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Experimental research was conducted into a scooped ro-
tor system that captures oil from a stationary jet and directs
it through passages within the shaft to another axial location.
Such a system has benefits for delivering oil via under-race
feed to aeroengine bearings where direct access is limited.
Oil capture efficiency was calculated for three jet configu-
rations, a range of geometric variations relative to a base-
line and a range of operating conditions. Flow visualization
techniques yielded high-speed imaging in the vicinity of the
scoop leading edge.

Overall capture efficiency depends on the amount of oil
initially captured by the scoop that is retained. Observa-
tion shows that when the jet hits the tip of a scoop element,
it is sliced and deflected upwards in a ‘plume’. Ligaments
and drops formed from this plume are not captured. In addi-
tion, some oil initially captured is flung outwards as a con-
sequence of centrifugal force. Although in principle capture
of the entire supply is possible over most of the shaft speed
range, as demonstrated by a simplified geometric model, in
practice 60% to 70% is typical.

Significant improvement in capture efficiency was ob-
tained with a lower jet angle (more radial) compared to
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baseline. Higher capture efficiencies were found where the
ratio of jet to scoop tip speed was lower.

This research confirms the capability of a scoop system
to capture and retain delivered oil. Additional numerical
and experimental work, is recommended to further optimise
the geometry and increase the investigated temperature and
pressure ranges.

NOMENCLATURE

o Jet deflection angle (deg)

n Capture efficiency (%)

0, Angle (defined in Fig. 4) (deg)

04 Angle (defined in Fig. 4 (deg)

0 jer Jet orientation angle (deg)

0/0ss Angle related to uncaptured jet oil jet (defined in
Fig. 4) (deg)

Oref Baseline jet orientation angle (deg)

\% Oil kinematic viscosity (m%s~1)

P 0Oil density at 30°C (kgm>)

pj il density at observation j (kgm™>)

c Oil/air surface tension (Nm™!)

(0] Rotational shaft speed (rpm)

Opax Maximum shaft speed tested (rpm)



A,B,C Positions defined in Fig. 4

d?f Baseline size of oil scoop constriction (m)
d. Size of oil scoop constriction (m)

do* Non-dimensional size of oil scoop constriction
fps Frames per second

n;j Sample size

Nscoops  Number of scoop blades

Qjer Oil jet flow rate (Imin—"!)

M e Average of oil jet mass flow rate (kgs™!)
Meoo »  Oil mass flow rate through scoop (kg s_l)
M,  Oil jet mass flow rate (kgs™)

Riip Rotor outer radius (m)

Rjer Radial distance to oil injector (m)

R2 Coeffcient of determination

ROI Region of interest

Tie Feed oil temperature (°C)

Vi 0il jet velocity (ms™!)

VR Jet to scoop tip velocity ratio

VR, Threshold velocity ratio

1 Introduction

Lubrication and cooling of transmission systems com-
ponents in a gas turbine engine is a prime concern. This
is particularly important for the bearings where appropriate
oil supply will ensure safe, reliable and efficient engine op-
eration and a long life expectancy. The oil lubrication sys-
tem is designed to minimize the effects of friction and wear
and to provide cooling both to the bearings and to the sur-
rounding bearing chambers. In civil aero-engines, which
have shafts rotating at high speeds up to 15.000 rpm, it is
common practice to use jet lubrication for bearings. Oil is
targeted at the annulus gap between the inner and outer race
[1] or at collection scallops for under-race feed. These are
illustrated conceptually in Fig. 1. As speeds rise, centrifu-
gal forces increase and it becomes more difficult for oil tar-
geted directly at the bearing to penetrate to the critical sur-
faces. Consequently, in high duty conditions (high speeds,
loads and operating temperatures) to ensure the oil flow to
the bearings is effective and efficient, under-race lubrication
is often preferred [1, 2, 3]. With under-race feed, oil moves
outwards through feed holes within the shaft to lubricate the
inner race surfaces of the bearing under the influence of cen-
trifugal force. Under-race lubrication presents several advan-
tages for higher speed applications, but in a confined space
there may not be sufficient axial access for the jet to target
the under-race location directly and in such case it is desir-
able to supply the oil at a different axial location to that of
the feed, transporting the oil to the bearing through slots in
the rotor. In such cases, one configuration proposed is a ro-
tating ‘scoop geometry’ device, where each scoop captures
a charge of lubricant as the shaft rotates delivering it to a
bearing as an under-race feed. Such a geometry is illustrated
conceptually in Fig. 2 and 3.

The concept of a scoop delivery system is not new;
Brown [3] in 1970 described a scoop system where an oil jet
is targeted axially at a channel that delivers oil to under-race

GTP-17-1167, Simmons K.

Fig. 1: Oil jet targeted directly at bearing a) shows oil tar-
geted directly at a bearing but b) shows under-race feed.

feed holes at a different axial location, but development has
been relatively slow as in most cases a scoop delivery system
is not necessary. An early scoop design for a gas turbine is
described in the 1987 patent of Kovaleski [4]. The invention
described is a scoop system that directs specific proportions
of oil axially, forward and rearward from the scoop to lubri-
cate bearings located on opposite sides of the scoop itself.
Over the years, scoop geometry design has evolved. The
patents of Fisher et al. [5] and Fisher [6] are for conventional
flat bladed scoops whereas that of Dins et al [7] describes a
scoop comprising a curved blade intended to maximize fluid
capture. In 2016 Rolls-Royce patented the concept of a bi-
directional scoop [8] where the key difference to previously
patented scoop designs is that the oil inlet path through the
scoop follows a path angled such that it is turning through-
out its journey rather than travelling first perpendicular to the
shaft and then parallel to it.

