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Viscous Flow Around a Propeller-Shaft Configuration
with Infinite-Pitch Rectangular Blades

H. T. Kim* and F. Sternt
ITowa Institute of Hydraulic Research,
University of Iowa, Iowa City, Towa 52242

A viscous-solution method is set forth for calculating incompressible propeller flowfields. An overview of the
computational method is given, and some example results for both laminar and turbulent flow are presented and
discussed with regard to the flow physics for the idealized geometry of a propeller-shaft configuration with
infinite-pitch rectangular blades. It is shown that the flow exhibits many of the distinctive features of interest,
including the development and evolution of the shaft and blade boundary layers and wakes and tip, passage, and
hub vortices. Comparisons are made with results from a lifting-surface, propeller-performance program to aid
in evaluating the present method, which show that the method accurately predicts the blade loading, including
viscous effects, and clearly displays the ability to resolve the viscous regions in distinction from the inviscid-flow

approach.
Nomenclature
Ay, By, etc. = coefficients in transport equations
a = contravariant base vector
b; = geometric tensor

Cp,Cp,Cy,C,p = finite-analytic coefficients
(nb=NE,NW ,SE, etc.)

Crs = force coefficient (=2F/pUnR?)

Cr = friction coefficient (=27,,/pU?)

G = section-lift coefficient (=2¢/pU?c)

Chsx = moment coefficient (=2M/pUixR})

C, = pressure coefficient

c = blade chord length

SfeoSoofr = body force

gy = conjugate metric tensor in general
curvilinear coordinates £/

J = Jacobian

k = turbulent kinetic energy

L = characteristic (shaft) length

/] = pressure

R = rotation parameter (=wR,/Uy)

Re,Re, = Reynolds numbers (= UyL /v, Uyc/v,
respectively)

Ry = hub radius

R, = propeller radius

84,8 = source functions

t = time

uv,w = velocity components in cylindrical polar
coordinates

u,u,w = propeller-induced velocity

U, = wake centerline velocity

Us = characteristic (freestream) velocity

U, = wall-shear velocity [=(7.,/p)"]

uu, U, etc. = Reynolds stresses

W nax = maximum swirl velocity

x,r.0 = cylindrical polar coordinates

x*t,yt,z* = dimensionless distances (= U,x/», etc.)
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boundary-layer thickness

raté of turbulent energy dissipation

kinematic viscosity

= eddy viscosity

= body-fitted coordinates

time increment

wall-shear stress

= transport quantities (U,V,W,k ,e)

= angular velocity of rotating coordinates
(x,r.0)

= propeller angular velocity
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Introduction

ROPELLER-TYPE flowfields are encountered in a wide

variety of engineering problems, €.g., in the propulsion of
marine vehicles, airplanes, and helicopters. The present study
concerns the development of a viscous-solution method for the
analysis of incompressible propeller flows. Of particular inter-
est are marine propellers, which are unique because they oper-
ate in the thick stern boundary layer and near wake such that
the flowfield is interactive; i.e., the propelier-induced flow is
dependent on the hull flow, which is itself altered by the pres-
ence of the propeller. More specifically, here we are primarily
concerned with the propeller-induced flow; however, the pres-
ent study is an outgrowth of a large project concerning propel-
ler-hull interaction and, upon extension, is expected ultimately
to handle entire configurations.

Presently, only inviscid-flow methods are available for cal-
culating practical marine-propeller flowfields.! Consistent
with the restrictions of the underlying assumptions, the agree-
ment with experimental thrust and torque data for nonuni-
form inflow has not been satisfactory. Also, the predicted
pressure distributions, even for uniform inflow, do not show
overall good agreement with experimental data. However, a
complete evaluation of the theory has been hampered by the
lack of knowledge of the effective inflow, which is usually
assumed to be the nominal wake of the bare hull. Relatively
little work has been done concerning viscous effects for rotat-
ing propeller blades. Most of the studies pertain to boundary-
layer development and are restricted to laminar flow and ideal-
ized geometries.2 Only one study has considered practical
geometries and flow conditions.? In general, these methods
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" suffer due to the inaccuracy of the pressure distributions pre-
dicted by inviscid-flow methods and are not easily extendable
into the wake.

