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ABSTRACT

cylindrical coordinates
temperature
velocity
shear velocity
nondim. velocity
volume flow
distance from the wall
nondim. distance

For the design of secondary air and lubrication oil
systems a sufficient knowledge on two-phase flow and
heat transfer phenomena under bearing chamber flow
conditions is required. The characterization of oil film
flows at the bearing chamber walls is one of the major
tasks for a better understanding of these processes and,
therefore, a necessity for improvements of the efficiency
of aero engines. The present paper gives a contribution
to this subject.
Utilizing a fibre-optic LDV-setup, measurements of
oil film velocity profiles have been performed in our high
speed bearing chamber rig simulating real engine conditions. All data have been compared with different theoretical approaches which have been derived from a force
balance at a liquid film element, including geometrical
conditions and temperature dependent fluid properties,
and by approaches for the eddy viscosity available in
the literature.

inclination angle
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kinematic viscosity
eddy viscosity
density
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shear stress
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Subscripts

NOMENCLATURE
Symbols

rn2 /s

film/liquid
air
laminar
turbulent
wall
chamber I, II

INTRODUCTION

Performance characteristics and capabilities of modern jet engines are highly influenced by an efficient design of the secondary air system. Therefore, air has
to be taken as early as possible from the compressor
and has to be expelled back into the main stream at
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TWO-PHASE AIR/OIL FLOW IN AERO ENGINE BEARING CHAMBERS —
CHARACTERIZATION OF OIL FILM FLOWS

ROTAONG WALL

the highest possible pressure. To meet this requirement, sufficient knowledge on discharge characteristics
and heat transfer phenomena of all secondary air system
components, i.e. rotating orifices, labyrinth seals and
annular gaps, are necessities within the design process.
As a result, these subjects are currently investigated in
comprehensive studies and worldwide research activities
(Wittig and Schulz, 1992). As far as single phase air
flows are concerned, satisfying results have been elaborated for many of these components. Examples are
given by the work of Waschka et al. (1990)-(1992), Wittig et al. (1994a), and Jakoby et al. (1994) who have
investigated influences of high rotational speeds on the
performance of various labyrinth seal geometries and
orifices, respectively. Contrary to this, little knowledge
is available on the flow phenomena at the interface between the secondary air and the lubrication oil system,
namely the bearing chamber.
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FIG. 1: TASKS IN BEARING CHAMBER FLOW ANALYSIS

with the consequence of higher energy requirements for
accessory drives and additional weight. Besides that,
improvements in aero engine efficiency have reduced the
fuel consumption considerably, thus reducing the cooling capacity for the oil heat exchangers. Therefore, to
design lubrication oil flows a sufficient knowledge of all
heat transfer phenomena involved in bearing chamber
flow conditions is required. Additional heat sources are
the bearing friction and the heat transfer from the bearing chamber walls to the oil which is bounded to a substantial part in a rotating film at the inner side of the
housing.

Based on the fact that rolling element bearings cannot be substituted in aero engines within the near future, special effort has to be directed to the problem
of heat generation due to bearing friction and, therefore, these bearings have to be lubricated by oil. As a
consequence, chambers have to be built separating the
lubricant from the hot zones of the engine in order to
prevent oil fires. Bearing chamber seals (e.g. labyrinth
or brush seals) have to be pressurized by air which is
supplied by the secondary air system described above.
Entering the chambers, the air mixes with the lubrication oil generating extremely complex two phase flow
conditions. Finally, the air is discharged through vent
lines carrying a certain amount of oil with it.

The characterization of oil film flows and the associated heat transfer processes is one of the major tasks
for a better understanding of bearing chamber flow and,
therefore, a necessity for improvements of the efficiency
of secondary air systems.
The present paper gives a contribution to this subject. Based on a literature survey on film flows and an
experimental determination of oil film velocity profiles
an analytical approach is given for the characterization
of shear-driven oil film flows under gravity.

