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OBSERVATIUN OF PRESSURE VARIATION IN THE CAVITATION REGION

OF SUBMERGED JOURNAL BEARINGS

by I. Etsion and L. P. Ludwig

National Aeronautics and Space Administration

Lewis Research Center
Cleveland, Ohio 44135

Visual observations and presL,jre measurements in the cavitation zone of

a submerged journal bearing are describeo. Tests were performed at various

Ln
	 shaft speeds and ambient pressure levels. Some photographs of the cavita-
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tion region are presented showing strong reverse flow at the downstream end

of the region. Pressure profiles are presented showing significant pressure

variations inside the cavitation zone, contrary to common assumptions of

constant cavitation pressure.

NUMENCLATURE

D	 bearing diameter

L	 bearing length

N	 shaft speed, rpm

p	 pressure

P s
	ambient supply pressure on both sides of bearing

T	 inlet oil temperature

Z	 axial position measured from mia-section of bearing

e	 angular position measured from maximum clearance in direction of

shaft rotation

a 
	 angular position of minimum film pressure

0end	
angular position of cavitation end

0st	 angular position of cavitation start



INTRODUCTION

Cavitation has been recognized long ago as an important phenomenon in

hydrodynamic lubrication. A great deal of work on cavitation in bearings

h,..s been published in the literature. However, most of the effort has been

devoted to mathematical modeling of the conditions at the start of cavita-

tion in converging-diverging lubricating films. A good review of the

various existing models and hypotheses on cavitation is presented in

Ref. [1]. Although in some aspects these various models differ from each

other they all share a common assumption of a uniform pressure in the cavi-

tation region. There is at the present an uncertainty regarding the exact

value of the cavitation pressure. However, it is generally accepted that

once the cavitation occurs this pressure remains constant all over the cavi-

tation region and on its boundaries.

When a cavity of either the vapor or gaseous type, as defined in L1J,

is completely enclosed by the liquid lubricant, a mathematical modeling of

the conditions at the downstream end of the cavitation region is also neces-

sary. Enclosed cavitations are typical in submergeo bearings, squeeze-film

dampers, and seals. Representative theoretical analyses on cavitation in

these machine elements can be found in Refs. L2], L3], and more recently, in

[4], [5], and [6]. Again, all these analyses are based on the assumption of

a constant pressure inside and on the boundaries of the cavitation region.

A shortcoming of the constant pressure assumption is pointed out in a

discussion of Ref. L4] and in Ref. L5]. by using the short bearing solution

of the Reynolds equation it can be shown that a constant cavity pressure

results in pressure discontinuity at the downstream tip of the cavitation

region. This is due to the fact that immediately at this tip the pressure

resumes its full film value as if cavitation did not exist. In Ref. L5] it
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is argued that this deficiency can be overcome by a singular perturbation

analysis. However, even when the complete Reynolds equation is solved the

circumferential pressure gradient at the downstream boundary of the cavita-

tion is still very large as can be seen in Fig. 7 of Ref. L4j. Such a sharp

increase in pressure over a very short distance seems unreasonable, making

the constant pressure assumption somewhat questionable.

Co-Jaering the importance of cavitation in hydrodynamic lubrication,

it is surprising that so little is knuwn abuut the actual pressure in the

cavitation region. Most of the experimental work on cavitation is limited

to observing of the cavity extent through transparent walls of bearings and

seals, e.g., C2j and L4j. The few pressure measurements are limited in

scope, aiming toward the sub-cavity pressure loop immediately upstream of

the cavitation region. Some of these experimental observations are also

reviewed in Ref. Llj.

The lack of more informatioo on the cavitation pressure, and particu-

larly of its behavior at the downstream end of enclosed cavitated regions

inspired the present work. Its objectives were (1) to more closely observe

the reformation region of enclosed cavitation, and (2) to extensively map

the pressure inside the cavitation region.

