94 centistokes at 69° F. He
reported no ingestion at the lowest speed of 1082 rpm along with a
well defined oil-air interface Any gas previocusly under the cyl-
inder slowly disappeared at this speed. He also reported no inges-
tion when using two other fluids - Tellus 13 and Tellus 11 -~ with
higher viscosities ~ 21 4 and 9 57 centistokes respectively - up
to the maximum speed of 4120 rpm. He did expect, based on other
investigator's reports, that ingestion would occur in these fluids
at suffaciently high velocities

Boon made an eern51ve and somewhat successful effort at pre-
venting ingestion 1n the single and double viscoseal He found
that ingestion was diminished strongly by raising the liquid level
well over the top of the rotor, the sealed cavity being under the
rotor He also found that deepening the grooves on the single
viscoseal reduced the ingestion, particularly at lower numbers of
revolutions Ingestion was somewhat delayed from getting under the
cylinder by placing a barrier ring at the high pressure end of the
seal The outer diameter of the barrier ring was equal to that of
the rotor lands

The most significant influence on gas ingestion involved the
recirculation of ingested gas in the upper half of the rotor As
shovm in Figure 3, a hole was drilled along the axis of the rotor

One radial channel at the upper end of the rotor and two radial
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channels at the center of the rotor connect the rotor surface with
the 1nner hole The gas, being displaced to the rotor surface by
centrifuge action, disappears into the radial channels and 1s then
returned to the upper part of the annulus through the upper radial
channel  This arrangement gave an observable decrease in the trans-
port of gas beyond the lower radial channels

A further modification was made by machining a 1 mm deep, Z mm
wide groove around the rotor in the plane of the two lower chamnels
A strong lmprovement was observed, but gas still passed the groove
The groove was deepened to 4 mm and the raial channels were enlarged
to a diameter of 1 5 mm. Another strong improvement was noted,
however, enough gas still reached the sealed cavity in 15 minutes
to blow back up through the annulus

Noting that gas transport beyond the groove could be caused by
a small decrease in pressure behind the land, 5 mm of the land was
machined away on each side of the groove This geometry did not
give an observable leak under any conditions as long as the liquad
level was above the center groove  However, by putting the groove
around the center of the rotor, the active length of the seal was
cut 1n half, probably due to the fact that the upper half of the
rotor was densely populated with gas bubbles  Therefore, the sealing
coefficient was adversely affected, being reduced by about 40%

Recirculation in the double viscoseal yielded the same results



CHAPTER TIIIX
APPARATUS AND PROCEDURE

1 Inertial Test Apparatus,

The test facility used 1n this study 1s the same as that used
by Fisher in his interface stability analysis It was designed and
burlt to allow both wvisual observation of wviscoseal operation and
measurement of the physical properties related to the determination
of the seal performance A sketch of the assembled rig appears in
Figure 4 with photographs of the same in Figures 5 and 6

A stainless steel shaft was designed so as to permit mounting
of interchangeable aluminum test rotors from two to eight inches
in diameter. The rotors were positioned on the shaft by a tapered
shoulder on the shaft and by a tapered nut which fitted into the
lower end of the rotors. The shaft was vertically mounted and
supported at the upper end by a ball bearing and at the lower end
by a helical groove hydrodynamic journal bearing  The lower bearing
was lubricated by the liquid being used in the seal and was replaced
when the wear on the inside surface became excessive. The shaft was
driven at the upper end by a V-belt connected to a variable speed
motor. The motor drove the shaft at speeds up to 3600 rpm After
the characteristic length tests, an idler was added to taighten the
V-belt and reduce vibration of the shaft.

Each rotor had a nominal diameter of four inches and the length
of the threaded section was six inches., The exact dimensions are
listed 1in Table I It 1s noticed that seals 11, 12, and 13 have a
constant D, ¢C, h, £, and ¥ with varying LJ and b'/h, while seals
11, 14, and 15 have comstant D,o(, h, &, and b'/h with varying L
and ¥ It was impossible to construct a series of seals which
varied only Lé or only the aspect ratio. However, knowing the
effect of ¥ on performance, seals 11, 14, and 15 should 1indicate
the effect of L¢, and, knowing this effect, the influence of aspect
ratio can be established from seals 11, 12, and 13. The runout of
each seal while mounted on the shaft was measured using dial indi-

cators. TIn each case the runout was less than one mil.
16
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Figure 5. Photo showing the assembled

test apparatus with seal 12-A
mounted on the shaft.