Due to contradictory tasks in designing the flow elements upstream and downstream of the bearing chambers, a proper matching of the appropriate sealing air
flows is a highly iterative process. On one hand, the
amount of sealing air flow has to be kept as small as possible, because it represents an engine power loss. On the
other hand, small air flows discharged by vent pipes result in small pressure differences across the seals which
can cause oil leakage and in consequence oil fire (Suter
and Boyman, 1978). The amount of lubrication oil supplied to the bearing affects the pressure loss downstream
of the bearing chamber and, therefore, it is an indirect design parameter for the sealing air flow. The oil
flow necessary for a reliable engine operation is also influenced by the problem of heat generation to the oil
which becomes greater with increasing amounts of hot
air flow into the chamber. Other problems are given due
to the fact that the oil scavenged back from the bearing chamber into the reservoir has to be cooled. High
oil flows require larger pumps, filters, and cooling units

TWO PHASE AIR/OIL FLOW IN BEARING
CHAMBERS
Phenomenological description — modelling of film

flows

Two-phase air/oil flow patterns inside aero engine
bearing chambers can be expressed simplistically as
shown in Fig. 1. The complex geometry of a real engine application has been abstracted by an annular gap
between two concentric cylinders, the inner one rotating. It has been shown in comprehensive preliminary
flow visualization studies that the flow field within the
annular gap is characterized by a rotating oil film interspersed with small air bubbles, and by oil droplets
dispersed in the turbulent air flow over the wall film.
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Wave Maws

Obviously, the interaction between air flow and wall
film affects both the velocity profile of the gas phase as
well as the properties of the oil film. The oil film acts
upon the air like a rough wall, thus increasing the shear
stress at the wall and the interface, respectively. The
latter results in an increase of the surface velocity and
can cause supercritical film flow conditions characterized by the onset of droplet removal from the film. As
shown for instance by Himmelsbach (1992) and Wittig
et al. (1992), the incorporation of a detailed analysis
of all interaction processes at the gas/film interface including unsteady wave characteristics and supercritical
conditions into practical applications is not possible yet.
However, due to the importance of film flows for many
technical applications, a considerable amount of work
on the relevant topics exists. Based on these investigations models have been developed which predict the
main features of the specific film flows fairly well. On
the assumption that characteristic time-averaged parameters can be used for the description of both the
film flow and the interaction processes, the wavy film is
treated as a film of constant height exposed to an averaged shear force resulting from the air flow at its surface.
Applications of such an approach require the knowledge of the time-averaged local film thickness and the
averaged film velocity profile or the mass flow rate, respectively. Furthermore, a relationship for the coupling
between film and gas phase is necessary and, therefore,
the research activities have been focussed to these top-.
ics.

niques. However, it is questionable whether their results
showing laminar flow conditions can be transferred to
bearing chamber flows, because their investigation covers only falling liquid films without shear forces at the
interface or droplet interaction.

However, a generalized statement for the liquid film
flow behaviour can not be found in the literature, because experiments transferable to bearing chamber flow
conditions have not been performed so far. Therefore,
our own investigations on this subject have to be done.
For the measurements described in this paper our compact high speed bearing chamber test rig (Wittig et
al. 1994b) has been adapted to this task. The discussion of oil film velocity profiles measured under real engine conditions at our test facility has to be based on
a theoretical outline on film flows and the question of
whether the measured data can be expressed in terms
of an analytical approach or not. Some of the theoretical approaches available in literature have been used in
this paper as a reference to the measurements. These
theories are presented next.

Literature survey

A survey on efforts on the above-mentioned research
topics has been presented by Wurz (1971), Hewitt
(1978), Sattelmayer and Wittig (1989) and Himmelsbach (1992).
The fundamental problem within the calculation procedure of film flows is the question of whether the flow
regime is laminar or turbulent. The investigations documented in literature do not show a uniform strategy
on this topic. One reason may be given by the fact that
most of the investigators could not measure velocity
profiles directly. Therefore, a comparison of measured
data with the appropriate values calculated from the individual theory has been performed on the basis of data
which can be determined much more easily (e.g. Dukler and Bergelin, 1952, Dukler, 1960, Lee, 1965, Wurz,
1971, and Sattelmayer and Wittig, 1989). Most of the
investigators mentioned above, have taken the time averaged film thickness for this comparison. Other researchers (Ueda and Tanaka, 1975) have generated thick
(hr = 4 — 5 mm) viscous film flows, in order to measure velocity profiles utilizing conventional probe tech-

Theoretical outline on film flow

Neglecting pressure forces and any acceleration of the
fluid, a force balance for a liquid film flowing on an
inclined plane (inclination angle se) results in
r=

pr g sin co' y .