Most work on propeller-hull interaction assumes that the
interaction is inviscid in nature and has focused separately on
either propeller influence on hull resistance (thrust deduction)
or on hull boundary layer and wake (effective wake). Recently,
Stern et al.*’ have developed a comprehensive viscous-flow
approach to propeller-hull interaction in which a viscous-flow
method for calculating ship stern flow® is coupled with a pro-
peller-performance program in an interactive and iterative
manner to predict the combined flowfield—hereafter referred
to as the interactive approach. Following Schetz and associates
(most recently, Ref. 7) and others, a body-force distribution is
used to represent the propeller in the viscous-flow method. The
steady-flow results show good agreement with experimental
data and indicate that such an approach can accurately simu-
late the steady part of the combined propeller-hull flowfield.
Although the unsteady-flow results generally follow the trends
of available data, these results indicate the limitations of this
approach for simulating the complex blade-to-blade flow. The
work of Stern et al.*> is precursory to the present work.

Most of the relevant work from related applications is for
high-speed flows in which shock waves have a dominating
influence; therefore, the focus of these studies is, in general,
quite different from that of the marine-propeller application.
The most closely related work is that done to develop energy
efficient turboprops. Although advanced inviscid-flow® and
viscous-flow® methods are under development, in most cases,
incompressible-flow calculations are either not possible with-
out major modifications or require the use of the pseudocom-
pressibility concept. In its usual form, the latter precludes
time-accurate unsteady-flow calculations, although some re-
cent studies have shown promising results for such extensions
through the use of subiterations. Lastly, concerning related
applicaiions, the helicopter-rotor,!® turbomachinery,!! and
swirl-flow!? calculations are helpful with regard to tip vortices,
blade-to-blade flows, and swirling jets and wakes, respec-
tively, but, here again, involve large differences in both flow
conditions and geometry.

It is apparent from the foregoing that present methods for
calculating incompressible propeller flowfields are inadequate
for analyzing the detailed flow structures such as the develop-
ment and evolution of the unsteady blade boundary layers and
wakes, blade-to-blade flow, hub and tip vortices, and overall
propeller wake. Furthermore, even the most advanced compu-
tational fluid dynamics methods from related applications are
either inapplicable or require major modifications. This over-
all situation motivated the present study.

It is always desirable to choose as simple flow geometries as
possible, both for calculations and experiments, without sacri-
ficing the essential physics of the flow under consideration.
The geometry chosen for this purpose is a propeller-shaft con-
figuration with infinite-pitch rectangular blades (see Fig. 1).
This geometry has the following important advantages: the
grid generation is relatively simple so that the focus of atten-
tion can be given to the more basic aspects of the numerics; the
laminar- and turbulent-flow solutions exhibit similar flow pat-
terns such that meaningful comparisons can be made between
the two flows; and the simplicity of the geometry facilitates the
diagnosis of the important features of the blade-to-blade flow.
Also, as will be shown later, the flowfield exhibits most of the
distinctive features of interest. However, this geometry also
has shortcomings, such as the lack of blade section geometry
and, most importantly, thrust. Issues related to these aspects
will be addressed in future extensions for practical geometries.

In the following, an overview of the computational method
is provided. Then, some example results are presented and
discussed with regard to the flow physics, including the com-
putational grid and conditions and calculations for both lami-
nar and turbulent flow. Subsequently, comparisons are made
with results from a lifting-surface propeller-performance pro-
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gram to aid in evaluating the present method. Finally, some
concluding remarks are made. The details of the computa-
tional method and the complete results, including additional
calculations to study the influences of a thick-inlet boundary
layer, the propeller angular velocity, and the blade number, as
well as comparisons with some additional relevant experimen-
tal and computational studies, are provided by Kim.!?

Overview of the Computational Method

Consider the viscous flow around a propeller-shaft configu-
ration rotating at constant angular velocity » in an infi-
nite uniform stream with velocity U, (Fig. 1). It is assumed
that the Mach and cavitation numbers are, respectively, suffi-
ciently small and large such that the fluid is incompres-
sible and noncavitating. Under these conditions, the flow
is cyclic in both space and time. Moreover, the flow is
steady and spatially cyclic at blade-to-blade intervals in nonin-
ertial coordinates, which rotate with the propeller. As men-
tioned earlier, the present overall computational method is
based on that used previously for calculating propeller-hull
interaction.*’ This is expected to facilitate future extensions
for entire configurations.