Continuously increasing demands on gas turbine en-
gines for increased fuel efficiency and lower environmental
impact are leading to more compact and lighter engines [9].
Without a doubt, the desire for increased compactness leads
to more crowded components making an appropriate, effec-
tive and efficient lubrication system even more challenging.
Where bearing lubrication is concerned it is therefore impor-
tant that as much as possible of the oil delivered by the jet
subsequently arrives at the bearing. The ratio of the oil cap-
tured by the scoop to the amount directed at the scoop from
the stationary nozzle is commonly termed the oil scoop cap-
ture efficiency. In the ideal scenario all the oil exiting the
nozzle would travel to the target component. Capture effi-
ciency can depend on a wide range of parameters such as the
shaft speed, oil jet characteristics (including configuration,
orientation, velocity, distance travelled by the oil jet and flow
rate) and the geometry of the scoop device (including num-
ber, angle and profile of the blades/scoops and the geometry
of the oil passages along the shaft). Oil scoops with higher
efficiency could permit a decrease in the total amount of oil
that must be delivered to the jet which may in turn allow re-
duction in the size and weight of parts of the oil system.

In this paper the results from an experimental investiga-
tion into a scoop geometry are presented. Geometric vari-
ations of the nozzle and scoop geometries are investigated
over a range of operating conditions using a test module
mounted to a single shaft test facility at the University of
Nottingham’s Gas Turbine and Transmissions Research Cen-
tre (G2TRC). The value of such data is two-fold with numer-
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ical and visualisation data providing direct design insight and
also supporting modelling capability through qualitative and
quantitative validation.

2 Previous Work

There are a couple of published Computational Fluid
Dynamics (CFD) investigations into aero-engine scoops.
The first of these is by Prasad et al. [10] where a system
involving two scoops and two nozzles was investigated. The
paper gives very little geometric data but the scoop is sharp
edged and does not look too dissimilar to those investigated
here. For fixed shaft speed the effect of increasing the oil
flow rate (through increasing the jet velocity) was to increase
capture efficiency but the effect was quite small with only
5% increase in capture efficiency for a fivefold increase in
jet velocity. For fixed jet velocity and increasing shaft speed
up to 4 times baseline, the capture efficiency increased to
a peak value, 8% above baseline when the shaft speed was
double the baseline shaft speed. The authors also found that
increasing the scoop system width by 50% increased capture
efficiency by 12%. Another result presented is that a 60%
increase in capture efficiency could be obtained by reduc-
ing the scoop outer diameter by 10%, this being attributed
to reduced magnitude of centrifugal force. Although no ex-
perimental data is included in the paper the authors state that
their CFD data matches experiment to within 2%.

Korsukova et al. [11] conducted a numerical investiga-
tion on a geometry very similar to that investigated experi-
mentally here using both CFD and smooth particle hydrody-
namics (SPH). The 2-D, 2-D extrusion and 3-D models pro-
vide significant insight into flow behaviour near the scoops.
The paper highlights a couple of key features, that were also
seen experimentally. First, the formation of plume, droplets
and ligaments after the oil jet is sliced by the scoop that are
not captured by the scoop system. Second, part of the oil
initially captured is subsequently expelled as a consequence
of centrifugal forces. Both represent losses and reduce the
capture efficiency. In the paper the simulation data is com-
pared with included experimental data showing good quali-
tative agreement and a quantitative agreement to within 10%.

There does not appear to be any published experimental
work relating to scoop systems similar to the one investigated
here. In particular the experimental work mentioned in [10]
is not currently in the public domain.

3 Oil scoop geometry investigated

In the scoop geometry investigated here a rotating ra-
dial scoop similar in geometry to that proposed in US patent
6,682,222 [6] is used to capture oil from a stationary oil jet.
In the patented scoop, oil is directed towards the scoops on
a trajectory dictated by the nozzle orientation, with the noz-
zle axis mounted at an angle 0, to the extended radius as
illustrated in Fig. 2. The intention for the patented device is
that some oil is captured by the scoops and some is reflected
back into the chamber for a second lubrication purpose. In
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the current investigation the intention is to capture as much
oil as possible in the scoops.

Oil jet injector

|
\ejef
Scoop ‘.

constriction

Captured oil
by the scoop

Oil redirected
through passages

Fig. 2: Side view of scoop system (illustrative geometry).

This leads to the concept of capture efficiency as the ra-
tio of oil captured by the scoops to oil delivered by the jet.
There are two elements to be considered with regard to oil
capture. The first is how much of the oil from the jet could
potentially be captured; this is essentially the amount of oil
that falls within the zone swept by the scoops. Dependent on
many geometric and operational parameters this value can be
100% of the delivered oil. The second element is how much
of this initially captured oil is ultimately delivered along the
axial passages. Not all the oil initially captured is retained
by the scoop system; some will flow back out of the scoops
as centrifugal forces overcome initial fluid momentum.

Once captured the oil is directed axially and in a poten-
tial application of the device it would subsequently be deliv-
ered to an engine component such as a bearing via under-race
feed as conceptually illustrated in Fig. 3. In the experimental
investigation conducted here, captured oil was delivered to a
measurement system, not to a bearing.

'/
_~ Scoop

N 0il
trajectory

Oil jet
injector

Fig. 3: Front view of scoop system (illustrative geometry).

As shown in Fig. 2, the oil injector ejects a jet of oil
across open space toward the scoop and against rotation ®
taking advantage of the oil’s inertia to drive the oil inwards
towards the axial passages. Because the scoops are rotating,
centrifugal forces act to drive the oil outwards and an identi-
fied element of the scoop system is the constriction labelled
on Fig. 2. As identified in [6] this constriction is not just a
barrier to oil flowing backwards out of the oil passages, it
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also creates an adverse centrifugal pressure gradient to fur-
ther deter escape of captured oil. The effect on scoop cap-
ture efficiency of the radial size of the narrowest part of the
constriction, d,, is one of the parameters investigated in this
study. The jet angle, 8., is another experimentally investi-
gated parameter.