(1)

With the shear velocity
nix =Fv7IF
n

3

(2)
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In recent years the development and improvement of
optoelectronical measuring devices has given a much
better insight into film flow behaviour. Wittig et
al. (1992) have reported on the accPcsment of different approaches for the calculation of shear driven thin
(hr. < 200pm) water films based on measurements utilizing a newly developed optical measuring device for
the simultaneous determination of film thickness and
velocity. In a parameter range typical for the conditions in prefilming airblast atomizers, the best fit between predicted and measured film surface velocities has
been found for the assumption of a laminar film velocity profile. Besides that, they have noticed a turbulent
structure of the film for a decrease in the interface shear
stress and an increase in the liquid flow rate, both leading to a larger film thickness. This statement has been
confirmed by the investigation of Plimon (1991) who
used a modified LDV-setup for the analysis of shear
driven liquid films. For water films of hr. = 500pm
thickness and comparatively low interface shear forces
he has observed a turbulent structure.

this can be rewritten in a dimensionless form
'P/B-5.0 [10" m 2/s]

— =1
rw

-

Gr

yF

(3 )

roc=5.0 [10" rr1 2/s]

vi/v Wurz (1971)

The parameter a is given by
sin s?

(rWIPF)

3/2

laminar

0

a = 0.01
a = 0.02
a = 0.03

and the dimensionless distance from the wall has been
derived utilizing Eq. (2)
YF =

vF+ (—]
FIG. 2: COMPARISON OF FILM VELOCITY PROFILES AT
BEARING CHAMBER FLOW CONDITIONS

The total shear stress in the film results from a superimposition of the molecular and the turbulent shear stress,
respectively. The latter can be expressed following the
Boussinesq-approach. Thus,
,
Tw

(

dut
dyt

+—

namely the correlation given in Eq. (8) for film heights
in the range of 0 < vi < 20, and another correlation in the range yt,f > 20. Based on the fact, that
Deissler (1954) has set yti = 26 as the matching point
between the two approaches and our investigation covers the range of 0 < yiti < 27, for the sake of simplicity
we have solely taken Eq. (8) into account.

(4)

where vt is the eddy viscosity and ut is the film velocity
parallel to the wall based on the shear velocity given by
Eq. (2). Substituting Eq. (3) into Eq. (4) results in
1 - yt. = +,

Up

dut
dy-P

By use of Eq. (5) the following equations can be written for the laminar profile

(5)

+ —Y p2
+ 1 CV p+ 2
ttp

as a universal velocity profile for shear driven liquid
films under gravity. This equation can be solved for a
given relationship for the eddy viscosity. In the present
study three approaches for ut are compared. The first
one represents laminar flow conditions

1
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where Eq. (10) and Eq. (11) have to be integrated numerically. Differences in the resulting film thickness,
velocity, and velocity profile for the approaches given
by Eq. (9) - Eq. (11) are demonstrated by Fig. 2.

(7)

The equation of continuity

Finally, we have followed Dukler (1960) who proposed
an empirical correlation given first by Deissler (1954):
1
1
722 up YF —{1 - exp(-n 2 uF YF — )1 •

2x2y -14

,+

and the empirical correlation following Deissler (1954)

Next we have adapted an approach discussed by Wurz
(1971) for horizontal flow to inclined film flows resulting
in additional gravity forces. Here, the eddy viscosity is
expressed in terms of the turbulent length scale:
1 ,2 dUF
= —

(9)

the approach following Wurz (1971)

(6)

Vt
—

15

10

Ur,F
vf,

17F/b

(12)

vF

(8)

has been used for the calculation of film thickness and
surface velocity at a given film flow rate and temperature, representing typical bearing chamber flow conditions. In addition, the parameter a has been varied,

The Karman constant has been set to = 0.4 and the
empirical constant in Eq. (8) to it = 0.109, respectively.
It should be noted, that the model proposed by Dukler
(1960) utilizes two approaches for the eddy viscosity,

4
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= Mpg
17

ut/v Deissler (1954)

-

given elsewhere (Wittig et al.,1994b). However, for a
better understanding of air and oil flows inside the bearing chamber rig, a short description of the general arrangement is presented next. A co-axial sectional view
of the test rig is shown in Fig. 3.