In order to extend this approach for the present purpose, a
number of modifications were required, including the follow-
ing: use of a noninertial coordinate system, which rotates with
the propeller and solution of the corresponding equations;
implementation of boundary conditions, including periodic
boundary conditions for the blade-to-blade region; adoption
of an alternating-direction implicit (ADI) scheme at each cross
plane; and restructuring of the program for propeller ge-
ometries, including calculations for both laminar and turbu-
lent flow. Also, during the time period that the present work
was in progress, the basic viscous-flow method® was upgraded
for fully elliptic calculations of the complete Reynolds-aver-
aged Navier-Stokes equations.!* Similar modifications were
made for the present work. Lastly, modifications were re-
quired to execute the program efficiently on a supercomputer.

Equations and Coordinate System

The Reynolds-averaged Navier-Stokes equations are written
in the physical domain (see Fig. 2a) using noninertial cylindri-
cal coordinates (x,r,0) rotating with constant angular velocity
Q= (w,0,0) as follows:

aUu 4 1oW
E-FE(I‘V)-F;—&?—O 1)
DU 3 . 3
Br = o P TED + [ — 5 (@)
14 uv 1
_ - —— —_ 2 2
raﬂ(ﬁw) r +Rev v @

Fig. 1 Propeller-shaft configuration with infinite-pitch rectanguiar
blades.
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where all variables have been nondimensionalized using Uy, L
and p. For laminar flow, Eqs. (1-4) reduce to the Navier-
Stokes equations by simply deleting the Reynolds-stress terms
and interpreting (U,V,W) and p as instantaneous values.
Closure of the Reynolds equations is attained through the
use of the standard k-e turbulence model. Each Reynolds
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stress is related to the corresponding mean rate of strain by the
isotropic eddy viscosity », as follows:

(au aV> <1 oU aw)
—uv + W=y —— +—
ar Ox r
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v, is defined in terms of the turbulent kinetic energy & and its
rate of disspation e by

k2
v=Cu ©

where C, is a model constant and k and e are governed by the
modeled transport equations
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G is the turbulence generation term
aU\? [av\? (10w V\?
G'”’H(E) (%) *(:T?)]
+<8U+6V> +<1aU aw)
ar ox r a9
10V oW w)\?
(oo wy) o

The effective Reynolds number Ry is defined as

1 1 v,
R(b Re + Ty (10)
in which ¢ =k for the k equation {Eq. (7)] and ¢ =€ for the
e equation [Eq. (8)]. The model constants are C,=0.09,
Ci=144,Cy,=192, oy=0oy=0op =0 =1, 0,=1.3.

The governing equations (1-10) are transformed into non-
orthogonal curvilinear coordinates such that the computa-
tional domain (see Fig. 2b) forms a simple rectangular paral-
lelepiped with equal grid spacing. The transformation is a
partial one since it involves the coordinates only and not the
velocity components (U, V,W). The transformation is accom-
plished through the use of the expression for the divergence
and ‘‘chain-rule” definitions of the gradient and Laplacian
operators, which relate the orthogonal curvilinear coordinates
xi=(x,r,0) to the nonorthogonal curvilinear coordinates
£=(£,1,9). In this manner, the governing Egs. (1-10) can be
rewritten in the following form of the continuity and convec-

tive-transport equations:
% (b‘U+b V + b} W) + ai (b,ZU+b§V+b}W)
n

+%<b?u+b§V+b3’W>=0 (11)
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3¢ ) ¢ ¢ 3¢ diffusion is negligible so that the exit conditions used are

" 28 +g% ot +g% e " 24, o + 2B, o 3¢/9£2=0, and a zero-gradient condition is used for p; on the
periodic symmetry planes S, and S,,, an explicit periodicity

3¢ ¢ condition is imposed, i.e., &(&,n,9)=dE.n{+5), pE.n.)