In this study a geometry comprising 6 scoops was cho-
sen. Over the parametric range of shaft speeds and oil
flowrates three jet angles were investigated and these are the
baseline 0.7 (64.2°), 8,.r —5° and 0,y — 10°.

3.1 Simplifed model

In seeking to better understand how the scoop system
works and what are the key parameters, a simplified model
has been developed. The simplified scoop system geometry
is illustrated in Fig. 4, where the scoop blades are represented
by a simple wedge shape. In this geometrical analysis the jet
is represented as a line, having neither width nor spread an-
gle. The formation of plumes, drops and ligaments is not
considered and all the oil initially captured by the scoop is
assumed retained. The jet is sliced when the scoop tip is
at point A, while the next scoop is at point C (light grey
wedges). As the scoop system rotates (dark grey wedges)
the jet grows from point A to point B.

(@) (®)

Fig. 4: Capture criterion. (a) At VR < VRy,, the oil jet passes
point B before next scoop reaches there. The oil jet is not
entirely captured. (b) At VR > VRy;,, the scoop passes point
B before the oil jet. The oil jet is entirely captured.

It is useful here to introduce the velocity ratio VR, a di-
mensionless parameter defined as the ratio of the scoop tip
velocity to the jet velocity:

_ (DRn'p

VR
Vi’

ey

where R, is the rotor outer radius, V; the oil jet velocity
and R, is the distance of the oil injector from the centre of
the rotor.
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At low velocity ratios the jet cuts the circle formed by
the outer radius of the scoop at point B before the next scoop
has reached there (Fig. 4a). The section of the jet outside of
the sweep of the scoop is not captured; this oil loss is rep-
resented by 6, in Fig. 4a. At a threshold capture velocity
ratio VR, the tip of the next scoop meets point B at the
same instant as the jet. This threshold velocity ratio is given
by

04V,

VRyy = ————
@,y 2Ry SIn (%)

. 2)

Above VR, the jet is theoretically fully captured and
for the investigated geometry VR, = 0.44, calculated using
Eq. (2).

As long as the scoops are rotating (shaft speed ® > 0)
the oil capture efficiency in the region VR < VRy, is given
by:

2n
n — Oj0ss
scoops

N=— (3)

Nscoops

where Nscoops is the number of SCOOp blades and
27/ Nscoops = 02 + 04 is the angle between scoops (see Fig. 4).
0,55 18 defined as

. /9
eloss = 94 - 2VRthr sin <72) s (4)

and the angle 0, is

cos (92) _ Rjr sin (). 5)

? o R[[p

Thus it can be seen that in the low speed region the cap-
ture efficiency depends on the number of scoops, jet angle
and velocity ratio.

This simplified geometrical model was developed to
give insight into the oil capture process. The model does
not include any losses due to pluming, droplet and ligament
formation or centrifugal forces and because it is a 2D model
itis equally valid for any of the jet configuration tested in this
work: single jet, twin jets and tandem jet (jet configurations
are discussed in Section 4.3). The twin jet configuration is
two single jets side by side and the tandem jets are two sin-
gle jets with an angular offset. If jet interaction effects are
neglected then the model can be applied additively for these
two-jet configurations.



4 Experimental test rig

The laboratory experiments were conducted using a
scoop test module mounted onto the G2TRC single shaft
test facility. The facility consists of a bed plate, gearbox and
130 kW DC motor that can rotate the bearing-mounted shaft
up to 15.000 rpm dependent on the installed test module. In
these tests the maximum shaft speed (®,,,,) was limited to
10.000 rpm. A schematic diagram of the facility with test
module mounted is shown in Fig. 5. In these tests shaft speed
was set as a direct setpoint input to the motor drive, with
an estimated uncertainty of +4 rpm at all setpoints based on
measured data analysis.

Torque
o - transducer
Test module &
flexible  Flexible
__| | Front bearing coupling  coupling
7@ O 7
Q S )
= J | ]
L Rear bearing Gear box DC
T (4:1 step-up)  Motor

Fig. 5: Schematic illustration of the single shaft test facility
with scoop module mounted.

The scoop test module consisted of two chambers, the
scoop chamber containing the jet and scoop geometry and
the front chamber. Oil caught by the individual scoops was
directed axially along the shaft through passages and col-
lected in the front chamber. Each chamber has its own scav-
enge port so that oil passing through the scoops is separated
from oil not captured by the system. A schematic illustration
of the oil scoop test module and associated hydraulic circuit
is shown in Fig. 6. The first build of the test module had a
front chamber that was too small in diameter leading to scav-
enge issues and a larger Perspex™ chamber was added out-
side the original stainless steel front chamber. Both can be
seen in the photographs of the test module shown in Fig. 7.

A positive displacement pump delivers oil to the oil jet
manifold at the required flow rate Qj,;. The flow rate was
changed manually as required for each test as an input value
to the pump inverter and measured using an Kral flowme-
ter (OME24) that has a range up to 501min~'. For these
experiments MIL-PRF 7808 turbine oil type was used, with
the steady state feed temperature T}, controlled to be close
to 30°C. The kinematic viscosity and density of the oil at
30°C are 2.71 x 1079 m?s~! and 933.4kgm~ respectively
and oil/air surface tension is 3.12 x 1072Nm~!.

The front chamber contains an exit port at the bottom
through which oil exits under the effect of gravity via a flex-
ible pipe into a container standing on electronic scales. The
mass of oil on the scales is logged during testing and that
data is used to calculate the captured oil flowrate. The oil
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Fig. 6: Schematic illustration of the oil scoop module and
associated hydraulic circuit.