Figure 6.

Photo showing the complete test facility.
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TABLE I
ROTOR DIMENSIONS
Seal i 5 12 13 14 15
n 3 6 12 2 5
D 3.990 3.990 3.990 3.990 3.990
oC 14.5 14.5 14.5 14.5 14.5
c 0.006 0.006 0.006 0.006 0.006
h 0.045 0.045 0.045 0.045 0.045
s 8.5 8.5 8.5 8.5 8.5
L* 4.188 2.094 1.047 6.268 2507
a' 0.524 0.262 0.131 1.045 0.104
b' 0.524 0.262 0.131 0.524 0.524
Y 0.5 0.5 0.5 0.334 0.834
b'/h 11.63 5.83 2,91 11.63 s 63
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The transparent acrylic plastic housing was held in place by
four long bolts connecting the base plate and a circular steel plate
on top of the housing. The housing had an inside diameter of 4.002
inches which gave an average radial clearance of six mils. Eight
pressure taps were located one inch apart in a line up and down the
cylinder. Alignment of the housing and rotor was achieved by using
paper feeler gages with a thickness of at least two mils. The mini-
mum clearance in all tests was estimated to be no less than three
mils.

The sealed cavity was located below the rotor with the annulus
open to the atmosphere at the top. Fluid was introduced into the
cavity and annulus through a hole in the base with a valve fitted
into the passage to seal off the cavity. By filling the cavity and
annulus from the bottom, it was possible to exclude any air bubbles
from these regions.

No provision was made for cooling the sealing fluid although the
temperature was measured with a 34 gage copper-constantan thermo-
couple inserted in an unused pressure tap. The pressure gradient
was measured by connecting a mercury filled manometer to the fourth
and sixth pressure taps from the top using flexible plastic tubing
which was clear enough to be seen through and thus inspected for
air bubbles. Speed was measured using a stroboscope, which also
aided in visual observations.

Distilled water as well as silicone fluids of two, five, and
ten centistoke viscosity were used as sealing fluids. The perti-

nent properties of these fluids are listed in Table II.

2. Inertial Test Procedures.

The inertial tests consisted of measuring the pressure and temper-
ature generated by the seal at speeds from about 300 rpm to 3600 rpm.
Speeds lower than 300 rpm were avoided since errors in pressure
measurement tended to be significant at such low pressure magnitudes.

At high speeds the influence of gas ingestion and temperature
rise required that only two to three sets of speed, temperature, and

pressure data could be taken at a time. With an increase in
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TABLE II

SEALING FLUID PROPERTIES

Fluid Surface Specific Viscosity
Tension Gravity (centistokes)
(dyne/cm)
Water 72.8 1.0 0.885
Silicone 18.7 0.873 2.0
Silicone 19.7 0.920 5.0
Silicone 20.1 0.940 10.0

“This value taken at 68°F

All values, except as noted, are for 77°F.
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temperature, the physical dimensions of the rotor and housing changed
as each expanded. This expansion gave a different radial clearance
than that used in the computations. Tests showed that a 40° F rise
in temperature (70° to 110° F) increased the diameter of the rotor
by 0.003 inches and the inside diameter of the housing by 0.007
inches. Therefore, the data were taken in a range of temperatures
from 70° F to 80° F. Data were taken before gas ingestion became
severe, and the gas was cleared from the sealed cavity and annulus
before new data were taken. In some cases this involved reaching
the desired speed and obtaining data in one to two minutes. The
pressure lines were also carefully checked for gas bubbles in them

which would affect the pressure measurement,

3. Ingestion Test Apparatus.

The same test facility was used for the ingestion studies that
was used for the inertia studies with some modification. 1In the
backflow tests, a pressurized liquid-filled tank and flow measuring
device were added. Fluid in the tank, pressurized by an inert gas,
was delivered into the sealed cavity and annulus by way of the pas-
sage normally used to introduce fluid into the cavity before running
the seal. The flow was measured using a Fischer-Porter Tri-Flat
Variable-Area Flowmeter which measured flow up to 11 ml/sec. Only
distilled water was used in this apparatus. Backflow fluid for long
term tests was provided by connecting the building tap water supply
to the flowmeter.