+ 2C¢£ + R¢‘5? +8, (12) =p(&,n,¢+¢p), where §, corresponds to the blade-to-blade

Discretization and Velocity-Pressure Coupling

The convective-transport equation (12) is reduced to alge-
braic form through the use of a revised and simplified version
of the finite-analytic method.' In this method, Eq. (12) is lin-
earized in each local rectangular numerical element Af = Ag
=A{=1 by evaluating the coefficients and source functions at
the interior node P and transformed again into a normalized
form by a simple coordinate stretching. An analytic solution is
derived by decomposing the normalized equation into one-
and two-dimensional partial-differential equations. The solu-
tion to the former is readily obtained. The solution to the latter
is obtained by the method of separation of variables with spec-
ified boundary functions. As a result, a 12-point, finite-ana-
lytic formula for unsteady, three-dimensional, elliptic equa-
tions is obtained in the form

1

op =

8
Cﬂ¢n
R) [Zl: oone

T

1+CP<CU+CD+

R
+ CP(CU¢U +Cpép + 5 ¢§':_1> “S] (13)

It is seen that ¢ depends on all eight neighboring nodal values
in the crossplane, the values at the upstream and downstream
nodes ¢y and ¢p, and the values at the previous time step
¢3!, For large values of the cell Reynolds number, Eq. (13)
reduces to the partially parabolic formulation used previ-
ously.*’ Since Eq. (13) is implicit, both in space and time, at
the current crossplane of calculation, its assembly for all ele-
ments results in a set of simultaneous algebraic equations. If
the pressure field is known, this equation can be solved by the
method of lines. However, since the pressure field is unknown,
it must be determined such that the continuity equation is also
satisfied.

The coupling of the velocity and pressure fields is accom-
plished through the use of a two-step, iterative procedure in-
volving the continuity equation based on the SIMPLER al-
gorithm. In the first step, the solution to the momentum
equations for a guessed pressure field is corrected at each
crossplane such that continuity is satisfied. However, in gen-
eral, the corrected velocities are no longer a consistent solution
to the momentum equations for the guessed p. Thus, the pres-
sure field must also be corrected. In the second step, the pres-
sure field is updated again through the use of the continuity
equation. This is done after a complete solution to the velocity
field has been obtained for all crossplanes. Repeated global
iterations are thus required in order to obtain a converged
solution. The procedure is facilitated through the use of a
staggered grid. Both the pressure correction and pressure
equations are derived in a similar manner by substituting Eq.
(13) for (U,V,W) into the discretized form of the continuity
equation [Eq. (11)] and representing the pressure-gradient
terms by finite differences.

Solution Domain and Boundary Conditions

The physical and computational solution domains are
shown in Figs. 2. The boundary conditions on each of the
boundaries are as follows: on the inlet plane §;, the initial
conditions for ¢ are specified from simple flat-plate solutions;
on the shaft S; and blade surfaces S,; and S, for laminar flow,
the solution is carried out up to the actual surface where the
no-slip condition is applied; for turbulent flow, a two-point,
wall-function approach is used; on the exit plane S,, axial

interval; on the symmetry axis L, the conditions imposed are
V=Ww=0,dU,k,e,p)/dn=0; and on the outer boundary Sy,
the uniform-flow condition is applied, i.e., U=1, W=wr|s,,
p=0(k,e)/dn=0.

Results

In the following, the computational grid and conditions are
described first. Then, some example results for laminar flow
are discussed to point out the essential features of the solu-
tions. These are followed by a brief presentation of the results
for turbulent flow to highlight the differences. This order and
emphasis of discussion is selected since the former represent
solutions to the exact governing equations, whereas the latter
are dependent on the choice of turbulence model.

Computational Grids and Conditions

The computational grid is obtained using the technique of
generating body-fitted coordinates through the solution of el-
liptic partial differential equations. Because of the simplicity
of the present propeller geometry (see Fig. 1), it is possible to
specify the transverse and longitudinal sections of the compu-
tational domain as surfaces of constant £ and ¢, respectively,
and moreover, the three-dimensional grid is obtained by sim-
ply rotating the two-dimensional grid for the longitudinal
plane. The present geometry of the propeller-shaft configura-
tion was specified based on a configuration for which calcula-
tions had been previously performed,’ i.e., P4660. However,
the actual propeller for P4660 was replaced by one with an
equivalent blade area ratio, but, as already indicated, with
infinite-pitch rectangular (i.e., flat-plate) blades.

