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INTRODUCTION

Analysis and detailed understanding of the flowfield produced by a
propeller/body/appendage combination is of interest in a number of practical
applications. Examples include the influence of the propeller on the body
pressure distribution to estimate the thrust deduction, the effects of non-
uniform inflow on propeller performance, the prediction of the near-wake
profiles, cyclic loading to produce vibrations and unsteady bearing forces
and the influence of a rudder or other appendages on the propeller and vice
versa. We have been conducting a research plan that addresses two important
parts of the general problem: 1) numerical analysis of the 3~D, turbulent
flow produced by propeller/body/appendage combinations and 2) studies of the
large-scale and unsteady structure of 3-D, turbulent boundary layer flows
produced by hull/appendage junctions. This section contains some background

material on these research areas.

Numerical Solution of 3-D, Turbulent Propeller Flows

We consider first the current state of knowledge for analysis of 3-D,
turbulent flows near and through propellers. Until quite recently, only
approximate treatments, e.g., Refs. (1) - (5) were available. These
analyses involved one or more of the following restrictive assumptions: the
flow was assumed inviscid; the propeller was represented as an actuator disk
with constant thrust over the disk; the flow was taken as laminar and/or the
effects of the propeller on the flowfield were assumed small enough to
permit a linearization of the equations of motion.

The numerical solution procedure reported in Refs. (6) and (7) had as
its goal the development of a realistic treatment, holding simplifying

assumptions and approximations to a minimum. The work was based on the
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full, axisymmetric, mean (in the turbulence sense), unsteady Navier-Stokes

equations. 1In order to place some bounds on the scope of the effort,
however, some simplifications were necessary. The first was the assumption
of an actuator disk model for the propeller, although arbitrary radial
variations of thrust were allowed. Second, the flow was taken as
axisymmetric. Third, turbulent transport processes were described by an
integrated, turbulence~kinetic-~energy (TKE) equation, which was used to
predict an eddy viscosity distribution. The eddy viscosity was allowed to
vary only in the streamwise direction. The simulation of a given propeller
for the purposes of a viscous numerical calculation was considered in detail
for the first time in this work. The unsteady equations of motion were cast
in terms of a stream function, one vorticity component, and the peripheral
velocity. The vorticity equation and the peripheral momentum equation were
solved by an Alternating Difference Implicit technique, and the Poisson
equation for the stream function was solved by Direct Matrix Reduction.

Comparison of the predictions of that procedure with laboratory data
for an axisymmetric, slender, upstream body with no appendages showed good
agreement for the axial velocity profile at X/D = 2. The swirl velocity
component was underpredicted.

From the point of view of direct applications to problems of practical
interest, the biggest limitation to the analysis described above is that it
was restricted to two-dimensional, axisymmetric flows. Actual propeller-
driven vessels have either a three~dimensional body ahead of the propeller
and/or appendages such as rudders or control planes near the propeller that
render the flow basically three-~-dimensional, even if the propeller is still

taken as an actuator disk, neglecting the explicit influence of individual

blades. For many cases, the assumption of an actuator disk representation
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of the propeller remains appropriate while the restriction to axisymmetric
flows does not.

The research program undertaken in 1983 under ONR support is a step~by-
step approach to the developmént of a method for handling propeller
flowfields with three~dimensional inflows and the effects of appendages in
situations of increasing complexity and practical realism, while retaining a
general actuator disk model of the propeller. The problem treated in the
first year was an isolated propeller operating in an approach flow with a
linear velocity gradient. The numerical solution procedure was based on the
Finite Element Method (FEM) for the steady Navier-Stokes eguations written
in primitive variables following the suggestions of Engelman (Refs. (8), (9)
and (10)). Turbulence modeling was through an integrated form of the
Turbulent Kinetic Energy (TKE) equation. In order to have flowfield
measurements against which the adequacy of the numerical predictions could
be tested, a series of wind tunnel experiments was run.

Calculations have been run for two cases where experimental data are
avallable - one with a uniform approach velocity as a baseline case and one
with the linear velocity gradient approach velocity profile. Comparisons of
predictions and measurements are given in Ref. (11) (see the report in the
Appendix) for streamwise velocity profiles just behind the propeller disk
(X/D = .025). The numerical (FEM) predictions give a good description of

the flow.

3-D Turbulent Flows from Hull Appendage Junctions

When a laminar or turbulent boundary layer on a surface encounters a

protuberance of strut projecting from that surface, a "horseshoe" vortex is

formed at the junction of the two surfaces. Upstream of the protuberance
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the time-averaged vorticity direction in the boundary layer is spanwise
across the surface. In order to satisfy the vortex theorems of fluid
dynamics, streamwise legs of this upstream vorticity stretch around the
protuberance in a horseshoe shape with each leg having vorticity of opposite
rotational sense. This type of three-dimensional turbulent boundary layer
occurs in a number of practical cases, such as in turbomachinery blade and
end wall flows, aircraft wing and body junction flows, and ship appendage
and hull junction flow.

Dean (Ref. 12) and Humphreys and vandenBerg {Ref. 13) reviewed
available data for this type of flow in order to select the best test cases
for evaluating computational methods (Ref. 14). Dean pointed out that
little turbulence data had been obtained during 50 years of measurements.
Consequently, only the Shabaka (Ref. 15) flow around a flat plate with a
semi-elliptical nose was recommended as a computational test case for the
secondary flow produced by the streamwise vortex legs well downstream of the
nose. Humphreys and vandenBerg recommended the Dechow (Ref. 16) flow as a
test case, in which turbulence measurements were made in front of and beside
the protuberance or obstruction, but not in the presence of adverse pressure
gradients. In this case the protuberance was a 320 mm diameter semi-
circular cylinder with a streamlined afterbody that prevented premature
separation upstream of the trailing edge. Pierce's s}oup (Ref. 17) have
made some time-averaged measurements around the nose of a circular-nosed
strut.