The centrifugal separator, Figure 2, page 6, essentially con-
sists of an inner cavity connected with the groove surface by 12
radial flow passages, six at each of two levels, and connected with
the atmosphere by two passages in the top of the seal. Seal 12,
with six thread starts, was modified to form the separator and was
disignated seal 12-A. The lower passages were located to open into
the grooves near the leading edge since almost all air bubbles are
transported in this region. The opening into the grooves was also
countersunk to more effectively catch the bubbles. The counter-

sinks were later replaced by 1/16 inch deep, 1/4 inch diameter holes




23
and the seal designated 12-B., Since some of the these holes did
not fully extend to the ridge wall at the leading edge of the groove,
they were extended to do so, and the seal was designated 12-C.

The centrifugal separator was designed to operate at 3600 rpm
and 70° F. At these conditions, enough pressure should be generated
at the lower passage level by the pumping action of the seal to
overcome the pressure differential across the lower passages cre-
ated by centrifugal acceleration. The pressure should also be high
enough to support the pressure drop due to friction through the two
sets of passages. Thus a flow loop is set up which carries air
bubbles into the cavity where they are separated to the inside of
the fluid layer on the cavity wall by centrifugal action. The air
is allowed to escape to the atmosphere through the top holes, and
the fluid returns to the annulus by way of the top passages. This
flow loop is in contrast to Boon's recirculator which dumped the
air back into the annulus and also circulated air only.

Several aspects of the operation of the separator which were
considered in its design are worthy of mention here.

1. The upper flow passages must be flooded at all times to

prevent air from being forced back into the annulus.

2. The lengths of the passages must be chosen so that the pres-
sure change across the lower passages due to centrifugal
acceleration can be overcome by the pressure generation due
to the pumping action of the seal. Otherwise, there will
be no flow through the passages.

3. The size of the passages will regulate the flow rate through
them and determine the pressure drop through them due to
friction. The sum of the pressure drops due to friction
through the passages must be less than the pressure at the
lower level generated by the pumping action of the seal.
This condition will insure a flow through all passages.

4. The axial distances between the lower passages and the upper
passages and between the lower passages and the top fluid

level or interface must be chosen so as to provide enough
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pressure at the lower levels due to pumping to overcome
the pressure drops due to friction and centrifugal accel-
eration in the passages.
The flow rate of the flow loop must be large enough to
sweep the air bubbles from the grooves. However, if it is
too large, the pressure drop in the annulus between the
two passage levels due to this flow will significantly
affect the pressure generation of the seal.
The centrifugal separator will tend to regulate the fluid
flow and seek some equilibrium operating conditions. At
these conditions the flows through the upper and lower
passages will be the same, and the net pressure at the
outer opening of the upper passages will be equal to the
pressure generated by the length of the seal from this
point to the interface. This length is termed k. The two

passage flows are related to k as shown in Figure 8.

Upper passages

Lower passages

|
I
[
|

kequilibrium

Figure 8. Passage Q versus k for the centrifugal separator.

If, for instance, the upper passage flow increases, then
the amount of fluid in the annulus will increase. According
to Figure 8, a high k will give a lower flow rate in the

upper passages and a higher flow rate in the lower passages.
Therefore, the amount of fluid in the annulus will decrease

and k will decrease.
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7. The velocity through the passages must be limited to pre-
vent cavitation. This condition could occur in the top
passages where the fluid enters at almost atmospheric pres-
sure, and due to the vena contracta the pressure decreases
further.

The final design of the centrifugal separator was reached through

a trial and error process until all of the criteria mentioned above

were met.