Partial views of the grid used in the calculations are shown
in Figs. 3a and 3b for a longitudinal plane and a typical body
crossplane, respectively. The shaft and blade surface grid is
shown in Fig. 1. Similar grids are used for both the laminar
and turbulent calculations, but, in the latter case, the near-wall
grid lines (y * < 30) are deleted in order to implement the two-
point, wall-function approach. The inlet, exit, and outer
boundaries are located at x = (0.54,6) and r =0.9, respectively;
for laminar flow, the first grid points off the body and blade
surfaces are located at 0.4<y*<8and I1<x*,y*,orz* <14,
respectively; for turbulent flow, the first grid points off the
body and blade surfaces are located at 30<y* <230 and
40<x*, y*, or z+ <190, respectively; 62 axial grid points
were used, with 18 over the upstream portion of the shaft up
to the blade leading edge, 11 over the blade, 14 over the re-
mainder of the shaft from the blade trailing edge to the hub
apex, and 19 over the wake; for laminar flow, 40 radial grid
points were used with 22 over the blade span and 18 from the
tip to the outer boundary; for turbulent flow, 36 radial grid
points were used with 19 over the blade span and 17 from the
tip to the outer boundary; 30 and 26 angular grid points were
used for laminar and turbulent flow, respectively. In sum-
mary, the total number of grid points for the laminar and
turbulent calculations are 74,400 and 58,032, respectively.

The conditions for the calculations are as follows: L =1;
U, = 1; for laminar flow, Re =2.02 x 106 and Re, = 1 x 10°; for
turbulent flow, Re = 6.08 X 10% and Re, = 3 X 105; the propeller
angular velocity w=0.37 (=9 rpm) (the blade section angle of
attack varies from 1.2 deg at the root to 4 deg at the tip); for
laminar flow, on the inlet plane, 6/R; =0.111 and there is no
inviscid-flow overshoot; and for turbulent flow, on the inlet
plane, 6/R, =0.489, U,=0.04, and the inviscid-flow over-
shoot is 1.01. The 6§ values are based on simple flat-plate solu-
tions and the selected Re. For laminar flow, the Re value was
selected based on the fact that many investigators have per-
formed two-dimensional, flat-plate boundary-layer and wake
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calculations for this same value. For turbulent flow, a reason-
able value of Re was selected for which fully turbulent flow
over the shaft and blades is probable. The propeller angular
velocity was taken to be sufficiently low such that no separa-
tion occurs over the blades.

For the nonrotating condition, the calculations were begun
with a zero-pressure initial condition for the pressure field. For
the rotating condition, the complete nonrotating solution was
used as the initial condition. The values of the time o, and
pressure o, under-relaxation factors and total number of
global iterations used in obtaining the solutions are 0.02-0.1,
0.03-0.1, and 70-100, respectively. The calculations were per-
formed on a CRAY X-MP/48 supercomputer. The central
processor unit (CPU) and storage (words) that were required
for each of the solutions are about 30 min and 1-1.7 M words,
respectively. Note that the computer codes were 23% vector-
ized and optimized to achieve a 65% reduction in CPU and
that the maximum normal system storage limit is 2 M words.

Laminar Flow

The laminar-flow results for both the nonrotating and rotat-
ing conditions are shown in Figs. 4-11. Figures 4, 5, and 6
show the variation of some properties in the longitudinal direc-
tion, i.e., the shaft and blade surfaces and wake pressure, the
wall-shear (magnitude and angle for inertial coordinates), and

Fig. 4 Shaft and blade surfaces and wake pressure: laminar flow.

the wake centerline and maximum swirl velocities, respec-
tively. Figures 7-10 show the detailed results for some repre-
sentative axial stations in the form of velocity and pressure
profiles (i.e., ¢ vs Y =r/R,), axial-velocity contours, cross-
plane-velocity vectors (noninertial coordinates for the blade
region and inertial coordinates for the blade wake region), and
axial-vorticity w, contours, respectively. Last, Fig. 11 shows
closeup views of the tip vortex. Note that, in Fig. 7, the ordi-
nate is Y such that the distance from the blade surface is larger
near the tip than near the root, and the labeling of each of the
curves corresponds to the angular grid lines shown in Fig. 3b.
Also, the discussion to follow is based on the complete results,
which include solution profiles and contour and vector plots at
all of the stations designated in Fig. 3a; however, for brevity
of presentation, only representative stations are displayed in
Figs. 7-10 for the rotating condition.