Sealing Air Chamber I

However, air and oil flows have been arranged in the
same way as in the real engine. An under-race lubrication (8) supplies the roller bearing with preheated oil.
To prevent oil leakage the chambers are sealed using
three-fin labyrinth seals (9a,b). Both labyrinth seals
are pressurized by air which is preheated to the same
temperature level as the lubrication oil. Air/oil mixtures are discharged through the vent lines (11) at the
top of each chamber, while the oil sump at the bottom is
dropped out via radial scavenges utilizing the pressure
difference from the bearing chamber atmosphere to the
environment. Thus, another simplification is given to a
real engine application, where scavenge pumps are used.
This circumstance has been considered by selecting the

Typical Dimenalont
Bearing Diameter: 0, • 124 mm
Chamber Haight hue 28 min

FIG. 3: HIGH SPEED BEARING CHAMBER TEST RIG

showing the significance of gravity forces. It can be easily seen from this example, that the uncertainty in the
calculation of the film thickness is about 60 %, whereas
differences in the film surface velocity are in the range
of 55 %. A more detailed discussion is given together
with the presentation of measured data.
EXPERIMENTAL SETUP
Compact high speed bearing chamber rig

As mentioned above, the test rig developed at our
institute for the investigation of air/oil flow and heat
transfer phenomena in bearing chambers has been
adapted to film velocity profile measurements under real
engine conditions characterized e.g. by high rotational
speeds up to nw = 16000 rpm. Design considerations
and a description of all test facility components are

FIG. 4: LDV-SETUP (SCHEMATIC)
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At each side of squeezefilm-damped roller bearing (1),
separate chambers (1,11) are formed. The axial location of the rotor (2) is realized by use of a conventional
groove-ball bearing (3). The chambers are bounded by
a thick-walled housing (4), the roller bearing support
(5), the rotor, a flange (6) realizing the sealing air supply of chamber I and the support of the housing, and
a transparent cover (7) for chamber II representing the
optical access for the film velocity measurements. It can
be readily concluded from Fig. 3 that the bearing chamber geometries of our test rig have been abstracted from
the very complex arrangements given by a real engine
to a more or less rectangular shape. Thus, two different
aspect ratios of (b/h) / = 1.62 and (b/h), 1 = 0.71 are
realized, both expected to give transferable results.

location of film velocity measurements and, therefore,
the results gained with the setup described above will
not be limited to the present investigation.
Fibre-optic LDV-setup

The determination of all relevant operating parameters and the control of the test facility are done by use
of the computer based data acquisition described by
Wittig et al. (1994b). Film velocity measurements have
been performed using the setup shown schematically in
Fig. 4. The system presented in detail by Jakoby et al.
(1994) has been used in the present investigation for the
determination of oil film velocities parallel to the housing wall. It comprises a 4 W Argon-Jon laser, a standard optic with 40 MHz Bragg-cell, color and beam
separators, and a 2D fibre probe. The availability of
a fibre-probe LDV-system guarantees a high degree of
flexibility which is necessary for applications under real
engine conditions as given in this bearing chamber flow
investigation. The signals are detected in a backscatter
mode by a fibre link and photomultiplier setup in combination with filters and the counter processors. Working
as a data link between the counter processors and the
micro computer (PC 80386), the interface card writes
all data into the computer memory.

According to the outline on film flow theories given
before, transferable results can be derived by referring
the data shown in Fig. 5 to the shear velocity th and
the kinematic viscosity Up, respectively. The wall shear
stress, necessary for a dimensionless treatment of -the oil
film flow behaviour, can be determined from one measured data point up = f (ye) by use of Eq. (5) and a
given approach for the eddy viscosity (Eqs. (9) to (11)).
It has to be pointed out that each model for the eddy
viscosity results in a different wall shear stress. Thus,
different quantities have to be considered for the definition of the dimensionless parameters a, 4, and4.- .
A comparison between measurement and theory for
each of the models given by Eqs. (9) to (11) is presented
in Fig. 6. Each single frame shows one operating condition characterized by air and oil flows and rotational
speed.

Due to the thin oil films in the range of 1 mm < hp <
2 mm measurements have to be performed close to the
wall and, therefore, only one component of the LDV
could be used. Additional seeding of the flow is not
necessary here, because small gas bubbles interspersed
in the oil film as mentioned above can be used as tracer
particles. All velocity profiles and measured data presented in the next section have been determined at an
axial distance from the transparent cover (7, Fig. 3)
large enough to avoid any effects of wall friction. Preliminary studies have shown, that an axial distance of
Az = 2 mm from the cover has been sufficient for this
assumption. The circumferential position of all measurements has been chosen to be co* = 30° upstream of
the scavenge port (Fig. 4). Temperature measurements
necessary for the calculation of oil properties have been
performed 5° downstream from this position by use of
NiCr-Ni thermocouples mounted at a radial distance of
Ar = 1 mm.