Fig. 7: Oil scoop test module: side view (left) and front view
(right). 1-Front chamber, 2-Scoop chamber, 3- Oil jet injec-
tor, 4-Front chamber exit and 5-Scoop chamber drain.

flow rate out of the front chambers was measured at each test
point. A positive displacement pump was used to empty the
container after each test returning the oil to the oil reservoir.

The scoop chamber houses the rotating scoop element
and the housing contains an exit port that provides gravity
drainage for the oil not passing through the scoops. Lubri-
cation oil for the rig front bearing also exits here. Oil leav-
ing through the scoop chamber housing is collected in a tray
and pumped back to the oil reservoir. The top of the circu-
lar cross-section scoop chamber contains an opening with a
cover for an access to the interior of the chamber allowing
easy access with the borescope for flow visualization.



4.1 Qil scoop capture efficiency calculation method

At first start-up the rig was allowed to warm-up and was
then observed to operate in a steady, stable condition at each
setpoint. At each test point, after changing the operating con-
ditions, 1-2 minutes of settling time were allowed to reach a
stable operating condition. Rig monitors were used to assess
when conditions had stabilised. Once the rig was stabilised
at the setpoint oil was collected in the collection tank for a
period of 5-8 minutes. Throughout the test, oil flowrate and
temperature were logged along with the mass of oil on the
scales.

The oil scoop capture efficiency is the ratio of the oil
mass flow captured (and retained) by the scoop Moo p to the
average of the overall mass flow of oil that was injected to

the scoop during the test M jet» that is

M kgs~!
Efficiency[%] = — 22"~ kes” ] , 6)

Mo [kgs™!]

The mass of the collected oil through the scoops (m) was
measured and recorded at a sampling rate of 4 Hz. A simple
linear regression analysis using the least squares method was
calculated to determine the oil mass flow rate Mswop, rep-
resented by the slope or regression coefficient of the fitted
line. The coefficient of determination R.2 obtained in the
tests varied between 0.999 and 1 indicating that the line fit
was straight with an excellent fit and therefore the mass flow
rate was steady throughout the test.

The electronic scales were calibrated to +5g and at the
lowest flowrate the minimum mass collected over the dura-
tion of a test was 4kg. Combining uncertainties we find the
maximum uncertainty in Mco,) to be 0.1%.

The average mass flow rate of oil injected to the scoops
is expressed by

J— 2 )
Mio =Y Mju; = Y 0 Qjer; (7
=1 =

where p; = f(Tje,) is the density of the oil at observa-
tion j; a function of the oil feed temperature 7T}, ¥ Qjer ’ is
the oil jet manifold flow rate at observation j of n; measure-
ments at a sampling rate of 1 Hz to ensure the system was
steady stable through each test.

Calibration data for the flowmeter gives a maximum un-
certainty in volume flowrate of 0.6%. The uncertainty in den-
sity is the product both of the variation in supply temperature
and also the accuracy of the correlation used to give density
as a function of temperature. Oil supply temperature was
measured using K-type thermocouples with a quoted accu-
racy of 2K and our data shows the supply temperature to
have varied by less than 0.6K over the duration of the tests.
Using available oil property data gives us an uncertainty in
density of 1.5% based primarily on thermocouple accuracy.
Combining the uncertainties in volume flowrate and density
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yields an uncertainty of around 1.6% in M j.;. Combining the
uncertainties in jet mass flowrate and scoop captured mass
flowrate gives a representative upper limit on uncertainty in
capture efficiency of around 1.6%, dominated by the uncer-
tainty in supply oil density.

An additional consideration for an experimental study
of this kind is repeatability, a measure of the extent to which
identical results would be produced at the same nominal set
point if a test were repeated. The time available for testing
precluded the possibility of any kind of full statistical anal-
ysis. However, to give an indication, one of the tests (twin
jet, constriction ratio 1 and 6,5 — 5°) was repeated on two
different days, before and after a rig rebuild. The two data
sets are shown plotted in Fig. 8 where it can be seen that
the points are almost indistinguishable. The average differ-
ence between values is 0.5% with the maximum difference
of 1.5% occurring at ®/®,,,c = 0.1. This value is less than
the estimated measurement uncertainty. The only parame-
ters that would vary from test to test not accounted for in the
measurements made are the air properties.

85
80 F =
75 F g— @
0 3
65 -/ =
60 Fg =
55 F =
50 F =

45 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

W/ Wmaz

Capture efficiency /%

49— Testl B Test 2

Fig. 8: Repeat test indicating level of repeatability. Test con-
figuration: Tandem jet, d’=1and 6,; = 0, — 5.

4.2 Visualization

Visualization of the oil jet behaviour in the vicinity of
the leading edge of the scoop was also conducted. Fig. 9a
shows the set-up for the visualization during the experiments.
For the image acquisition a high speed camera (manufac-
tured by IDT, model OS4-S3-M-04) was used. The cam-
era is 12 bit monochrome, with 1024x1024 pixel resolution
and can acquire images at up 6000 frames per second (fps).
Higher frame rates can be obtained if the image resolution is
reduced. The camera has 8§ GB onboard RAM and 512 GB
Solid State Memory. The images were recorded using IDT’s
Motion Studio software. To improve the resolution and qual-
ity of images of the interior of the scoop chamber an Olym-
pus series 5 zoom swing prism rigid borescope was attached
to the camera. The borescope has an 8mm diameter and
54cm working length; the direction of view is 45° to 115°
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downwards from the borescope axis and the field of view is
50° as shown in Fig. 9b. For illumination four white lights,
Model 120E Veritas, were used. They were synchronized
and pulsed with the high speed camera. Each light offered
22000 lumens output when pulsed.

50°
115°=

|~

Y

45° ( -

50°
(b)

Fig. 9: (a) Visualization set up. 6-Borescope, 7-Camera and
8-Lights. (b) Direction and field of view of the borescope.