First, consideration is given to the results for the nonrotat-
ing condition. The shaft and blade surfaces and wake pressure
variations (see Fig. 4) for the midblade plane (plane through
grid line 16 of Fig. 3b) indicate a minimal influence of the
blades and are typical of trailing-edge flow in the presence of
a thin boundary layer; however, at this relatively low Re (lam-
inar flow), the adverse axial-pressure gradient associated with
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Fig. 6 Wake centerline and maximum swirl velocities: laminar flow.

the closing of the body is sufficient to cause a small separation
region in the vicinity of the hub apex, 0.96 <x < 1.01. Note the
rapid rate of recovery of pressure in the radial direction. The
pressure variations for the blade plane (planes through grid
lines 2 and 10 of Fig. 3b) are similar, but clearly show the
effects of the blade leading and trailing edges as well as a small
displacement effect of the blade boundary layer.

The U, variations (see Fig. 5a) are consistent with those just
described for the pressure. Note that U, (=+/C;/2) has been
used instead of Cyto facilitate the comparisons with the turbu-
lent-flow results. For the blade plane, there is a large reduction
of U, in the juncture region due to the flow retardation and
also in conjunction with the relatively large boundary-layer
thickness there and a downstream shift of the region of low U,
associated with the flow separation as compared to the mid-
blade plane. The latter is consistent with the differences in
separation patterns for the blade and midblade planes. On the
blade, initially U, is larger at the midspan than at the tip in
response to the larger leading-edge pressure peak at midspan,
then the trend reverses. The wall-shear velocity vector (Fig. S¢)
is generally aligned with the axial direction except near the
blade leading edge where the blade displacement effects are
evident and in the separation region where the complex topo-
logical nature of the three-dimensional separation is displayed.

The wake centerline velocity U, (see Fig. 6) displays the
extent of the separation region and the recovery of the wake.

The W, is, of course, nearly zero for the nonrotating condi-
tion and not shown. The asymptotic forms display the details
of the recovery of the wake. Although the exit plane is 34 diam
downstream of the propeller plane (equivalently § shaft
lengths downstream of the hub apex), the slope of the velocity
defect of the shaft wake has not yet reached its asymptotic
value. In contrast, the slope of the blade wake velocity defect
is close to the asymptotic value. The exit plane is" 103 chord
lengths downstream from the blade trailing edge.

Last, for the nonrotating condition, the detailed results are
discussed. At the near-inlet station, the solution displays the
characteristics of the inlet conditions, i.e., an axisymmetric,
thin, laminar boundary layer. At the leading-edge and mid-
chord stations, the solution shows the initiation of the blade
boundary layer, including leading-edge (stagnation-point) and
displacement effects. Also, the juncture flow indicates a weak
leading-edge horseshoe vortex. At the trailing-edge station, the
trailing-edge effects of both the blade and the shaft are pre-
dominate, including a reversal of the juncture flow. At the
near-blade wake station and hub apex, the solution shows the
initial development of the blade wake. Here again, the effects
of the shaft trailing edge are quite large. Two corner vortices
are apparent near the shaft axis, which are an indication of the
nature of the flow within the separation region. At the near,
intermediate, and far shaft-blade wake stations, the solution
shows the recovery of shaft and blade wakes. The crossplane
flow and pressure recover more rapidly than the axial velocity
component. '

Next, consideration is given to the results for the rotating
condition. Referring to Fig. 4, in the vicinity of the hub apex
and in the near wake, there is a decrease in pressure due to the
propeller-induced swirl. The lifting effects due to the angle of
attack of the blade section are clearly evident. Note that the
pressure peak is at the blade leading edge such that just up-
stream of the leading edge very large adverse and favorable
pressure gradients occur for the pressure and suction sides of
the blade, respectively, whereas just downstream of the lead-
ing edge the reverse holds true.