From a computational viewpoint, the nose region is the easiest to
calculate since the incident boundary layer mean vorticity distribution and
an inviscid rotational sclution technique largely determine the rapidly

distorted flowfield around the nose. Computational methods for the mean
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5

flow in the corners around a protuberance are not in a satisfactory state,
even for the zerc pressure gradient case (Ref. 14)., Dean pointed out the
need for measurements of the streamwise vortex corner flow in the presence
of adverse pressure gradients for increased understanding and for
improvement and verification of computational methods. In most practical
applications these adverse pressure gradients cause the vortex strength to
be attenuated and the vortex to wander away from the corner (Ref. 19).

In other work on streamlined struts, Barber (Ref. 20) showed that the
size of the separated flow zone was inversely related to the incident
boundary layer thickness. Mehta (unpublished, but referenced in Ref. 19)
showed that the streamwise corner vortex diameter and distance from the body
were dependent on the leading-edge shape. Recently, Oguz (Ref. 21) made
measurements on the flow around a body of constant thickness, a case similar
to Shabaka's.

In all of these studies only time-averaged measurements were made. No
quantitative measurements were made of flow regions that contain adverse
pressure gradients and/or separation. No spectra of the turbulence energy
containing frequencies were obtained. No examination has been made of the
organized time-varying coherent structure of this type of turbulent boundary
layer, such as has been done for mean two-dimensional turbulent boundary
layers.

Recently, Rood at DWTNSRDC reported relatively narrow frequency
bandwidth turbulent fluctuations in the three-dimensional boundary layer
downstream of a streamlined protuberance. In some cases this downstream
boundary layer passes over other protuberances and structural elements and
interacts with them in an undesirable and as yet unpredictable way. Noise

is generated when large~scale turbulent structures in this boundary layer
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interact with these structural elements. When a rotor blade encounters the

wake of a strut, tonal noise is generated. It is thought that the organized
time~varying coherent structure of these flows may be able to explain such
undesirable behavior and to aid in future optimal designs of these
structural elements.

A time-averaged description of the three~dimensional flow downstream of
a protuberance, whether from experiments or a calculation method, provides
no information on the large-scale time~dependent motions. Since these large-
scale time-dependent motions would interact with downstream moving rotor
blades differently than for the mean flow, information is needed on the
nature of these large-scale structures of a three-dimensional flow
downstream of a protuberance.

Thus, although there have been previous time-averaged measurements of
this type of flow in flow regions without pressure gradients or separation,
there has been no investigation of the role of the time-dependent organized
turbulent flow structure, and no quantitative measurements of flow regions
that contain adverse pressure gradients and/or separation.

At this time we can only conjecture about how a protuberance affects
the organized turbulent flow behavior, based upon our experience from mean
two-dimensional boundary layers. Large-scale coherent structures from the
upstream boundary layer will be stretched around the protuberance.
Depending upon the incident Reynolds number and the geometry of the
protuberance, certain size or frequency structures may grow or be attenuated
and a more narrow bandwidth spectrum may result. Experiments over a range
of conditions are needed to determine when narrow band spectra occur.

Adverse pr:ssure gradients on the downstream side of a protuberance or

strut may cause the individual structures to move away from the corner and
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agglomerate by pairing, since Shabaka and Bradshaw (Ref. 19) have noted that

the mean flow vortex does wander from the corner under these conditions.
Separation is likely, with rapidly growing large-scale structures supplying
reversed flow, which also occurs in the mean two-dimensional separation
case. In fact there are no detailed mean flow turbulence measurements
available for this separated flow in the corner.

The flow downstream of the protuberance or strut is a three-dimensional
turbulent boundary layer. If the downstream flow is subjected to an adverse
pressure gradient as is often the case, the protuberance corner separation
may not reattach, but instead the separation can spread laterally across the
boundary layer. Even if the separated corner flow does reattach, this
momentum and energy deficient region of the flow is more prone to detachment
when subjected to an adverse pressure gradient downstream., In cases Where
these types of flow interact with another structural element downstream, the
flow structure is clearly important in designing the structural element for
optimal performance.

In the current research program, which began May 15, 1984, measurements
are and will be made on turbulent boundary layers around protuberances or
struts and downstream, including strong adverse pressure gradient and
detached flow regions. Information on the temporal flow behavior will be
obtained by means of spectral analysis and space-time correlations of

surface pressure transducer and hot-wire anemometry. Time-averaged

measurements of U, V, W, -uv, -uw, u?, v2 and w? will be obtained in detail
for the region around the strut and the downstream three-dimensional
turbulent boundary layer, including zones of detached flow. Surface
pressure spectra can be used to estimate sound pressure levels outside of

the turbulent flow.
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VELOCITY COMPONENT, VX/VF, AT Y=0, RPM=1400 ,X/DP=.025
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VELOCITY COMPONENT, VX/VF, AT Z=0, RPM=1400 ,X/DP=.025

-1-2 —

Ll

-1.0

-0.6

- M4 DZ—0DQQ0
ILIlJIl‘lLllllLlJ_lJ_l_‘lllLlj_llll‘]ll
DDD
(8]

fu
AD
A
Y ] & g
/ -0.4- A B
0 ] A 0
P " a
] AA
y A
- J A
0.24 a ]
1 A
] A )
i A
. a [m]
]
0.0

T L B e e O NI A 2 S o S S S S S B B S 2 e e S e e
T

0.3 0.5 0.7 0.9 1.1 1.3
VELQCITY COMPONENT
LEGEND: Z A A A EXP. 0 o o THEQRY

Figure 3. Axial Velocity Profile Behind the

Propeller at =x/d=.025 for a Horizontal
Traverse.

L B T T i I N N P T I I I, et e M et e et e e e
R N g g ey MR S e e ey o]




-

n

"
s

P

I w»,ﬁzqu.oiw&«wu% ekt @

a
R )
TR AS

Lo af e s At Audh s i endt Ak Jndl it 1oL d T S

* gLy 0
», EA @

T

:

the

&
-

0

Ce e
l.'