The selection of the image resolution, the image acqui-
sition rate and the illumination must be optimised at each
condition. For higher shaft speeds a higher frame rate is de-
sirable and this requires the number of pixels per frame to
be reduced. With a higher frame rate it becomes harder to
get enough light in the frame. During imaging, the region
of interest (ROI) was adjusted appropriately, within the ca-
pability of the boroscope field of view as shown in Fig. 10.
The image acquisition rate was chosen considering the shaft
speed of each test in order to be able to visualize the jet flow
with a good resolution, avoiding blurred images. As an ex-
ample, at low shaft speeds a typical image resolution would
be 512x260 pixels and a frame rate of 10000 fps selected and
at high speeds an image size of 512x128 pixels with a frame
rate of 44000fps was employed. Visualization of the flow
for high jet flow rates and/or high shaft speeds was difficult
because under those circumstances, the borescope lens was
constantly covered with splashed oil.

At low shaft speeds and low oil flowrates, a good un-
derstanding of flow features affecting oil scoop capture effi-
ciency was gained by observing the oil jet interaction with
the scoop leading edge. However, the visualization of the
process of structural change of the jet was limited.

To observe the process of structural change of the jet
including the surrounding scoop geometry a series of tests
involving a simplified test module were undertaken. The
simplified module consisted of a cylinder — with same in-
ner diameter as the scoop device test module and six solid
wedge elements representing the scoops. The rear end of the
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Oil jet
injector

Scoop at
point A

Scoop at
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Fig. 10: Images of the scoop device and the oil jet injector.
Top: The ROI is marked with a rectangle. Bottom: Frame
showing the ROI from the recorded high speed filming using
the borescope connected to the high speed camera.

scoop circumferential outer surface was represented by a thin
wire. This geometrically simplified test module is shown in
Fig. 11.

(a) (b)

Fig. 11: Geometrically simplified scoop test module. High-
lighted with orange are the wedge shape and the thin wire.

4.3 Test matrix

A number of different tests were conducted on the scoop
test module and these are detailed along with the relevant
parametric ranges in each of the following subsections. All
testing was conducted on a scoop unit consisting of 6 scoop
elements similar to those illustrated in Fig. 2. A table sum-
marising the testing conducted is included as Section 4.3.5.

4.3.1 Effect of jet to scoop velocity ratio

In the first set of tests a jet consisting of two nozzles
as illustrated in Fig. 12a was used. The flowrate was set
to a constant value corresponding to the highest jet velocity
tested and the shaft speed ratio, defined as &, was varied
from 0.05 to 1 in steps of 0.05. The baseline jet angle 0,.¢
was used along with a baseline scoop constriction d.. A non-
dimensional scoop constriction d.* is defined as the scoop
constriction ratio with reference to the baseline d...



4.3.2 Effect of scoop constriction

Using the same geometric configuration as in Sec-
tion 4.3.1 scoop constrictions ratios d.* of 1, 1.5 and 2 were
investigated. As with the investigation of Section 4.3.1 the
flowrate was set to a constant value (highest jet velocity
tested) and shaft speed ratio was varied from 0.05 to 1 in
steps of 0.05.

4.3.3 Jet velocity varying with shaft speed

In most current aero-engines the amount of oil deliv-
ered to bearing chambers and bearings is not a fixed amount
but varies as a function of the speed of the shaft driving
the pumps. Consequently, the velocity ratio (jet velocity to
scoop tip velocity) may vary very little with shaft speed. A
series of tests was conducted with an almost constant veloc-
ity ratio over a range of shaft speeds and for three scoop con-
striction ratio values, 0.5, 1 and 2. In these tests a different
jet arrangement was used where there were two nozzles in
tandem (two single orifice jets 10° apart circumferentially)
as shown in Fig. 12b but the jet baseline angle was retained.
To see whether the jet configuration was a significant factor
the test with a constriction ratio of 1 was repeated for three
jet configurations, single jet, twin jets (a nozzle with two ori-
fices axially aligned) and tandem jets as shown in Fig. 12.

B I

B l

Fig. 12: Jet configurations tested: (a) twin jets, (b) tandem
jets and (c) single jet.

a

4.3.4 Effect of jet angle

For the tandem jets configuration, tests were conducted
with three different jet orientations: 0,y as the baseline angle
(see Fig. 13),0,.y —5° and 0,y — 10°.

Fig. 13: Baseline oil jet orientation, 0,,¢. Arrow defines the
positive direction of the angle.
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4.3.5 Summary of tests conducted

For completeness and ease of reference Section 4.3.5 is
included here, summarising the conditions associated with
each of the tests conducted.

5 Results and discussion
5.1 Effect of velocity ratio, fixed jet velocity

For a fixed jet velocity Fig. 14 shows how the capture ef-
ficiency varied with velocity ratio. The capture efficiency ini-
tially increases with shaft speed, reaching a maximum value
at a velocity ratio between 0.8 and 1.0 with around 81% of
the oil being captured by the scoops and then decreasing as
shaft speed is further increased. Also on the graph is shown
the theoretical maximum oil capture efficiency for an ideal
scoop system. Above the total capture threshold (i.e., VR,
where VR = 0.44), the theoretically efficiency is 100% .
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Fig. 14: Variation in capture efficiency with velocity ratio for
a fixed jet velocity and varying shaft speed.