APPRATUS AND PRUCEUURE

Figure 1, which is a schematic of the test apparatus, depicts the jour-

nal bearing configuration that was used to study cavitation. Figures 2 and

3 are photographs of the test apparatus. A rotor 5.08 cm diameter and 3.81

cm long (L/D = 0.75) was mounted on a commercial grinding spindle which pro-

vided rotor O.D. runouts of less than U.UU127 cm. A variable speed drive

allowed a speed test range from 1000 to 5000 rpm.
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An acrylic plastic housing allowed visual observation of the cavita-

tion region. This housing was mounted on a motor driven indexing fixture

which permitted rotation of the housing through 36U°. The indexing fixture,

in turn was mounted on a linear slid which permitted axial translation of

the housing. These two degrees of freedom of housing motion permitted

scanning the entire cavitation region with a single pressure tap which is

depicted in Fig. 1. A differential type pressure transducer was employed in

order to detect any subatmospheric pressures which may be associated with

cavitation. In general, the scanning procedure included rig operation at a

constant speed and supply pressure until thermal equilibrium was established

as indicated by "oil in" and "oil out" temperatures. After thermal

equilibrium was obtained the indexing fixture was used to select the first

scan position, this generally was in the full fluid film region upstream or

downstream of the cavitation region. The housing was then moved axially,

and the pressure recorded on a x-y plotter which provided a trace of

pressure amplitude as a function of axial position. The next trace was

taken by rotating the housing 5' and then moving in an axial direction.

This was repeated in 5' increments until the entire cavitation region was

scanned. The maximum clearance was defined to be at the angular position

where the scan outside the cavitation region boundaries showed a constant

axial pressure equal to the ambient pressure. This method could produce an

inaccuracy of f5° in the apparant location of the maximum clearance.

Angular position was measured from the line of maximum clearance as defined

above, and axial position was measured from the mid-plane of the bearing as

shown in Fig. 4.

Eccentricity between the rotor and housing was established by use of

shims to adjust the housing centerline with respect to the rotor centerline;

4



an eccentricity of U.4 was used for all the data reported herein. Since the

average radial clearance was O.U114 cm, the minimum clearance due to the U.4

eccentricity was O.UO684 cm.

Both ends of the bearing were Flooded with oil; this was accomplished

by use of 'oil in" and "oil out" ports on both ends of the bearing. The

"oil in" temperature was controlled by a heat exchanger and generally was

between 30° to 38° C. Oil pressure at both ends of the bearings was the

same and was varied between 13 and 55 KPa in order to determine the effect

of supply pressure on cavitation. The maximum pressure of 55 KPa was deter-

mined by the capacity of the lip seal in the test apparatus.

Still and motion pictures were taken of the cavitation region by doping

the oil with a fluorescent dye and using on ultraviolet light source. A

paraffinic oil was used as the test fluid; it had the properties shown in

Table 1.

RESULTS ANU UISCUSSIUN

Tests were conducted at two different shaft speeds of 184U and

3000 rpm. At each speed four levels of the supply pressure, p s , were

examined ranging from 13.6 KPa (2 prig) to 54.4 KPa (8 psig) at intervals of

13.6 KPa (2 psi). Visualization of the extent of the cavitation and also of

flow details inside the cavitation rr:;ion was accomplished by adding fluo-

rescent dye to the lubricant and using an ultraviolet light source. The

cavitation region was scanned with the pressure transducer to determine the

location and the value of the sub-cavity pressure loop immediately upstream

of the point where cavitation started. These correspond to the location,

eo , and value, 
Amin, 

of the minimum pressure, respectively, in the full

fluid film. The extent of the cavitation region was also determined from

the pressure measurements. The results are summarized in Table 2, and dis-

cussed in more detail in the following sections.
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Flow Visualization

An interesting phenomenon that was typical for all the cases examined

is a reverse flow which can be seen at the downstream end of the cavita-

tion. This reverse flow is observed as oil streams on the inner diameter of

the transparent bearing flowing slowly backward between the typical oil

streamers of the cavitation region. As the front of the backward moving oil

reached a certain point upstream of the end of the cavitation region it

stopped and the oil was then carried rapidly forward by the moving shaft.