The wall-shear velocity U, (see Fig. 5b) shows slightly in-
creased values over the spinning portion of the shaft and
greater uniformity between the blade and midblade planes in
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Fig. 8 Axial-velocity contours: laminar flow, rotating.

the separation region as compared to the nonrotating condi-
tion. For the present conditions, the rotation parameter R is
quite small, i.e., R =0.02, which explains the only slight in-
crease in U, as compared to the previous calculations.® On the
blades, U, is smaller on the suction than on the pressure side,
in conjunction with the relatively thicker boundary layer on
the suction as compared to the pressure side. Consistent with

the results for the nonrotating condition, U, is larger at the tip
than at midspan except near the leading edge. On the rotating
section, the wall-shear velocity vector (see Fig. 5d) shows large
effects due to rotation, i.e., the flow is turned toward the
direction of rotation. In the blade region, the passage vortex is
evident, including its helical nature. In the separation region,
the flow is completely turned in the direction of rotation,
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which results in the aforementioned greater uniformity in the
separation patterns between the blade and midblade planes.
Over the blade, the wall-shear velocity vector is in the axial
direction, except near the tip, where the flow is outward, espe-
cially on the pressure side.

Figure 6 shows that the recovery of U, is slower for the
rotating than the nonrotating condition. This is due to the
adverse axial-pressure gradient induced by the hub vortex.
Also shown is the decay of W, in the wake, which is associ-
ated with the intensity and decay rate of the hub vortex. Fi-
nally, the asymptotic forms indicate that the shaft wake is
unaffected, the blade-wake slope is increased, and the swirl
decay is relatively faster than that of the axial-velocity defect.

The detailed results vividly display the complexity of the
flow for the rotating condition. At the leading edge, the solu-
tion shows the initiation of the blade boundary layer, in this
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case, with significant differences between the suction and pres-
sure sides of the blade due to the influences of the aforemen-
tioned abrupt changes in the pressure gradients. Interestingly,
the boundary layers on both sides of the blade are thicker for
the rotating than the nonrotating condition. The tip-vortex
formation initiates with flow around the tip from the pressure
to the suction side. The vortical flow is asymmetric such that
the tangential velocity component is larger on the suction than
the pressure side, whereas the situation is reversed for the
radial velocity component. The passage-vortex formation also
initiates and dominates the juncture flow. At the midchord
station and trailing edge, the effects of the pressure gradient
changes are clearly displayed; i.e., on the suction and pressure
sides, the flow is decelerated and accelerated, respectively. On
the suction side, the boundary-layer thickness varies consider-
ably across the span. The tip vortex has lifted off the suction-
side surface such that the radial velocity component is positive
on both sides. Braiding of the fluid from both the suction and
pressure sides is apparent, but particle trajectories were not
traced to display this phenomenon. The pressure is surpris-
ingly uniform in view of the crossplane flow; however, very
low values are observed in the tip-vortex core. The passage
vortex increases in size, and its core moves toward the suction
side. The axial-velocity and axial-vorticity contours are hook
shaped near the tip due to the influences of the tip vortex. At
the near blade wake station and hub apex, the solution shows
the development of the blade wakes, which indicate the charac-
teristics of the complex mixing of the suction and pressure sice
three-dimensional boundary layers, including significant ef-
fects of the tip, passage, and hub vortices and the hub-induced
pressure gradients. The minimum velocity in the wake mi-
grates toward the suction side. There is a rapid récovery of the
pressure-side wake such that the velocity-defect region is
mainly behind the shaft and off the suction side of the blade.
The blade wake becomes quite thick as it merges with the wake
of the shaft and the tip vortex. There is a region-of backward
flow near the wake axis associated with the flow separation.
The tip vortex reduces in intensity, and the passage vortex
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Fig. 13 Turbulent kinetic energy profiles: rotating.

merges into a large asymmetric hub vortex. Finally, at the
near, intermediate, and far shaft-blade wake stations, the na-
ture of the recovery of the wake is displayed. It is clear that the
circumferential mixing is faster for the rotating than the non-
rotating condition. ‘ ,

The closeup views of the tip vortex shown in Fig. 11 clearly
display its initiation at the blade leading edge, subsequent
migration off the surface along the blade chord, and decay as
it is convected and diffuses into the wake. Also, the views
reveal the mechanism of the tip-vortex formation. At the lead-
ing edge, nearly all of the fluid forming the tip vortex origi-
nates from the pressure side, whereas further downstream the
suction side fluid is “‘pumped’’ into the tip vortex. This indi-
cates a ‘‘braiding’’ process, which is often referred to as the
tip-vortex rolflup. It should be mentioned that a part of the
diffusion of the tip vortex may be numerical due to the large
grid expansion from the blade to the midblade planes.