The amount of oil captured by the scoop system depends
not only on how much is initially scooped but also how much
is retained. Analysis of the video imaging shows that i) as the
scoop approaches the jet there is an amount of oil that is de-
flected by the pressure field creating a flow away from the
scoop and ii) as the scoop rotates a portion of oil initially
scooped will be accelerated outwards through centrifugal
force and will leave the scoop. These factors both increase
with increasing speed thus reducing capture efficiency. Fig-
ures 15 (images from the geometrically simplified test mod-
ule) and 16 (images from the representative test module) il-
lustrate these two factors. In Fig. 15, when the jet is sliced
by the wedge leading edge, the oil jet is deflected with a jet
deflection angle a of approximately 135 ° from the axis line
of the jet (Fig. 15b). The head of the sliced oil scrolls up
gradually forming a plume (blue arrows in Fig. 15b-j). Just
before the jet interacts with the next scoop, the jet deflection
angle decreases to about 45 ° (Fig. 15j). The plume extends
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Table 1: Parameters and conditions of the conducted tests

Test

Shaft speed  Velocity ratio

Set up configuration Cross reference

Assess effect of: u)ffm VR

Velocity ratio, fixed jet speed 0.05to 1 03to5 Jetangle [0j¢]: O Section 4.3.1
Constriction [d}]: 1 Section 5.1
Jet configuration: Twin jet Fig. 14

Scoop constriction 0.05to 1 03to5 Jet angle [0j¢]: Oy Section 4.3.2
Constriction [d;]: 1, 1.5,2 Section 5.2
Jet configuration: Twin jet Fig. 17

Jet velocity varying with shaft speed 0.05t01 4.4104.8 Jetangle [0¢]: 8y Section 4.3.3

VR almost constant Constriction [d}]: 1 Section 5.3
Jet configuration: Twin jet Fig. 18

Jet velocity varying with shaft speed 05to1 44t06 Jetangle [0j¢]: O Section 4.3.3

Higher VR Constriction [d}]: 0.5, 1,2 Section 5.3
Jet configuration: Tandem jets Fig. 19

Jet configuration 0.05t0 1 4.4t04.8 Jetangle [0j¢]: O Section 4.3.3
Constriction [d}]: 1 Section 5.3
Jet configuration: Twin, tandem, single Fig. 20

Jet angle 05t01 44106 Jetangle [0¢]: 8y0f, Oef —5°, 8,r —10°  Section 4.3.4
Constriction [d}]: 1 Section 5.3
Jet configuration: Tandem jet Fig. 23

upwards and small ligaments and drops are formed. A sig-
nificant portion of the ligaments and drops are not captured
by the scoop and this represents a capture inefficiency of the
scoop system. In addition, Fig. 15j shows ligaments of oil
expelled from the edge of the scoop as it rotates.

In Fig. 16, when the scoop edge is approaching the jet
(Fig. 16a-e), the deflected plume is observed (in Fig. 16a this
is marked with a circle). Ligaments of oil leaving the edge
of the scoop are well captured on the images of Fig. 16e-
h. In Fig. 16e, just before the jet starts to slide along the
inner scoop surface, ligaments of oil are expelled and these
are marked with a ellipse. Both these factors contribute to
the capture efficiency being less than 100% even though it is
geometrically feasible under these conditions.

5.2 Effect of scoop constriction, fixed jet velocity

The results of the tests run with constant jet velocity
and 3 constriction sizes are shown in Fig. 17. The graph
shows that constriction size makes no difference to the shaft
speed at which the maximum capture efficiency occurs but
it does make a difference to the capture efficiency itself with
the highest values occurring for the larger constriction value.
The data for scoop constriction ratios ¢ of 1.5 and 2 is very
similar with slightly lower values for the d of 1 although
in most cases the difference falls within experimental uncer-
tainty. Overall capture efficiency is made up from the pro-
portion of oil entering the scoops in the first place and the
proportion of that, that is retained. In all three of these cases
the amount of oil entering the scoop is the same and so the
differences in capture efficiency can be attributed to differ-
ences in retention. As jet momentum and centrifugal forces
do not vary with constriction we can conclude that the tighter
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Fig. 15: Visualization of the jet flow at increments of
1 x 10~3s with single jet for a simplified geometry of the
scoop device. Angle jet is 0., scoop construction ratio of 1
at the shaft speed ratio of 0.05 and VR of 4.3.

constriction does limit the rate at which oil flows into the ax-
ial channels a little.



Fig. 16: Visualization of the jet flow evolution at increments
of 2 x 10735 for a twin jet configuration. Angle jet is 0,, fs
scoop constriction ratio of 1 at shaft speed ratio of 0.05 and
VR of 4.3. The blue arrow points to the leading edge of the
scoop.
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Fig. 17: Effect of constriction on capture efficiency for fixed
jet velocity and varying shaft speed.

5.3 Jet velocity varying with shaft speed

In these tests the velocity ratio (VR = R”” e

——) had val-
ues between 4.4 and 4.8 as shown in Fig. 18 Over a sig-
nificant portion of the shaft speed range the velocity ratio
was constant at around 4.4. The measured capture efficiency
over the range of shaft speeds increases with shaft speed and
is slightly higher when the scoop constrictions ratio & is 2
compared to 1 or 0.5 (73% at ®/®,a=1 compared to 71%
for the smaller constrictions). Capture efficiency values are
around 60% to 70%, slightly lower than the values obtained
for the same velocity ratio (but a higher jet velocity) as shown
in Fig. 17 where a velocity ratio of 4.4 corresponds to a cap-
ture efficiency of around 72% in the case of constriction ratio
of 1. Fig. 18 provides confirmation that constriction does not
make a lot of difference to capture efficiency. The fact that
the larger constriction ratio of 2 has slightly better capture
efficiency than the smaller values 1 or 0.5 would suggest that
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there is an element of the constriction preventing oil moving
past the constriction as fast as it would like to but that this is
a minor effect.
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Fig. 18: Graph showing how capture efficiency varies with
shaft speed for three constriction values. Velocity ratios as
plotted on the chart.

A second set of tests was done with a somewhat higher
velocity ratio at higher shaft speeds and the data is shown on
Fig. 19. As can be seen, with the higher velocity ratios the
capture efficiency falls a little. This is indicative that for the
same shaft speed, slightly less oil is retained by the scoops
when the jet velocity is lower. This is consistent with the
findings of Prasad et al [10] and with the identified impor-
tance of jet momentum in opposing centrifugal force.