The cycle of this backward and forward motion is constantly repeated at a

low frequency. Uccasional lateral fluctuations of the oil streamers were

also observed. This lateral motion originated at the upstream boundary of

the cavitation and is probably relateu to cavity instability L1].

Still pictures of the cavitation region at a shaft speed of 1840 rpm

are shown in Figs. 5(a) to (d) for the four levels of supply pressure. The

direction of shaft rotation is from bottom to top. The horizontal reference

line across each picture marked e = U inuicates the angular location of the

maximum clearance. Below the reference line the bearing's clearance is

diverging while above this line the clearance is converging in the direction

of shaft rotation. Figure 5(a), corresponding to p  = 13.6 KPa (2 psig),

shows a deep penetration of the cavitation region into the converging por-

tion of the bearing clearance. The downstream end of the cavitation is well

rounded and the reverse flow, clearly seen as the gray area, covers a rela--

tively large portion of the downstream boundary of the cavity. As the suo-

ply pressure is increased the downstream end of the cavitation reatreats

toward the maximum clearance line. The size of the reverse flow reyiun is

reduced and the downstream end of the cavity becomes more pointed. At
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Ps - 27.2 KPa the cavitation still penetrates into the converging portion

of the bearing's clearance (Fig. 5(b)). A further increase in the supply

pressure, to ps > 40.8 KPa, causes the termination of the cavitation at

Y	
or upstream of the maximum clearance line (Figs. 5(c) and (d)).

There is some disagreement in the literature of cavitation as to

whether the oil is carried over the cavitation region entirely by the oil

streamer or partially by the streamers and partially between the cavity and

the moving shaft. The somewhat gray background between the streamers in all

four cases shown in Figs. 5(a) to (d) suggests that the oil is not carried

over entirely by the streamers, but also between the cavity ano the moving

shaft.

Pressure Measurement

Pressure traces of the cavitation regions corresponding to the four

cases shown in Figs. 5(a) to (d) are presented in Figs. 6(a) to (d). The

axial pressure distribution at various circumferential positions is pre-

sented in a dimensionless form as the measured pressure, p, normalized by

the supply pressure, p s . In each case the pressure oistributior± is shown

at the point of minimum pressure (e . e o), at the start of the cavitation

region (e - e st ), and at the end of the cavitation region (e - fiend).

Also at least one trace is shown in the full fluid film outside the down-

stream end of the cavitation. The slight asymmetry of the pressure profiles

about the center-line of the bearing, Z/L - 0, is probably due to the lack

of perfect alignment of the bearing and shaft. Such misalignm •enL	 re-

sult from the hydrodynamic load acting on the cantilevered housing.

As can be seen from Table 2 and Figs. 6(a) to (d) the minimum film

pressure at 1840 rpm is -13.6 KPa (-2 psig) regardless of the supply pres-

sure p s . The location 9  of the minimum pressure is affected by

7



Ps , ranging from ao = 190* at p s = 13.b KPa to ao = 2U5 * at

ps = 54.4 KPa. At the start of the cavitation, o = a, t , there is a

sharp drop in the pressure at both ends of the bearing (I/L = *0.5) from the

supply pressure (p/ps = 1) to a value slightly aoove the atmospheric pres-

sure (pip
s = 0). Cavitation starts about 5 to 1U degrees downstream of

the minimum pressure location. The pressure in the cavitation region

remains fairly constant over a large portion of the circumferential extent

of the cavity. However, in the last 45 - of circumferential extent of the

cavitation, the pressure gradually rises until it smoothly joins the full

film pressure outside the downstream end of the cavitation.