4. Ingestion Test Procedures.

In order to make comparisons among seals 12, 12-A, 12-B, and
12-C, tests were made with identical speeds, initial temperatures,
interface levels, time intervals, and sealing fluids. Some tests
were made at slowly increasing speeds to observe the onset of inges-
tion or the start of bubble capturing by the lower passages. Other
tests were made at a constant speed for a given time.

The degrees of ingestion were compared by comparing the amount
of air in the annulus and/or the amount of air which had been trans-
ported to the sealed cavity below the rotor. Photographs were made
with a 35 mm camera using black and white film. A stroboscope was
used as the light source providing an exposure time of about 1.2

microseconds.



CHAPTER IV
RESULTS AND CONCLUSIONS

1, Inertial Test Results.

The results of the inertial tests are shown in Figures 9 and 10
in the form of log-log plots of sealing coefficient versus Reynolds
number. Also, Table III gives a comparison of transition Reynolds
numbers as predicted by several different equations along with the
actual experimental values.

Figure 9 shows the performance of seals 11, 14, and 15 which had
identical values of o, £, and b'/h but varying values of L* and ¥ .
As can be seen, the experimental values of A agree reasonably well
with the theory according to Stair and Hale (6), which does not
directly include inertia effects or consider L* as a parameter
affecting seal performance. It is also noted that the transition
points for the three seals are all relatively close, being in a
range of Rec values of 100 to 200. Ac:ording to the prediction that
the transition should take place at Re = 1.0, the Rec values of
transition should have been 697, 105, and 418 for seals 11, 14, and
15 respectively. The data does not agree with this prediction.

Figure 10 shows the experimental results for seals 11, 12, and
13 which had common values of o, 2, and ¥ , but varying L* and
b'/h. According to the analyses of Stair and Hale (6), Pape and
Vrakking (7), and Vohr and Chow (24), the theoretical performance of
these three seals would be represented by a single curve for each
analysis. As is seen, the experimental performance of the three
seals is practically the same well into the turbulent regime. How-
ever, in the transition region the performance of each is distinctly
different from the others. Since L* and b'/h are the only variants,
and Figure 9 shows L* to have essentially no effect on performance,
it is likely that the aspect ratio causes this difference. Further-
more, Zuk (1) suggested that as the aspect ratio increases, the
breakpoint decreases, and he pointed out that data taken by Stair (25)

showed this trend. Figure 10 also shows this trend in seals 11,
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TABLE III

THEORETICAL AND EXPERIMENTAL VALUES OF THE
TRANSITION REYNOLDS NUMBER

Seal| Re . predicted | Taylor's formula |Taylor's formula | Taylor's formula Experimental Values
erit . :
b * for smooth cylin-|modified for a averaged for a
y setting Re = *
1.0 ders: Re < |[grooved cylinder | smooth and a Re Re
.0 where Re = crit < g c
R c A1 Stde where Recrit grooved cylinder
% (1 le) . where Re .. =
41.1 \]r/(h+c) :
41.1 e/ ((1-0)+¥Bc)
11 697 748 256 343 150 0.214
12 349 748 256 343 200 0,572
13 175 748 256 343 380 2.18
14 105 748 256 400 190 0.211
15 418 748 256 285 140 0.335

6¢C
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12, and 13. Seals 11, 14, and 15 had equal aspect ratios, and their
transition points are relatively close as mentioned previously.

It therefore appears that L* has a negligible effect on seal
performance and that the reduced Reynolds number based on L* does
not predict with precision the transition Reynolds number. The
critical Reynolds number based on Taylor's criterion for the onset
of turbulence in concentric, rotating cylinders, modified to include
the effects of grooves on the inner cylinder, most accurately pre-
dicted the transition Reynolds number in four of the five seals.
Furthermore, the effects of aspect ratio on performance appeared
to be significant only in the transition region where a higher
aspect ratio gave a. lower value of the transition Reynolds number.