»
%

)
2

- ~

RN
'1'.\. ¥

8

Front and Side Views o
Wind Tunnel.

e

-
r4
r3

Y

gure
",..'-.-'.‘-

)3

e

+) 3y

»

NN

o

o
.,
'

'ﬁ'.\;'.

TR MTATIN UM T AT TR AY e n



Dt &

S
p .‘. . B -'__'» N S AR R e i

CR NS A 2 S I T I S

15

r <= =
- -~ —:r"- e

':\ E— %\ .

8 \\j"-\~_’/ \§
5 \‘-————"/

Schematic of the Analyzed Flow.

Figure 1.




(]
[
o
2
00
s
<7}

PYFXX XA .

L
RN R AT SRR SRR O



Pt Y™ e e Ve e N T N TR &

13
used to adjust the suction and jet flows to produce the desired streamline

curvature and minimize blockage effects.
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wire probes also show normal zero-pressure~gradient flow behavior without
any preferred frequency (Ref. 24).

In work sponsored by NASA, McGrath and Simpson (Ref. 23) have obtained
surface pressure spectra (Figures 14 and 15), pressure fluctuation wave
speeds, and streamwise and spanwise coherence measurements. Figure 14 shows
that the surface pressure spectra at lower frequencies agree with one
another in terms of the outer region variables non-dimensionalizing

variables Ue and the displacement thickness §. Figure 15 shows that the

higher frequency surface pressure fluctuation spectra correlate when non-

dimensionalized on wall variables UT and v/Ut. No discrete preferred

frequency has been observed in any of these surface pressure fluctuation
data.

Figure 16 shows the shape of the cylindrical appendage that is
currently being fabricated on a computer-~controlled milling machine and will
be used in the wind tunnel shown in Figure 17. The nose of this 12 inch
chord protuberance is a 1.5 to 1.0 half ellipse while the tail portion
beginning at the maximum thickness has the shape of a NACA 0020 airfoil.
The 2.83 inches maximum thickness protuberance produces some blockage
effects. In particular, the flow in the trailing portions of the corners of
this Junction will not be subjected to the same streamwise pressure
gradients as in an infinite stream unless blockage effects are properly
accounted for. The wall jet and suction boundary layer control system will
be used to minimize blockage effects. As shown in Figure 18, inviscid flow
streamlines for this body in an infinite stream show that there is some
streamline curvature 18 inches from the body. The boundary layer wall jet
and suction system will be used to suck off flow and produce this streamline

curvature. Mean surface pressures calculated from potential flow will be
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than 30 boundary layer thicknesses downstream of location A to insure that a
. normal two-dimensional zero-pressure-gradient boundary layer exists just
upstream of the protuberance.
Downstream of the protuberance the flow will reattach to some degree.
Downstream of location B the flow is subjected to a strong adverse pressure
gradient that can be adjusted by the upper wall. The momentum deficient
wake from the protuberance will be the first part of the flow to detach in a
mean three-dimensional pattern. Judging from the results from mean two-

dimensional flow the detached flow structure is dominated by the large-scale

structures.

Figure 11 shows that upstream of the protuberance the classical U+ vs.

Y+ "law~of-the-wall" velocity profile exists near the wall. The surface
skin friction factor obeys the classical Ludwieg~Tillmann correlation (Ref.
22). The Reynolds shearing stress distributions across this boundary layer
were obtained by cross-wire and triple-wire hot-wire anemometer probes (Ref.

24) and are in good agreement with earlier distributions for this type of

flow (Figure 12). Measurements of u? by single, cross-wire, and triple-wire

hot-wire anemometers are in good agreement as discussed by Ahn (Ref. 22).
Measurements of ;7 by cross-wire and triple-wire probes agree away from the

wall where triple-wire measurements are valid (Ref. 24). Measurements of w?
are in agreement with earlier turbulent boundary layer results.

Figure 13 shows that u fluctuation spectra from single hot-wire data
have normal wideband features without any preferred single frequency (Ref.
22). This indicates no appreciable single frequency unsteadiness in this

wind tunnel flow. Spectra for v, -uv and w obtained by cross and triple
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3-D Turbulent Flows from Hull Appendage Junctions

During the first phase of this work, our goal is to determine the time-
dependent features of protuberance flows for a range of practical
conditions. Turbulence spectra, cross-spectra, and space-time correlations
of hot-wire anemometer signals of u around the protuberance and downstream
will be used-to obtain this information. Hot-wire anemometer measurements
upstream of the protuberance and downstream of reattachment will be made to
document each condition.

During the past first year of this phase (May 15, 1984 through May 14,
1985), detailed turbulence measurements have been made of the zero-pressure
gradient boundary layer that approaches thé protuberance (Refs. 22, 23 and
24). The temporal structure of this type flow has been examined over a

range of momentum thickness Reynolds numbers Re, between 2500 and 7000.

8

SpanwWwise and streamwise space-time correlations and cross-~spectral

distributions of fluctuations,.;?, ;7,';7 and -uv Reynolds stresses, and
surface pressure spectra have been obtained to thoroughly document the time~
dependent behavior of zero-pressure gradient turbulent boundary layers
approaching a protuberance. This i3 extremely important so that we can know
if the time-dependent narrow frequency bandwidth motions observed by Rood
are due to the upstream zero-pressure gradient boundary layer of due to the
presence of the protuberance.

Figure 9 shows a sideview schematic of the 26 feet long, 3 feet wide
wind tunnel test section used in these experiments. The flow enters from
the left, forming a mean two~-dimensional turbulent boundary layer on the
flat floor of the test section. The upper wall position is adjusted to
produce a zero pressure gradient boundary layer between locations A and B

(Figure 10). A cylindrical protuberance of interest will be placed more
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problem. We view the results as "preliminary", because they have only very
recently been made and are still under study. We used a finite element grid
with 12 perip”=ral planes which means that the pie-~shaped mesh piece in
Figure 1 occupied one whole element. It is likely that one or two extra
peripheral planes should be added in that area. Work to that end is now
underway. Despite these reservations, the results obtained to date to be
shown below are really quite good, and we look for our final calculations to
provide a truly excellent simulation of this complex flow.