All three jet configurations are compared in the data
shown in Fig. 20, for a constriction ratio of 1 and velocity
ratios as shown on the chart. Here it is clear that the twin and
tandem jets behave in a very similar fashion but lower cap-
ture efficiencies are obtained for the single jet. As shown in
Fig. 15 the front part of the jet deflects after hitting the scoop
and is then flattened by the aerodynamic forces creating a
low pressure region in the vicinity of the scoop tip. With
the tandem jet the second jet does not see the same pressure
field as the front jet and the deflection a) happens earlier and
b) much of the deflected oil meets the front jet and is still
captured. To some extent this can be seen in Fig. 21, which
shows images for all three jets at a shaft speed ratio of 1.
With the twin jet, although behaviour is less clear, it seems
that the deflection of the two jets is reduced because of their
proximity. At higher speed the still images are less clear as
can be seen in Fig. 22 where the shaft speed ratio is 0.8, but
it can be seen that the single jet case shows a more sheet-like
deflection of the jet compared to the twin jet. It is suggested
that the interaction of the jets creates a flow less susceptible
to deflection.
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5.4 Effect of jet angle

The effect of jet angle was evaluated for the baseline
jet orientation, 0,.¢, and the angles 0,,y—5° and 6,,y—10°.
Three scoop constrictions were assessed over shaft speeds
ratios from 0.5 to 1, at the same velocity ratios as indicated
in Fig. 19. The capture efficiency characteristics are shown
in Fig. 23. It can be seen that decreasing the jet angle from
baseline increases the capture efficiency with maximum val-
ues around 79% being obtained at 0,,,—10° and 76% at
6,.r—5° compared to the maximum around 69% for base-
line O,,¢. These three values are valid for the constriction
ratio of 1.

The increase of the capture efficiency with decreasing
jet angle, may be attributed to changes of a) the momentum
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Fig. 21: Visualization of the jet flow behaviour at the shaft
speed ratio of 0.1 for three different jet configurations: a)
single jet, b) twin jet and c) tandem jet.

SN
A

Fig. 22: Visualization of the jet flow behaviour at the shaft
speed ratio of 0.8 for three different jet configurations: a)
single jet, b) twin jet and c¢) tandem jet.

and b) the deflection of the oil jet.

With regard to momentum, the simplified diagrammatic
representation of Fig. 24 shows how the location where the
oil jet impacts on the scoop changes with the jet angle. Re-
ducing the jet angle from the baseline, the oil jet strikes more
inboard from the scoop tip and closer to the constriction as
is illustrated in Fig. 24a. In that case the flow path of the oil
film spread against the scoop is shorter, before it reaches the
constriction. It may therefore be expected that the oil film
loses less momentum and is therefore less likely to be ung
back off the scoop. Thus the amount of lost oil is reduced,
which could partially account for the increase in the capture
efficiency.

With regard to oil jet deflection it is found that after slic-
ing the jet is less deected at lower jet angles, as is shown by
the images of Fig. 25. Fig. 25a (i) shows the jet when it is
about to hit the edge of the scoop. It is notable that in the
region radially outside the scoop that is approaching the jet,
there is a cloud of ligaments and drops of oil (highlighted in
a circle) and these are the oil coming from the plume created
during the previous scoop-jet interaction. This is oil which
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Fig. 24: Position where oil jet impacts on the scoop at dif-
ferent angles. Scoop operating with VR > VR, (a) at the
baseline jet angle 8,, (red line) and at a jet angle lower than
the baseline, 0;,; < 0,7 (blue line). (b) Key zones of the
simplified scoop geometry.

has not been captured by the scoop and is now mixing with
the expelled oil. Fig. 25a (iii) shows how the jet after hit-
ting the scoop evolves into a big plume with a jet deflection
angle o of approximately 135° from the baseline jet angle.
This plume expands outwards with formation of ligaments
that will not be captured by the next scoop. When the base-
line jet angle is reduced by 5° as shown in Fig. 25b(i) there
is no trace of oil escaping as a consequence of plume forma-
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tion, and there is only expelled oil visible. After hitting the
scoop edge (Fig. 25b(iii)), the jet deflection angle is about
zero and therefore the plume is much less deflected and so
travels along with the jet. The same holds for the ligaments
which move parallel to the jet and are therefore captured by
the next scoop.

The capture efficiency was also measured for a shaft
speed ratio of 0.05, VR of 4.3 and constriction ratio of 1
yielding 51% and 59% for the baseline jet angle and for 0,
—5° respectively.

From visualization at high speed it was also observed
that for the baseline jet angle the flow was deflected more
severely than for lower jet angles. At the higher speeds the
flow visualization was hindered by splashing which affects
the quality of the still images which are therefore not shown
in the paper but considerable insight was obtained through
viewing the movies.

It is also interesting to note that whereas at baseline jet
angle 0,7 there is roughly a 2% advantage of the constriction
ratio of 2 over 1, this is not seen for 6,.r—10° except at the
highest shaft speeds where the velocity ratios were highest.

R »

£+3x103 s

Fig. 25: Comparison of oil deflected after hitting the edge
of the scoops for the tandem jet configuration and two jet
angles: (a) Baseline jet angle 0,7 and (b) 6,y —5° jet angle.
The evolution of the jet flow is shown 1 x 10~3s before the
jet hits the edge of the scoop, during the slicing action at #;
and 3 x 1073s after hitting the edge of the scoop. Images
arfe for shaft speed ratio 0.05, VR 4.3 and constriction ratio
1. The blue arrow points to the leading edge of the scoop.