The gas ingestion in the five seals was observed and noted,
although not studied in great detail. Each seal, except seal 15,
ingested enough air at 3600 rpm in a certain period of time, which
was different for each seal, to rather violently blow liquid from
the annulus. Seal 13 with 12 thread starts had the highest inges-
tion rate and accumulated enough air under the rotor in two minutes
at 3600 rpm to blow liquid from the annulus. The times for the
same occurrence in the other seals are as follows: 15 min. for seal
11; 10 min. for seal 12; and 4 min. for seal 14, Seal 15 was not
operated long enough to blow liquid from the annulus although it once
was operated for thirty minutes with little gas accumulation. As
is shown in Table I, page 19, it had very narrow lands and wide
grooves which parallels evidence reported by Stair (2) that such
a geometry resulted in reduced gas ingestion.

Operation with the silicone fluids resulted in much lower rates
of ingestion for all seals. With the two centistoke fluid, small
amounts of air reached the sealed cavity in seals 13 and 14 at high
speeds, but no fluid was blown out. With the ten centistoke fluid,
very little ingestion was noted for any of the seals. These results
somewhat contradict the stability analysis of Fisher (9) which
theoretically showed that fluids with higher viscosity and lower
surface tension should result in more gas ingestion due to a more

unstable interface.
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2. Ingestion Test Results.

Testing of the centrifugal separator showed that it did capture
air bubbles from the annulus at the bottom row of radial passages.
Also, fluid could be observed flowing from the top passages by low-
ering the interface slightly below them. It did not appear that
any bubbles were flowing with the fluid back into the annulus from
these top passages, so the bubbles must have been separated out
from the fluid while in the cavity as was predicted.

Before modification for centrifugal separation, seal 12 could
accumulate enough air under the rotor in about ten minutes at 3600
rpm to blow most of the water up and out of the annulus, completely
breaking down the sealing action. Ingestion appeared at the lowest
speeds observed (200-300 rpm) and increased with increasing speed.
In one test, the ingestion was observed by increasing the speed in
steps beginning at 550 rpm and reaching 1910 rpm in about 50 minutes.
The speed was then increased to 3680 rpm for six more minutes; and
upon slowing the speed, the ingested air blew water from the annulus
at about 3000 rpm. The speed was further decreased for about eight
minutes down to 2300 rpm until there was no liquid in the annulus.
The temperature reached 136" F before the slowing began. No tests
were made for longer perieds of time than this due to the lack of
cooling and the subsequent high temperatures encountered.

An almost identical test was made with seal 12-A with centrif-
ugal separation. The speed was increased in steps for about 45
minutes up to 3600 rpm and held there for 15 additional minutes.
Upon slowing, no water was blown from the annulus, and only about
1-1/2 to 2 in.3 of air had accumulated under the rotor.

Seal 12-A ingested gas at the lowest speeds just as did seal 12.
At about 800 rpm, bubbles coming from the interface began disappearing
into the lower passages, and up to about 1200 rpm all ingested air
was taken in at these passages. The size of ingested bubbles
decreased somewhat with increasing speed, and at speeds above 1200
rpm, these small bubbles (roughly 0.04 inches in diameter) would
slip under or by the countersinks along the leading edge of the

grooves. This occurrence was particularly evident at some of the
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countersinks which did fully extend to the leading edge of the groove.
Beginning at approximately 2200 rpm, ingestion became great enough
that large groups of bubbles would pass the lower passages along the
full width of the groove. However, even at the highest speed of
3600 rpm, there was less ingested air below the bottom row of pas-
sages than above them as the passages captured part of the oncoming
air.

To more effectively capture the ingested air bubbles, the counter-
sinks were replaced by 1/16 inch deep, 1/4 inch diameter holes which
extended nearly the full width of the grooves. There was a signif-
icant improvement in the ability of the lower passages to capture
ingested air with these holes. The flow into the lower passages
began at about the same speed as in 12-A, but bubbles still began
passing the holes also at the same speed as in 12-A. However, the
bubbles were reduced in size as they passed the holes to approxi-
mately 0.02 inches in diameter. Some holes were better than others
at capturing the oncoming air, and upon close inspection, it was
found that some of the holes did not fully extend to the leading edge
of the groove, leaving about a 0.02 inch width of groove. These
holes did not catch bubbles as effectively as those which actually
touched the ridge wall at the groove leading edge. Therefore,
these holes were extended to the groove edge and the seal desig-
nated 12-C. Figure 2, page 6, shows a hole as modified for seal
12-C.