In Figure 3, we show measurements and calculations for the axial
velocity profile right behind the propeller (X/D = 0.025) along a radial
line in the horizontal direction in Figure 1. For that cut, the flow will
not have passed through the extra pie-shaped mesh segment before passing
through the propeller. Figure 4 gives the swirling velocity comporent
profile along the same radial cut, and Figure 5 shows the corresponding
radial velocity. One can note the generally good agreement except near the
hub and drive shaft (Y/D < 0.2).

Measurements and predictions along a vertical cut (see Figure 1), i.e.
for flow that has passed through the extra wedge of mesh before entering the
propeller, at X/D = 0.025 are shown in Figures 6, 7 and 8. The agreement is
good but not so good as for the other radial cut. Again, we attribute this

to a need for better element grid resclution in this sector.
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Numerical Solution of 3-D, Turbulent Propeller Flows

In the original (1983) plan, work for this year would have involved an
axisymmetric, sharp-tailed, slender body ahead of the propeller. The
approach flow was to be taken as three dimensional, i.e. varying with angle
around the body, 6. This was called Problem #2. This represented a very
large jump in complexity beyond Problem #1 - a propeller in a linear shear
flow. Our experience with Problem #1 and consultations with DTNSRDC
personnel indicated that the original Problem #2 should properly be split
into two phases -~ Problems #2A and #2B. Problem #2A involves a peripherally
varying inflow velocity profile similar to that expected in the original
Problem #2 except that the solid body is removed. The desired inflow
velocity distribution is generated by a wire mesh disk with radial and
peripheral variations in mesh spacing (see Figure 1). This method is
commonly used in propeller testing. Problem #2A was treated this year.
Calculated results were compared to wind tunnel measurements using the same

propeller as for Problem #1.

-

t; A photograph of the test apparatus in the wind tunnel is shown in
ﬁf Figure 2. We are using the same propeller as for our earlier work, but the
\: test conditions are different. The freestream velocity is 44 ft/sec and the
:E propeller is nominally "self-propelled" cancelling the drag of the screen
.f disk. The rpm was 1400 giving J = .96. The propeller drive system and the

thrust and torque measurements are improvements over our previous devices.
o We have measured both mean flow and turbulence quantities.
To this point, we have made complete, but preliminary, calculations

using the basic methods described in Ref. (11) extended to this complex
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VELOCITY COMPONENT, VZ/VF, AT Y=0, RPM=1400 ,X/DP=.025
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Figure 8. Radial Velccity Profile Behind the
Propeller at x/d=.025% for a Vertical Trav-
erse.
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X = 3.289 M
y/§ = 0.0792
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Figure 13. Streamwise Velocity Fluctuation Spectra at X = 3.289 m for
Various Y/é Positions within the Case A Zero-Pressure-
Gradient Boundary Layer. Solid Straight Lines Denote

n's/3 Inertia Subrange for These Spectra.
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Figure 15. Surface Pressure Spectra in Wall Region Non-Dimensional
Variables for the Case A Zero-Pressure-Gradient Turbulent
Boundary Layer Along the Test Section Floor. Note Good
Agreement Among Data for mv/Ue2 > 0.1 (Ref. 23).
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illustrated in Figure (10).

peller on pressure field is
The sudden,
almost discontinuous, pressure increase,
characteristic of actuator disks, is ev-
Figure (1l) shows that there is
regligible swirl upstream of the pgpro-
peller as predicted by vortex theory.
The jump in the swirl across the pro-
o the shock

wave in compressible flows.

peller is a behavior akin
The small
wiggles upstream of the propeller are
typical of the use of Galerkin afd cen-
difference schemes for

tral problems

with sharp fronts. The near periect ax-
ial symmetry of the

is observed.

swirl distribution
The slipstream contraction

is clearly seen in Figure (12)

at various axial stations are shown in
Figure (14).
The

momentum,

The swirl level decays very
slowly. radial turbulent diffusion
of characterized by flatter
and wider profiles, is clearly seen

Pressure profiles are plotted in Figure
(13)
of the propeller.

in the last

illustrating the decay downstream
The negative dimples
three curves are due to the
zero axial traction applied at the out-
£low. The use of this natural boundary
condition sets the pressure level at the
outflow boundary. The axial traction is
given by:
tx=
where tx is the axial traction and P the

- P + ZHTU,X=0

pressure. The zero traction defines the

pressure level as:

Figure (13) presents axial velocity P = ZuTU,x
profiles along the y axis at various Since the axial velocity is still decay-
stations downstream of the propeller. ing, U’x is negative and the pressure at
The streamwise acceleration of the fluid the exit takes a small negative value.
downstream of the propeller due to pres-
sure relaxation can be seen. The kinks
near the tip of the prcpeller :in the Q. 2541 L
first two profiles of Figure (13) are 0.29
characteristic of flows past propellers 8'%8
fef. {16} The asymmetries due %5 the v G.35
shear in the approach flow can be seen 6 _8'%%3
. 1
most clearly in the shape of the peaks g -0.101
-0.15
of axial velocity. The swirl profiles —S'éad
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Figure 5: Uniform Flow: Pressure LESEND: 2 p— :“T-“‘ -
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. 2 sa Tigure 6: Shear Flow: Axial Veloc:ity
Ko = T/(poN D 7) = 0.158
v = *2nt5. P increase on the positive side cf the vy
L(Q = Q/(po. ) = 0.0266 ] d .. sice
At the inflow 2nd on the freestream axis compare to the negative sice.
. - 1-ted ~
shell bouncdary , U is set equal toc the Figure (7) presents the predicted and
3 3 ] ¢ s - - -
approach shear flow. All other boundary experimental swirl profiles alcng the z
conditions are identical to those used axis. Agreement between predictions aad
for the uniform flow simulation. experiments is excellent. Figure (39)
gives the predicted and experimental