From Figs. 6(a) to (d) it is clear that the pressure in the cavitation

region is not constant. As a matter of fact relatively high pressures exist

in the cavitation region where the cavitation penetrates deeply into the

converging portion of the bearing clearance, as shown in Figs. 6(a) and

(b). In these cases the pressure inside the cavitation region reaches val-

ues that are even above the supply pressure that is pip s > 1! In Figs.

6(c) and (d), where the cavitation penetrates only slightly into the con-

verging clearance or is confined entirely to the diverging clearance, the

cavitation pressure is below the supply pressure, pip s < 1, throughout the

cavitation region. Even in these cases, however, the variation in the

cavity pressure is significant.

The pressure fluctuations shown in Fig. 6(a) near the downstream end of

the cavitation are the result of unsteadiness in the pattern of the oil

streamers. The lateral motion of the oil streamers is more pronounced in

the case of low supply pressure, p s . As was mentioned above this in-

stability originates at the start of the cavitation but its effect on the

pressure is felt mostly toward the end of the cavitation where the pressure

level is much higher.
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The pressure traces at shaft speed of 3000 rpm are presented in

Figs. '(a) to (d) for the four levels of supply pressure as before. The

most noticeable difference between the 3000 and 1840 rpm cases is the lower

value of the minimum pressure at the higher speed case. By increasing the

shaft speed from 1840 to 30U0 rpm the minimum pressure dropped from

—13.6 KPa (-2 psig) to —27.2 KPa (-4 psig) and, in one case when

Ps = 13.6 KPa, to —34 KPa (-5 psig). The angular location of the minimum

pressure, oo, is about 3 0 to 7 * further downstream compared to the

1840 rpm case. The cavitation extent is also somewhat larger because of the

greater hydrodynamic effect at the higher speed, and the end of the cavita-

tion region at 3Uu0 rpm is located a few degrees downstream of the corre-

sponding end at 1840 rpm. The pressure inside the cavity behaves similar to

the lower speed case. It remains fairly constant over a large portion of

the cavity but in the last 45 * to 5U * of the circumferential extent the

pressure starts to rise gradually to the value of the full film pressure

outside the downstream end of the cavitation.

Cavitation Region Content

In order to check the gas content of the cavity, the pressure trans-

ducer was taken off. A sample tube originally under a hard vacuum was

attached to the pressure tap hole, and the cavity content was sucked into

the sample tube. The content of the sample tube was then analyzed by means

of a mass spectometer and was found to contain air. No oil vapors were

found to be present in the cavitation region. This quick check, which by no

means is meant to be conclusive, may suggest that the mechanism of the cavi-

tation was a release of dissolved air as the oil pressure fell below the

saturation pressure.
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f.

CUNCLUUING REMARKS

Visual observations and pressure measurements in the cavitation zone of

a submerged journal bearing were performed. Tests were ran at speeds of
t

1840 and 3000 rpm. At each speed four difterent levels of the ambient sup-

ply pressure were applied ranging from 13.6 KPa (2 psig) to 54.4 KPa

(8 psig). Addition of a fluorescent dye to the oil and use of an ultra

violet light source enabled close examination of flow details inside the

cavitation region. A strong reverse flow was detected inside the cavitation

area adjacent to its downstream end.

Pressure field mapping of the cavitation region was accomplished by a

scanning pressure transducer. Significant pressure variations were found

inside the cavitation region at the downstream portion of its circumferen-

tial extent. These pressure variations were present in all the cases testeu

regardless of speed and ambient supply pressure. In cases where the cavita-

tion penetrates into the converging clearance portion of the bearing, pres-

sures inside the cavitation region exceeded the ambient pressure.

Theoretical cavitation models in present use are based on the assump-

tion of a constant cavitation pressure. From the experimental results pre-

sented in this paper it seems that this assumption is incorrect in the case

of enclosed cavitations.