Again, an improvement in the ability to capture ingested air
was noted for seal 12-C, although 12-C also allowed ingested air to
reach the sealed cavity. At speeds between 1200 rpm and 2200 rpm,
only very tiny bubbles passed the holes along the groove leading
edge. As in 12-A and 12-B, the ingestion became great enough at
speeds over 2200 rpm that groups of bubbles passed the holes along
the full width of the groove.

Figures 11, 12, and 13 show the progressive increase of the
ingestion. Figure 11, at Rec = 770 (900 rpm) shows fairly severe
ingestion in water above the lower level of holes but none below

the holes. Figure 12, at Rec = 1560 (1800 rpm), shows some bubbles
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Figure 11. Seal 12-C at Re.=
770 (900 rpm), T = 71° F,
operating with water.

Figure 12. Seal 12-C at Rec=
1560 (1800 rpm), T = 720 F,
operating with water.

Figure 13. Seal 12-C at Rec=
2000 (2200 rpm), T = 820 F,
operating with water.
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below the lower level of holes and also shows how the small bubbles
collect into larger packets of bubbles both above and below the lower
level of holes. Figure 13, at ReC = 2000 (2200 rpm), shows a larger
amount of air in the form of large packets below the lower level of
holes. These packets pass the holes nearly the full width of a
groove.

A larger amount of the ingested air was captured by the holes in
12-C than in both 12-A and 12-B, particularly at speeds up to 1600
rpm and over 3500 rpm. In a ten minute test at 1200 rpm, 12-A accu-
mulated 1 1/2 i.n,3 of air under the rotor, 12-B accumulated 1/4 in.3
of air, and 12-C accumulated only a few small bubbles. The same
results were found in a ten minute test with the speed slowly
increased from 400 rpm to 1200 rpm. In a 30 minute test, primarily
at speeds of 2000 rpm to 3600 rpm, 12-A accumulated about 3 in.3 of
air, 12-B accumulated 2-1/2 inv3 of air, and 12-C accumulated 1 1/2
in.3 of air. At speeds between 1600 rpm and 3500 rpm seals 12-B
and 12-C were about the same in ingesting air, both showing improve-
ment over 12-A of about 307%.

The most significant results were found at the design speed of
3600 rpm. As mentioned before, seal 12 would operate at 3600 rpm
for only about ten minutes before the quantity of accumulated air
became great enough to force liquid from the annulus. Seal 12-C
was operated for one hour at 3600 rpm with the temperature reaching
150° F. No fluid was blown out, and about 2 1/2 in.3 of air was
accumulated under the rotor. Furthermore, a major part of this air
was accumulated in the first 15 minutes of operation. A major in-
crease in temperature also took place in the first 15 minutes of
operation after which the increase began to taper off. Figure 14
shows how both accumulated air and temperature increased with time.
The seal tended to approach some equilibrium operating condition
at which air was still ingested and appeared along the full length
of the rotor, but it was not pumped under the rotor. There was a
small loss of liquid from the annulus and a slight drop in inter-
face level likely due to the liquid being sloshed out the top of the
housing-rotor assembly and due to some evaporation of liquid at the

high temperatures.
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The effect of temperature on ingestion was significant as several
tests at lower temperatures produced a decrease in accumulated air.
Tests were made at identical speeds for the same periods of time but
with a ten degree decrease in initial temperature (700 F to 60° F).
A 907 decrease in air accumulated below the rotor was noted at 1600
rpm, with an 85% decrease at 2000 rpm, 807% at 2600 rpm, and 50% at
3400 rpm. Also, at all speeds used in testing seal 12-C, no air
passed the lower row of passages in the first one to two minutes of
operation when the temperature had risen only a few degrees at most.