: s - ressure profiles alon the axis in
To obtain an initial guess of the p N g Y

- . . . the form of a pressure coefficient C_ =
velocity field, a 2-D, axisymmetric so- p =3

lution without swirl was produced for a Z(P-Po)/(pUg). The experimenzal pro-
uniform flow and the velocity excess was files have shapes similar <t fthose of
exzracted, rotated on the 3-D grid, and the predictions, but the amplituces o
added <o <he approach shear flow. The not quite agree at x/D=0.02S.
system 0f nonlinear equations was <then
solved 1n 2 gquasi-Newton iterations re- Figures (9) %o (12) present predictad
quiring a total of 150 minutes of CPU on axial disctributions of <the ax:al ccmpo-
IBM-3081. No gradual introduction of nent of the velocity, pressure, swarl,
thrust and torgue in the course of the and radial velccity. “hese distr:ibu-
iteration was required as opposed to the tions were taken at a radius egual to
work of Refs.[4-6]. 0.85R where the maximum thrust occurs.
Figure (9) clearly shcws the strong
Tigure (5) ccmpares the experimental streamwise acceleration of the fluid up-
and predicted axial velocity profiles stream and downstream for the prcpeller.
along the y axis. The agreement is ex- The different wvariations in U at four
cellent at x/D = 0.025 and good at x/D = peripheral location are due to the shear
0.23. On the low speed side of the pro- flow. The two curves in the vertical
peller, less fluid flows through the plane display non-symmetrical behavior.
propeller, and hence, it is subject to This is caused by the swirl that moves
more body force per unit mass flow. This high velocity fluid into regions of low-
results in higher acceleration of the er velocity and vice versa. The signi-
fluid and a larger relative speed ficant upstream :nfluence of the pro-
9
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A note of caution is reguired before
any comparison with experiments 1is at-
tempted. While the finite element simu-
lations can accurately represent a free
running propeller, the experiments must
use a shaft %to support and drive the
propeller. A body must be placed close
to and downstream of the propeller to
house the drive train, see Ref.[18].
The housing begins at 0.23 propeller
diameters downstream of the disk. The
presence of the housing will very likely
affect the experimental results from the
station located at x/D = 0.23, since
this staticn sits right on the body.

Figure (3) compares the experimental
and predicted axial velocity profiles
along the y axis. The agreement is ex-~
cellent at x/D = 0.025 and good at x/D =
0.23.

Figure (4) presents the predicted and
experimental swirl profiles along the y
axis. [t can be seen that the assumed
radial distribution of the swirling beody
force is reasonable, but it has slightly
too sharp a peak located too close ©o
the propeller <tip. Agreement between
predictions and experiments is excellent
and constitutes a major improvement over
those of Refs.[4-6].

FTigure (5) presents the predicted and
exrerimental pressure profiles along the
y axis. The pressure is given in the

form cf a pressure coefficient, Cp =

2(?-?0)/(903). These are the first

viscous pressure predictions <£for this
type of flow known %o the authors. All
analysis methods based on the boundary
layer equations require the specifica-
tion of the pressure as input. The
agreement with the experiments at
x/D=0.025 is good. The pressure pred-
icted at x/D=0.23 4is 1in qualitative
agreement with the theory of free run-

rning propelliers. The experimental pro-
files at x/D=0.23 have negative values
typical of the £flow over an obstacle
such as the drive hcusing.

ocCc~NC
(o]
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iT

-2 -2 -1 otz 3
Y/RO
LEGEND:Z FE‘("‘//DZ’J.T::‘
OO0 ECT-X/0=0, 728
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Figqure 3: Urifcrm Flow: Axial Velocity
Profile
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v
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U
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-3 -2 -1 0o 1 2
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g o0 EXP-X/3=7.023
- ':E\"—\/_,:v:'zs
e @ o EXP-X,/T=0,273

Figure &: Uniform Flow: Swirl Profile

SHEAR FLOW PAST A PROPELLER

This simulation of a <£free running
propeller in a shear Ilow corresponds to
the experiments of Kot, [16]. The char-

acteristics of the flow are as follows:

Uine = 8.52 ~ 0.67y m/s
Ue=1-0.1588y

* 3

po = 1-177 ka/m

D =0.492 m
N = 1150 rpm
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four curves result in clustered distri-

butions well within the margin of uncer-

tainty for this problem. An initial va-

-2
lue of 5*10 ~

used for all subsequent simulations.

was judged adequate and
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Effect of Initial Value of
Eddy Viscosity

CCMPUTATIONAL SAVINGS ARISING FRCM THE
USE OF THE PENALTY METEHOD.

To illustrate the computational sav-

ings afforded by the use of the penalty

method, we present the characteristics

of the global stiffness matrix of the
3-D prcpeller simulations Zor the penal-

ty and velocity-pressure (mixed) formu-

latiorns. The mesh has a total of 3748

nodes and 3588 8-noded brick elements.

Penalty Mixed
NEQ 10 557 14 145
NEM 10 997 103 19 434 905
MINB 521 687
MAXB 886 1 186

where NEQ is the number of eguations,

NEM <=he rnumber of matrix coefficients
stcred, MINB the average bandwidth of

the matrix, and MAXB the max.mum band-

TR TR T T AT TR ey

width.

more

The mixed formulation has 34Y%

unknowns, a bandwidth 32% greater,
and stores 77% more matrix coefficients.
The Gaussian L-U factcrization time is 2
and 5 hours CPU for the penalty and mix-
ed methods repectively (on IBM-3081, us-
ing FORTRAN-H extended with optimization
level-1). Clearly, the penalty methed
offers substantial savings.