It is postulated that oil which is saturated with air under atmospheric

pressure becomes over-saturated in the sub-cavity pressure loop. This acts

as a source of air which is subsequently pressurized by the viscous urag

induced by rotor motion, and this increase in pressure forces the air back

into solution at the other end of the cavity. This continuing process of

air coming out and going back into solution is a possible mechanism that
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controls the pressure variation in the cavity. Further experimental and

theoretical work is needed to more fully explore the effect of air

solubility.

As discussed in the text the misalignment associated with the ravita-

tion mounting of the housinj could induce asymmetric pressure profiles.

Also the method of locating the point of maximum clearance is subject to a

possible error of *5 - . However, these two experimental deficiences do not

affect the basic conclusion that the pressur-. inside the cavitation region

is not constant.
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TABLE 1. - LUBRICANT PROPERTIES

Temperature, -29	 -18	 38	 99	 149	 2U4

T,	 °C

Viscosity, 2.1	 0.84	 O.U26	 O.UO47	 ----	 O.UU17
N sec/m2

Vapor pres- ---	 ----	 0.1	 ------	 5.3	 9.2
sure, mmHg
(absolute)

Specific gravity = 0.8285

TABLE 2. - RESULTS OF MINIMUM FILM PkESSURE AND CAVITATION EXTENT

Shaft Supply Minimum Minimum Cavitation Cavitation

speed, pressure, pressure film start, end,
N, Ps location, pressure, est, send,
rpm KPa e0, Pmin, deg deg

deg KPag

1840 13.6 190 -13.6 2UO 75

27.2 197 210 40

40.8 200 21U 15
54.4 205 210 355

3000 13.6 193 -34.0 2UO 75

27.2 200 -27.2 21U 45

40.8 207 -27.2 215 20
54.4 210 -27.2 22U 5
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Figure 2. - Test apparatus.



Figure 3. - Test bearing.



Figure 4. - Schematic of bearing showing reference planes for the angular and

axial positions of pressure measurements.
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(a) N - 1840 rpm; Ps = 13. o KPa.

Figure 5. - Cavitation zone.



(b) N - 1840 rpm; p s ° 27.2 KPa.

Figure 5. - Continued.
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(c) N - 1840 rpm; p s - 40.8 KPa.

Figure 5. - Continued.



(d) N - 1840 rpm; p s - 54.4 KPa.

Figure 5. - Concluded.

_-,



e

80

75, END

70

60

45

0

3011

200. START

190

^N
a

a

a

WJz
!n
Z

C

5

4
a'^
a

3

E 2

<n

z
0 1

z

0
0

N • 1840 rpm

Pt = 27.2 K Pa
0

55

40, END

37. 5

30

25

18

350

210, START

197

N - 1840 rpm

Ps 13.6 K Pa
9	 r aS0 r

-0.5	 -0.4	 -0.3	 -0.2	 -0.1	 0	 0.1	 0.2	 0.3	 0.4	 0.5
DIMENSIONLESS AXIAL POSITION. 71L

(ai N • 1840 rpm; Ps 13.6 KPa.

-1 1 	 1	 1	 1	 1	 1	 ,	 1	 1
-0.5	 -04	 -0.3	 -02	 -0.1	 0	 01	 0.2	 0.3	 04	 0.5

DIMENSIONLESS AXIAL POSITION, ZtL

IbI N - 1840 rpm; Ps 2 7. 2 KPa.

Figure 6 - Cavitation cone pressure map.



2.5

s 2.0
W1'
N 1.5

IL

Q 0.5
N
2

0
D

-0.5

e

45

30

15, END

10

5

0

320

Z10. START

200

5

N • 1840 rpm

PS • 40.8 K Pa

T-310C

DIMENSIONLESS AXIAL POSITION, ZIL

(c) N - 1840 rpm; PS • 40.8 KPa.

2.0

a
a 1 5

cr
N

1 0
crCL
N
N
z05
2

z
0

0

5`
-0.5 -0.3	 -0.2	 41	 0	 0 ;	 0.2

DIMENSIONLESS AXIAL POSITION, ZIL

1840 rpm; PS • 54 4

' i q u: a 6. - Conc I uded.