Figures 15 to 18 show the increase in ingestion with increasing
time and temperature at 3600 rpm. Figure 15 was taken within one
minute after the speed was reached at 71° F with fairly severe inges-
tion above the lower holes but none below. Figures 16, 17, and 18
were taken at 5, 10, and 15 minutes at temperatures of 95° F, 1% F,
and 125° F respectively. There is not a very big difference in the
degree of gas ingestion among Figures 16, 17, and 18, and there is
little change in even longer periods of time. However, all show a
significant increase over Figure 15 in the amount of air below the
lower holes. Figure 19 shows the gas ingestion in seal 12 before
modification at 3600 rpm after one to two minutes of operation.
Figure 15 shows quite an improvement in ingestion at almost identical
conditions.

The temperature may have affected ingestion by controlling the
viscosity of the fluid. Lower temperatures yield higher viscosities,
and the ingestion was less severe when the high viscosity silicone
fluids were used in all of the seals tested. 1In testing seal 12-C
with the two centistoke silicone, the ingested air did not begin to
pass the lower passages at 3600 rpm until a temperature of 123° F
was reached after running for about eight minutes. After a total run
time of ten minutes and a temperature of 130° F was reached, only a
small bubble of air had accumulated below the rotor., In running
12-C with the ten centistoke silicone, a few tiny bubbles began
passing the lower passages at 132° F after ten minutes at 3600 rpm.
No air reached the bottom of the rotor.

A temperature increase also decreases the surface tension of the

fluid which could have contributed to the increased ingestion rates




Figure 15. Seal 12-C within
one minute of the begin-
ning of operation at 3600
pm, T = 71° F, operating
with water.

Figure 16. Seal 12-C at 3600
rpm, t = 5 min., T = 95° F,

operating with water.

Figure 17. Seal 12-C at 3600
rpm, t = 10 min., T = 112°
F, operating with water.

4y




Figure 18. Seal 12-C at 3600 rpm, Figure 19, Seal 12 within one to two
t=15mn., T= 125° ¥, oper- minutes of the beginning of ope-
ating with water, ration at 3600 rpm, T = 75° F,

operating with water.
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at high temperatures. Fisher's stability analysis (9) predicted
increased ingestion at lower values of surface tension. His anal-
ysis also predicted increased ingestion at higher viscosities which
was not.the case with the silicone fluids in all seals tested for
this. study. The silicones also had a much lower surface tension
than water which should have produced higher ingestion rates accord-
ing to Fisher's analysis and also according to the results of the
water tests. This result shows a contradiction in effects of sur-
face tension on ingestion. Therefore, it appears that the effect
of temperature on viscosity and the effect of viscosity on inges-
tion are more significant than that of surface tension.

The effect of temperature on the solubility of air in water and
the relation between solubility and gas ingestion was also considered.
It is possible that some ingestion results from air coming out of
solution with water since the air is less soluble at higher temper-
atures. However, air is more soluble with increasing pressure. A
mathematical estimation of the amount of air which could result
from insolubility at the pressures and temperatures which were
encountered in the viscoseal tests revealed that it was negligible.

It is estimated that the rate of gas accumulation in the sealed
cavity was reduced by an order of magnitude in seal 12-A and was
further reduced by about 30% to 407% in seal 12-C. While the exact
explanation was not determined for the failure of 12-C to completely
eliminate ingestion in the lower half of the seal, it is likely due
to the fact that the magnitude of the flow through the passages was
not large enough to sweep all of the oncoming air. Since the temper-
ature rise and the presence of ingestion in the upper half of the
annulus both reduce the pressure generated by this portion of the
seal, it is probable that the reduction in pressure significantly
reduced the magnitude of flow into the cavity. Figure 14, page 35,
shows the reduction in Ap with time measured in seal 12-C at 3600
rpm. This explanation is somewhat illustrated by the fact that all
of the ingested air was taken in by the lower passages in the first
one to two minutes of operation of the seal before the temperature

rose significantly and the ingestion became severe in the top half




40

of the annulus Also, the holes-captured air bubbles more effec-
tively in the silicone fluids which generated a higher Ap/AL than
water for a given speed and also caused less severe ingestion 1n the
top- half of the annulus