5.5 Further considerations and future work

For the experiments conducted in this study air condi-
tions were ambient and oil supply temperature was lower
than would be found in an aeroengine bearing chamber. This
facilitated the high quality visualisation central to the experi-
mental work conducted. However, it is necessary to evaluate
how the flow behavior might be different at more engine rep-
resentative conditions. Taking generic representative bear-
ing chamber conditions of pressure 2.6 bar, air temperature
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280° and oil temperature 160° we obtain a test rig oil We-
ber number around 16% lower than in an engine and an air
Weber number around 50% lower. The oil Reynolds num-
ber is around 90% of the engine value. These differences
primarily arise due to reduced oil viscosity at higher temper-
atures. The biggest influence of these differences will be in
the number and size of droplets produced by jet-scoop im-
pact. Primary oil jet capture by the scoop is not dominated
by droplet splashing and so there is no reason to doubt the
applicability of the main findings presented here.

One of the important benefits of this experimental work
comes from data made available for numerical model valida-
tion and indeed G2TRC have conducted both CFD and SPH
modelling on scoops. Consequently, building on the work of
[11] a CFD model with modified oil and air properties could
relatively easily be created. Future experimental work could
be conducted at higher temperature and pressure but a new
test module (likely with significantly reduced visual access)
would be required and so future CFD investigation is rec-
ommended prior to future experiments. It is also worth not-
ing that a numerical investigation using smooth particle hy-
drodynamics has investigated the effect of oil viscosity and
shown it to have a negligible effect on predicted capture effi-
ciency [12].

The work presented here shows that a scoop system of
this type is capable of capturing the majority of the oil de-
livered by the jet over a range of representative shaft speeds
and oil flowrates. It can be argued that 100% capture is not
desirable in any case as some o0il may be required for wetting
the walls of the chamber where the oil is delivered. The size
of the constriction has been shown to be important but re-
sults are not so sensitive that differential thermal expansion
will prevent adequate oil delivery over an engine operation
envelope. It seems therefore that the proposed system has
considerable promise for future engine applications and fu-
ture work may involve testing on an engine or a more engine
representative test rig.

6 Conclusions

An experimental investigation into a scoop geometry has
been conducted to measure the capture efficiency of a system
with the potential for delivering oil to transmissions compo-
nents in a gas turbine engine at a different axial location to
the feed jet. Geometric variations of the oil jet injector and
the scoop over a range of operating conditions have been ex-
amined.

A simplified geometrical model is presented that intro-
duces the capture criterion and provides valuable insight into
how geometric and operational parameters affect the sys-
tem’s behaviour. This model shows that for any scoop op-
erating at a velocity ratio above the total capture threshold
VR > VR, the oil jet is theoretically entirely captured and
thus the theoretical capture efficiency is 100%. In practice
total capture is not achieved, with the highest observed value
being 81% occurring at a velocity ratio between 0.8 and 1.
This was measured at high jet velocity with the twin jet con-
figuration and baseline jet angle and constriction. At higher
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velocity ratios (further increase of shaft speed) there is re-
duced capture efficiency. The cause of reduction from the
theoretical efficiency is that in this latter case, the motion of
the fluid is described without consideration of effects such
as oil deflection, plume formation, oil shedding as ligaments
and drops nor oil ejected outwards from the scoop as a con-
sequence of centrifugal forces all of which represent oil lost
to the system.

Effect of scoop constriction, fixed jet velocity. Increas-
ing the constriction from the baseline case to constriction
ratios of 1.5 and 2, for fixed high jet velocity was investi-
gated using the twin jet configuration. Capture efficiencies
show similar behaviour presenting the maximum efficiency
at similar velocity ratios between 0.8 and 1. The effect of
increasing the constriction has a very small impact on the
maximum capture efficiency particularly in going from 1.5
to 2, where the difference falls within experimental uncer-
tainty. There is an improvement of 2.5% from baseline case
to constriction ratio of 2.

Jet velocity varying with shaft speed. With an almost
constant velocity ratio of around 4.4 the capture efficiency
increases with increasing shaft speed attaining values around
60% to 70%. These values are slightly lower than those ob-
tained for the same velocity ratio but a higher jet velocity
(for example 72% when constriction ratio was 1). When the
velocity ratio was increased by reducing the jet velocity for
the same shaft speed, the capture efficiency reached its max-
imum value at a velocity ratio of around 4.8 and then fell
for higher shaft speeds. Less oil is retained when the jet ve-
locity is lower. A tentative conclusion from these results is
that if a smaller nozzle diameter can be tolerated (maintain-
ing flowrate and thus increasing velocity) then higher capture
efficiencies will be achieved. Reducing the constriction ra-
tio from 1 to 0.5 did not have any significant effect on the
measured capture efficiency. Slightly higher values were ob-
tained when the constriction ratio was increased to 2.

Comparison of jet configurations. For the three jet con-
figurations investigated the two-jet configurations (tandem
and twin jets) presented similar capture efficiency while
for the single jet configuration the efficiency was lower by
around 10% at low shaft speeds and 3% at high shaft speeds.
Therefore jet configurations involving two jets are recom-
mended for a higher capture efficiency.

Effect of jet angle. The angle of the oil jet is identifed as
a key parameter to consider when designing a scoop feed sys-
tem. The capture efficiency increased by around 11% when
the jet baseline angle was reduced by 10°. Funding in this
project did not permit exploration of other jet angles so fur-
ther work is recommended to identify the optimum jet angle
for the scoop system.

Overall this study establishes the capability of a scoop
system of this kind to capture and retain oil delivered via
a feed jet. The work shows that it is not viable to capture
all the jet oil because of jet pluming and splashing but care-
ful choice of geometric and operational parameters can yield
signficant improvement. In particular lower velocity ratio
(higher jet velocity) is shown to be advantageous and choice
of jet angle is a key design parameter. Further investigation
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starting with numerical modelling is recommended but the
authors see no reason why such a system should not be tri-
alled at engine-representative conditions.
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