-3

S
Q -1

-2

z 0
W

^N

a 5

4

Ix 3

a- 1
tc

z
z 1
c_
N

6

8

7

N - 3000 rpm

Ps -13.6KPa
,..n -

0

75, END

-70

65

-60

-45

-315

-?00. START

-193

4

a 3

a

N 2
N

l/. 1
N

Zc
V,
z_ 0
G_
O

N 3000 rpm

Ps•27.2KPa
.	 n e

- 55

-45, END

-40

- 30

-20

-330

- 110, START

zoo

5

^k kU(,1
^ r 6?U 

1 r; f; Is

AL1'1 -Y-

DIMENSIONLESS AXIAL POSITION, 71L

(ai N • 3000 rpm; Ps • 13.6 KPa

DIMENSIONLESS AXIAL POSITION, 71

tbi N • 3000 rpm . Ps - 27 2 KPa

Figure 7. - Cavitation tone pressure map.



20

m 1. 5
G

1.0

G
n05
Jz0N
z U

0

-0.5

R

30

-15

5, END

0

355

345

- 315

.'0, START

--210

N 3000 rpm

Ps-54.4KPa

N • 3000 rpm

3.0 I's -40.8KPa 0

1	 330 C 45
1.5

. '	 30

3 2 .0 20, END

oc `,'^ r15
1	 5

Q'
^^^	 —10\

CL	 1.0 --o

0. 5

\

<	
--335

W 0 — 715, START

o — ?07

-0.5

•1. o
0 5	 -0.4	 -0.3	 -0.2	 -0.1	 0	 0. 1	 0.2 0. 3	 0 4	 0.5

DIMENSIONLESS AXIAL POSITION, ZIL

iu N • 3000 rpm, PS	 40.8 KPa.

-05	 04	 -0.3	 -0?	 -01	 0	 01	 02	 0.3	 04	 05
DIMENSIONII SS AXIAL POSITION, Z E

idi N 30110 rpm. Ps - 54 4 KPa

I igure 1. - Concluded



Heprvt Nr	 --	 _	 2 Go,ernment Accewo^ No	 3 Re penes Cataing No —

NASA TNI-81582

a Tale and S.rbt.u.	 5 Report Date
OBSERVATION OF PRESSURE VAIUATION IN THE CAVITA-

TION REGION OF SU13NIERGED JOURNAL BEARINGS	 6 PrOormmg vrpan.ta1'on Code—^

I. Etsion and L. P. Ludwig

9 Prrr ro"ng Orga' tat,on Na-e rd Addrru
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

12 Sponso r, nq Agenc* Name and Addreat

National Aeronautics and Space Administration

Washingnon, D.C. 20546

8 Pertor ng U r gamtat,on Ref"t No

E-555

10 Work Unit No

11 Contract or Grant No

13 Typr of Report and Period Cowed

Technical Memorandum

14 Spwnw-ng Agrnc, Code	 - --

15	 Notes	 -

Prepared for the lubrication Conference sponsored by the American Society of Mechanical
Engineers, New Orleans. Louisiana. October 11-14, 1981.

16 Abinact

Visual observations and pressure measurements in the cavitation zone of a submerged journal
bearing are described. Tests were performed at various shaft speeds and ambient pressure
levels. Sonic photographs of the cavitation region are presented showing strong reverse flow
at the downstream end of the region. Pressure profiles are presented showing significant pres-
sure variations inside the cavitation zone, contrary to common assumptions of constant cavita-
tion pressure.

17 e.e, AU'ds IS.gyntrd br A„tnor till

Journal bearings
Cavitation in bearings

T

0H11ib.1-0n Stale-W11 - ----

Unclassified - unlimited
STAR Category 37

ty	 Set, , Ir f law t t01 INS report 20	 Sel.nty C1810 lot .", page' 21

--

Nu or Pâge T2̂ 2
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