UNIFORM FLOW PAST A PROPELLER

The characteristics of the flow are

as follows:
*

Uo = 8.52 m/s
* 3
Po = 1.177 kg/m
D' =0.492 m
N = 1150 rpm
* 2_*4 =
KT = T/(poN D °) = 0.150
* 2_*5
KQ = Q/(poN D7) = 0.0279
The grid is a cylinder with 24 nodes :in
the axial direction, 14 in the radial

direction , and 12 in the peripneral di-

rection. The inflow boundary is located
2 diameters upstream of the propeller,
see Fig.(2).

at 3 diameters downstream of the disk, H

The outilow plane stands

while the freestream boundary is a cyl-
indrical shell of
At the inflow, U
and V and W are

radius 1.2 diameters.

is set to unit -wvalue

set to ZzZero. Cn the
freestream boundary, U is set to 1 and
the y and z tractions to zerc. The <three

components of vector

the ¢traction are

set to zero at the outflow boundary.

Figure 2: Grid for Propeller Simulation




RESULTS AND DISCUSSION

The turbulence model was programmed
and interfaced to the general purpose
finite element £luid dynamics program
FIDAP {15]. The resulting code can simu-
late planar, axisymmetric, and three-di-
mensional turbulent free shear flows.

NONDIMENSIONALIZATION

All calculations were performed with
a ncndimeqsicnal form of the equations
of motion for the conditions of
Ref.[16]. Reference values are selected

*
for the velocity (UO), length (L;),

*
and pressure (PO) to obtain the fol-
lowing dimensionless variables (the star
denctes a dimensional variable):

- * *
X, = xi/Lo

(=
it

*  *x
Ui/UO

47}
[}

(2*-25)/(s02)

¥
3
[

o * * _
up /(sUpLy) = l/ReuT

n
[}

* 2 _*

£ /(Uy/Lg)
*

p = 2/pg = b

INITIAL VALUE FOR THE EDDY VISCCOSITY

The absence of solid walls or aftbody
upstream of the propeller in the pre-

sent, idealized Zlow problem results in

"inviscid”", uniform cr

an undisturbed
shear approach flow making difficult the
determination of the initial condition
for <the turbulence model. The £flow
thrzcugh and past a propellar has many of
the characzeristics 0f a turbulent jet
{17]. Hence, an indicatiosn of the mag-
nituce of ¥y may be obtained from the
standard jet formula f£for the eddy vis-
cosity [17]):

v = 0.025 r LU

172

where :1/2

and can be taken as :1/2=R, the radius

is the halfwidth of <the layer

Yo s e Ty TR

of the propeller and aU is the charac-
teristic velocity excess determined from
a simplified inviscid, one-dimensional
analysis of the propeller (18]:
* * * *2 .1/2 *

aU = [ 2T /(s A) ~ VO ] - UC
T™he following data applies to the uni-
form flow case of Ref.[16]:

*

R* = 0.246 m
U; = 8.52 m/s
T =2.91a N

" 2
A" =0.19nm

* 3
o' = 1.177 xg/m

aU” = 1.41 m/s
A rough estimate of the eddy viscosity
downstream of the propeller is in dimen-
sionless form:
*
= = 2
U vT/(DUo) 0.002

There remains to select an initial
value for the eddy viscosity. Assuming
that the Prandtl-Kolmogorov relaticnship
holds we have:

]
vg =0.2k/%r
init
where ¢c=0.2 (the value for jets) and ko
is the turbulence intensity upstream of
the propeller. The corresponding dimen-
sionless form is
Uy =o0.1 x7%m
Tinit . Tinic  © o 7o
rom “he experiments of Ref.[l15] we have
k*172 0" = 0.01
0 0 .

and an estimate of the in:ztial eddy vis-

v = v

cosity is finally
v = 0.C0l
T c
init
To assess the validity of this analy-
sis and to investigate the eifect of the
choice of the :initial wvalue on the eddy
viscesity distripution, simulations were
P
R

I3
-

erformed for <the uniform flow of

ef.(16]. The calculations were done

or an axisymmetric flow without swirl.
Figure (1) shows that low values of

S e 10-3, produce

Ym, in the range 10~
s;mila: results with a peak eddy viscos-
ity of 0.0025, a vaiue in good agreement
with our rough estimate of 0.002. Hign-
er initial values producte distributions

that are probably too high. The bottiom
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where Ri are the residuals, a measure of
the quality of the approximate solution
used. The Galerkin method reduces this
error to zero, in a weighted sense, by
making the residuals orthogonal to some
set of functions. The weighting func-
tions, GUi, must satisfy the continuity
equation. The continuity equation
constraint is enforced by use of a pe-~
nalty method. The resulting weak formu-

lation is given by [7,11]:

918U UU, (+80, up(U; (#Us () +6U of, Jdr

ID Ui,isui,i db = IS GUiti ds (10)
Here A is a positive number whose value
affects the accuracy of the solution,
while 5Ui may be interpreted as a virtu-
al velocity, and eq.(10) is similar to
the principle of virtual work of solid
The divergence theorem was applied to
the pressure and viscous terms to reduce
the differentiability regquirement on the
velocity by transfering some of the der-
ivative from Ui to GUi, and to introduce
the ratural boundary conditions involv-
ing the surface tractions or forces ti:
L= {-P » “T(Ui,j*uj,i)]“j
The pressure does not appear explicitly
in eg.(10); it appears only implicitly
through %he surface integrals on the
right hand side of eq.(10). The only
unknowns are the velocity components.
This results in significant computation-
al savings. Once the velocity field is
obtained by solving eq.(10), the pres-
sure may bte computed in a post process-
ing step Zfrom the following relationship
{7,11]:

P = -xui' (11)

i

Convergence of <the solution of the
penalty formulation to the true solu-
tion, as l~e, can be proved [12]. A va-
lue of ) of 106 to 108 usually proves

affective.

- .t ,...-_ TSI S

WA PN I IR IS 5

For reasocns of computational economy,
we use the trilinear velocity, constant
pressure element [11]. This element,
under certain circumstances may suffer
from spurious pressure solutions. Our
experience with this element indicates
that it is a fairly reliable element for
the problems treated here. No spurious
pressure solutions were observed.