Figures 20 and 21 show the sealing performance of seals 12-A
and 12-C as compared to the unmodified seal The figures show that
the circulating flow loop had a negligible effect on the sealing
performance. As mentioned previously, this data was taken with

little air ingestion present or little temperature increase

3 Backflow Test Results

Backflow tests on seals 11, 12, and 13 showed that a flow in
the direction opposite to that of the pumping action of the seal
does sweep out air ingestion Tests also showed that merely having
a small net flow 1m this directron did not sweep out all of the
existing ingestion and prevent ingestion from proceeding back down
to the high pressure end of the seal TInstead, the flow had to be
of a certain magnitude that was dependent upon the seal geometry,
the rotor speed, and the temperature of the backflow fluid and the
fluid 1n the annulus,

In seal 11, the maximum flow of 1l ml/sec would sweep out
roughly half of the existing ingestion in the annulus at all speeds
tested However, only at speeds up to about 1500 rpm would this
flow prevent ingestion from slowly proceeding back down to the
bottom of the rotor As the valve was opened and the flow intro-
duced into the sealed cavity, a surge of fluid into the annulus
occurred, possibly due to pressure build-up in the flexible lines
carrying the flow to the valve At speeds above 150G rpm, thais
surge of fluid temporarily swept the ingestion upward, and, after
a steady backflow was reached, the ingestion was transported back
toward the bottom of the rotor The temperature of the flow was
1mportant as was shown i1n a test at 2500 rpm with a flow of 6 ml/sec
provided by the building's water system After rumning for 15 min-
utes and reaching 82° F with ingestion reaching down to the bottom
of the rotor, the temperature began to decrease due to cooler back-

flow water flowing into the annulus The temperature dropped several
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degrees, and there was a significant decrease in the amount of air
ingestion in the annulus

The magnitude of flow necessary to prevent transport of ingested
gas to the bottom of the rotor increased with increasing rotor speed
and temperature which means it increased with increasing rates of
gas ingestion This flow magnitude also increased for seal 12 and
further increased for seal 13 as the ingestion rates also 1ncreased
for these two seals The initial flow also did not sweep out as
much existing ingestion when 1nitially turned on as in seal 11
Only about 1/3 of the ingestion was swept out in seal 13 and
between 1/2 and 1/3 for seal 12 The 1l ml/sec flow would com-
pletely prevent the transport of ingestion in seal 12 at speeds up
to 1200 rpm and at speeds up to 700 rpm 1n seal 13 in the temper-
ature range of 70° F to 80° F

The backflow affected the sealing performance by 1ncreasing
the pressure gradient as read by the manometer In seal 11, the
11 ml/sec flow 1ncreased the pressure gradient about 0 1 psi/in
at all speeds The increase was O 13 psi/in for seal 12, and
0 15 psi/in for seal 13 At low speeds and subsequent low pres-
sures, this increase reduced the sealing coefficient as much as

50% while the effect at high speeds and high pressures was negligible

4 Conclusions

The major conclusions reached from this study are as follows

1 The characteristic length had negligible effeet on sealing
performance The use of the modified Reynolds number based
on characteristic length to predict the transition Reynolds
number was not a precise way of predicting transition

2 The aspect ratio affected sealing performance in the tran~
sition region where a higher aspect ratio gave a lower
transition Reynolds number

3 The centrifugal separator as existed i1n seal 12-A reduced
the rate of gas accumulation in the sealed cavity by an
order of magnitude A further reduction was accomplished
by providing larger and deeper catch holes at the entrance

to the lower row of radial passages
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4 In long term operation, the centrifugal separator approached
equrlibrium operating conditions at which very little adda-
tional air was accumulated in the sealed cavity The centrif-
ugal separator therefore shows promise as an effective way to
control gas ingestion in viscoseal operation without signif-
tcantly affecting the sealing performance

5 A backflow of fluid of suitable magnitude from the high pres-
sure to the low pressure end of the viscoseal effectively
swept out i1ngested gas and prevented transport of gas to the

high pressure end of the seal
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