Assuming laminar flow conditions, wall shear stresses
have been calculated iteratively from the measured values up = f (y e ) next to the wall (yp = 0.5 min)
and by use of Eq. (9). With the wall shear stress
and the circumferential location of the measurements
(cp* = 30°) the parameter a = f (ri) and the shear
velocity u = f (”) can be evaluated. Therefore, theoretical velocity profiles as a function of a (n) can be
compared with measured data referred to ur (rd.

•
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rrt'. = 10 (g/s]
Orehzahl
It 3000
O
6000
9000
O
O 12000
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EXPERIMENTAL RESULTS AND DISCUSSION

This investigation has been focussed on the question
of whether the oil film flow in bearing chambers can
be characterized by a theoretical approach for the velocity profile, which is the main presupposition for any
further modelling of bearing chamber flow conditions.
The analysis is based on measured data as given in

000

0.5
L1F

1.0
Imis3

1.5
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FIG. 5: FILM VELOCITY PROFILES IN BEARING CHAMBER 0: co°=30°, V11=150 11h, riiil=10
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Fig. 5. The operating conditions are given by a lubrication oil flow of V11 = 150 11h and a sealing air
flow of th11 = 10 gls to chamber II, and by rotational
speeds of nw = 3000 rpm to 16000 rpm. As expected,
an increase of the rotational speed results in an increase
of the gas/liquid interface shear force and, as a consequence, in enhanced film velocities and decreasing film
thickness.

In an analogous manner, but using data points uF =
a ( 1.1,WUTZ )1
I
U r (11,Wur4, c (rt,Deisslez), and 14 (7-/,neinter) have
been determined. Consequently, measurements and
theory can be compared as well for the approaches given
in Eqs. (10) and (11).
(YE) in the middle of the film, the values
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— ø
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Assuming turbulent flow conditions and following
the approach for the eddy viscosity proposed by Wurz
(1971), the deviations between measured and calculated velocity profiles are in the range of 6,4 (iP) =
17% to 30%. This approach results in an overpredicted
total wall shear stress.

laminar
—
turbulent (Delszler)
turbulent (Wurz)
—o

0-

However, it is also demonstrated by Fig. 6 that an
excellent agreement between measurement and theory
for all rotational speeds can be obtained when the approach following Deissler (1959) is used for the eddy
viscosity. The comparison shows maximum deviations
of 64 5% next to wall. Data points in the
middle of the film and next to the surface are reflected
with an excellent agreement by Eq. (11). Therefore,
it can be concluded that oil films under the operating
conditions described here can be characterized by an
analytical approach utilizing the universal velocity profile for shear driven liquid films under gravity as given
by Eq. (5) in combination with the empirical correlation for the eddy viscosity proposed by Deissler (1959).
In addition, proof is given for the simplification of Dukler's (1960) proposal resulting in Eq. (11) which has
been derived without consideration of a second empirical correlation for the eddy viscosity.
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CONCLUSION
0

Based on LDV-measurements of oil film velocity profiles, an assessment of three different approaches for the
characterization of oil film velocities in bearing chambers has been performed. Turbulent flow conditions
have been found for all operating conditions. An analytical approach considering temperature dependent
liquid properties, geometrical conditions, and a correlation for the eddy viscosity has been found to reflect the
measured data excellently. This leads to several benefits with respect to an analysis of bearing chamber oil
film flows. Due to the knowledge of the velocity profile
a further modelling of the oil film behaviour is possi-

turbulent (Viurz)
— 0

150 (I/h)
m's= 10 [ eh]
n en 12000 (min-)

5
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15

[

FIG. 6: NONDIMENSIONAL FILM VELOCITY PROFILES:
COMPARISON WITH THEORY
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It can be readily seen from Fig. 6 that the oil film flow
in bearing chambers is of turbulent character. All operating conditions considered here show poor agreement
between measurement and theory when laminar flow is
assumed. The discrepancies are larger for the low speed
conditions reflecting a higher influence of gravity forces
as expressed in the parameter cr (see also Fig. 2).
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ble by reducing dimensional values for film height and
velocity to nondimensional flow parameters as represented by the Reynolds number. Therefore, results can
be expressed in data transferable to other applications.
In addition, any numerical analysis of two-phase flow
phenomena in bearing chambers requires a relation for
the coupling between the phases. Based on the film velocity profile presented in this paper existing coupling
approaches are expected to be adaptable to the computation of bearing chamber flows.