GENERAL SOLUTICN PROCEDURE

The formulation results in a system
of nonlinear algebraic egquations of th
form:

[K(U,uT(U))] U=F
where K is the global system matrix, U
is the global vector of unknowns, and F
is the global vector of body forces and
boundary cenditions.

This system of equations may be
solved by a combination of methods:
successive substitution, Newton-Raphson,
and quasi-Newton methods {13]. The qua-
si-Newton procedure converges as fast as
the full Newton method, but the cost of
one guasi-Newton iteration is about 10
to 159% cf that of a Newton iteration.
The following iteration strategy was
fcund suitable throughout this study:
starting from a first guess for the vel-
ocity field, <the guasi-Newton method is
used to iterate until convergence. The
eddy viscosity distribution is updated
at each iteration by solving egq.(6) us-
ing the current velocity distribution to
evaluate <the coefficients of the ordi-
nary differential egquaticn. The linear-
ized system of equations is very large
and is solved by direct Gaussian decom-
position in a compacted, skyline, out of
core solver [14].
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dvT/dx = O.S(Yz-deYl/dx-v,rz ‘_'3)/‘{1 (6) simplicity we use a %trapezoidal distri-
where bution given by:
v, =11, uzz/(cgn) dA t(r) = 0 r in [0, rl]
" Yz = l!A l((U,y)2¢(u,z)2+(v,z.w/y)z] dA t(r) = cm(r-rl)/(rz-rl) r in [rl,rzl
= r i , 7
¥y = 11, Ta,/(c3L) A tr) =ty in lzy ozl (7)
t(r) = t_(R-r)/(R~-r,) r in [r,,R]
. m 3 3
t(r) =0 >R

It now remains to specify the length

r i i alu £ <h
scale L. Following Ref.[9] we adopt: vwhere t, is the maximum v ¢ e °

thrust and R is the radius of the pro-

= z3 a eller. Values of r., r,, and r., were
L= (Y], 2] ,50/(0] 5+ 20 )1t iet to 0.25%, 0.7R, and 0.85R raespec-
with a = 1.89. This ensure correct tively. These values result in distri-
dependence for the limiting cases of butions similar to those of Refs.[4-8].
planar and axisymmetric flows. Equatio The same form is adopted for the digctri-
(6) is an initial value problem for the bution of the £force s producing the
kinematic eddy viscosity V- The only swirl. Its maximum value is denoted by
data required is an initial condition s,- The upstream face of the propeller
for vy at the upstream inflow boundary, disk is located at x = - Ax, while the
a value that can be easily estimated for backface of the propeller is located at
most flows. One significant advantage of x = 0.0. These distributions are inte-
the present model is the absence of the grated to yield the global thrust and
diffusion of TKE, a most cdifficult term torque of the propeller
to model. T =0.3075 * 21 * RS * £ (8)
Q=0.2218*21+8 *s_ (9)

' The present model was calibrated on Given values of the global thrust and

the simple, well documented <turbulent torque, the values of tm and s, are det-

flow problem of the far field of a round ermined form egs.(8) and (9).
jet issuing into still surroundings.
This flow has an analytical solution
{&R11.] for the velocity field, and the
value of the eddy viscosity is known and SOLUTION ALGORITEM
constant. The integrals are evaluated
exactly and with the assumption of tur-

tulence equilibrium the constants are

determined to be [7]: PENALTY FORMULATIC
= = 1
a, c.519 <, 0.154
i & 3 1 -
MODELING CF THE PROPELLER Details of the weak Galerkin formula

tion are readily available for penalty
ti ti i), Thu i
The propeller is modeled by a disk of function formulations [11i! hus, only
3 tli £ t i i Y
radius egqual to the propeller radius and an outline of the technique is presented
of thickness Ax, roughly egqual to the

physical thickness of the propeller. The

here.

Substitution of an apprcx:mate solu-

* L]
tien (U ,P ) into egs.(l) and (2)
yields a set of residual equations of

thrust and torque are allowed to vary
radially but are constant in the tangen-
tial direction. Little is known about

the form:
the detailed radial thrust and torgue * 4
) ] ) Momentunm : fl(U ,P ) = R.
distributions of a given propeller. R -
Generally, one only Xnows the global va- Continuity : £,(U ) = Ry

lues of total thrust and torgue. For

o o,
s
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MODELING QOF THE PROBLEM

EQUATIONS OF MOTICN

The mean flow eguations in cartesian
coordinates are given by:

Ui, =0 (1)
FUJU‘.,j = P’l pfi

* ["T(Ui,j*uj,i)]’j (2)
where 4 is the turbulent eddy viscosi-

Ty, and fi are body forces representing
the effects of the propeller disk.

TURBULENCE MODEL

Following Refs.[4-6] a simple turbu-
lence model is used, since little exper-
imental data is available for this type
cf problem on which to base more elabo-

[ R e i e s et T

where L is a characteristic length scale
of the shear layer, and a, and c, are
constants. Physically, all integrands in
eq.(3) are sufficiently well behaved to
ensure boundedness of the integrals. The
assumption that the eddy viscosity is
constant over the cross section of the
flow is a well documented behavior £for
free shear flows. In fac%, the eddy vis-
cosity is constant over most of the
shear layer and decays to zero only as
the radial distance, r, from the x-axis
goeas to infinity. In order to preserve
this behavior and ensure boundedness of
the integrals in the modelled integrated
eguation, we introduce a distribution
function, V¥, representing the distribu-
tion of Up Aacross the layer. It is
closely related to the actual intermit-
tency of the turbulent flow. The fol-
lowing £orm, obtained from a nonlinear
least squares fit to intermittency data
for a turbulent boundary layer over a
flat plate and turbulent plane and round

jets was fSound satisfactory:

Lo ot ‘ol sy senay |

rate mcdels. An integrated form of the ¥ = 'y‘z
TKE equation is used (details of the where
algecraic manipulations are contained in ‘y = 0.5 (1 - erf(1.98Y,Y, /2-3-42))
Ref. [7]): !z = 0.5 (1 - exf(1. 982/&1/2-3.42))

L = l th 1 30}
d(!lAndk dA) /dx and Y1/2 and 21/2 are the half-widths of

the shear layer along the y and z axes

2 2 2 » i -t - -
f!AvT[(U,y) +(U,z) *(V,z*w,y) ] dA respectively. The half-widths are de

fined by the points on the axis wheras

(U= Uine)/tU = U nedmax = ©-3

In this expression, U'nf is the <£free

b
&

= Il dA (3)

In order to close the model, the TKE
must e related %o the eddy viscosity
u.=pv.,,. This is done through the use of

stream approach flow velocity which zan
be non-uniform.

\ the Frandtl-Kolmogorov relationship (8] It should be ncted that the particu-
. lar ferm of the distribution function
? vp = ¢, kl/z L (&) used is not critical. Choosing diffe-
b rent algebraic forms will simply result
E: Assuming that laminar dissipation is im- in slightly different values of <the
Fé portant only in the inertial sub-range, constant az and cz.

h; dimensional consistency dictates <+hat

E the viscous dissipation be modeled as Upon substitu<ion of eg.(4) and
- (8]: eg.(5) into eqg.(3), the modeled inte-

LAY

grated TKE equaZtion takes the form:

‘s

LSRN

/ L (5)
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INTRODUCTION agreement for the axial velocity compo-
nent. The swirl velocity component pred-
Detailed analysis of the 3-D, turbu- 1cticons were ccnsistently too low.

* lent £flow produced by a propeller/bedy From the point of view of direct ap-
combination is of interest in a number plications to problems of practical in-
of practical applications. Examples in- terest, the biggest limitation to <the
clude the influence of the propeller on analysis described above is its restric-
the body pressure distribution, the tion to two-dimensional, axisymmeczric
prediction of the near-wake profiles, flows. Actual propeller-driven vehicles
cyclic loading to produce vibrations and have either a three-dimensional kEtody
the influence of a downstream surface ‘on near the propeller and/or appendages
a propeller and vice versa, t3 name a that render the flow three-dimensional.
few. Until recently, only approximate For many casas, the assumption of an ac-
treatmentis were available involving one tuator disk representaticn cf the pro-
or more of the following restrictive as- peller remains appropriate wh:le the
sumptions: the flow was assumed invis- restriction to axisymmetric flow does
cid; the propeller was represented as an not. Furthermore, the jump to %rying to
actuator disk with constant thrust; the treat the three-d:imensional, cyzlicaly
flow was taken as laminar and/or the ef- unsteady problem with individual blades
fects of the propeller on the flowfield and their thin boundary layers and wakes
were assumed small enough to permit li- is too great to be attempted in one step
rnearization of the equations of motion. at this time.

Refs.[1-3] are representative.

The numerical solution procedure The present work is part ¢of a step-
reported in Refs.(4-6] had as its goal by~step approach to the development of a
the development of a realistic treat- computational method <£cr analysis cf
ment, holding simplifying assumptions propeller flowfields with three-dimen-
and approximations to a minimum. The sional inflows and the effects of ap-
worx was based on the full, axisymme- pendages in situations of increasing
tric, mean (in the turbulence sense), complexity arnd practical realism. The
unsteady Navier-Stokes egquations. In fully eliliptic, three-dimensicnal, tine
order to place some bounds on the scope averaged, steady state, primitive varia-
of <he effort at that time, however, bles Mavier-Stokes eqguations are soclved
some simplifications were necessary. by a Peralty IFinite Element HMethod be-
The first was the assumption of an actu- cause of its ease of handling
ator disk model £for the propeller, alt- complicated geometries and its simplicty
- hough arbitrary radial variations of for implementing a variety of boundary
. thrust were allowed. Second, the flow conditions. Turbulence modeling is done
tf was taken as axisymmetric. Third, turbu- through a generalization of the inte-
- lent transport processes were described grated TKE model of Refs.[4-8].
h’ by an integrated, turbulence-kinetic-en-
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ergy (TKE) modal, which was used ¢to

predict an eddy viscosity distribution.
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The unsteady equations of motions were
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cast in terms of a stream function, one
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vorticity c¢cmponent, and the peripheral
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velocity. Conmparison of the predictions
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of this procedure with laboratory data
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for an axisymmetric £flow, showed good
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Abstract
A numerical procecdure based on the

primitive variable Navier-Stokes
equations is appiied to the simulation
of the three-dimensional f£flow near a
flow. The
solved by a
Mechod. The

an actuator

in a shear

‘0

ropeller

Navier-Stokxes eguations ar

L

Finite Element

Mt
[

is medelled as

e
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~ propeller
disk,
given prcpeller is considered in detail.
Turbulent

and direct simulation of a

ransport is modeled by an

integrated Turbulent
This

numerical

Kinetic Energy

equation. approach results in a
Cetajiled

rison with wind tunrel measurements

robus® algorithm.

compa

show good prediction of velocity and

St

pressure. The high accuracy of the swirl

el

prediction is a major improvement over

previous analyses.
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NOMENCLATURE

cross section of the flowfield and
area of the propeller

a, .. constant in the turbulence model
constant in the turbulence model
D ... domain of solution and
propeller diameter

turbulence kinetic energy

.. torgue coefficient

thrust coefficient

N rotational speed of the propeller
nj unit cutward normal
P ... pressure
Q sorgue of the propeller
1/2 half-width of shear layer
Re .. Reynolds number

s ... radial distrikution of swirl force
S boundary of the domain D

t ... discr
t

surface traction vector

itut:ion of thrust

T . thrust of the propeller

Ui velocity vector

Uinf upstream approach flow

p ... density of the fluid

¢ ... turbulence viscous dissipation
XA ... penalty parameter
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