Tui'bulent Flow

Some limited turbulent-flow results are shown in Figs. 12
and 13. The turbulent-flow results are consistent with and very
similar to those for laminar flow. In general, the differences
are as expected based on physical reasoning; i.e., viscous ef-
fects are confined to narrower regions and the three dimen-
sionality of the flow is considerably reduced for turbulent as
compared to laminar flow. Also, quite apparent for turbulent
flow is the reduced resolution near solid surfaces and the wake
centerplane due to the present wall-function approach.

The overall trends described earlier with regard to the shaft
and blade surfaces and wake pressure, wall-shear velocity, and
wake centerline and minimum swirl velocities are quite similar;
however, the pressure peak at the hub apex is considerably
larger, and there are some differences in the wall-shear velocity
behavior due to the absence of separation. The detailed results
are also quite similar. However, for the nonrotating condition,
the juncture effects are minimal, and the crossplane flow and
pressure variations are reduced, whereas, for the rotating con-
dition, the tip and passage vortices are larger and persist
longer, the latter merges into a larger hub vortex, lower pres-
sures are observed in the tip-vortex core, and the recovery of
the wake is considerably faster. The turbulent kinetic-energy
profiles show two peaks, one near the wake centerline and one
corresponding to the tips of the blades.

Comparison with Resuits from a
Lifting-Surface Propeller-Performance Program

Unfortunately, no experimental information is available for
the present geometry. Therefore, to aid in evaluating the pre-
sent work, comparisons have been made with some relevant
experimental and computational studies, including the follow-
ing topics: juncture flow, which is related to the present flow
in the blade-hub juncture region for the nonrotating condi-
tion; tip flow, which is related to the present flow in the tip
region for the rotating condition; turbomachinery flow, which
is related to the present blade boundary-layer and wake devel-
opment and blade-to-blade flow; and propelier flow, which is,
of course, the topic and goal of the present study. Although in
most cases the comparisons are only qualitative due to the
large differences between the topic and present geometries,
they support the present resuits in that the predicted flow
structures are similar and consistent with the results from these
studies. The complete comparisons are lengthy and beyond the
scope of the present paper (see Kim!%). Herein, only the direct
comparisons between the present turbulent-flow results and
those from a lifting-surface propeller-performance program!'’
will be presented.

Figures 14 show a comparison of the chordwise and span-
wise distributions of the blade loading in terms of the pressure
jump (see Fig. 14a) and section-lift coefficient (see Fig. 14b).
A large difference in the pressure jump is observed near the
leading edge. Differences are also seen in the section-lift coef-
ficient. The viscous results show considerably larger values
near the root and the tip but smaller values for the midspan
region. The higher root loading for the viscous flow is, no
doubt, a result of the increased effective angle of attack due to
the oncoming shaft boundary layer. However, a part of the
diference may be due to the lack of hub effects in the lifting-
surface, propeller-performance program. The lower midspan
loading is consistent with the aforementioned differences in
chordwise loading near the leading edge. The higher tip load-
ing may be due to the reduced pressure on the suction side due
to the tip vortex. Interestingly, in spite of these differences in
the loading distributions, the total forces and moments show
remarkably close agreement. ,

Figures 14¢ and 14d show a comparison of the propeller-in-
duced velocities (¢ ,v,w) just upstream and downstream of the
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propeller at the midspan radius. For the viscous-flow solution,
(u,v,w) is defined as the total velocity, (U,V,W) minus the
freestream (U,,0,0) value. Results are shown using the blade
angle coordinate 8 = w? as the abscissa for the entire blade-to-
blade region from the suction (§=0 deg) to the pressure side
(6 =90 deg).

The velocity components just upstream of the propeller (see
Fig. 14c¢) clearly show the effects of the leading-edge stagna-
tion point. The u velocity components show similar trends;
i.e., the point of the minimum velocity shifts to the pressure
side, which suggests that the stagnation point also shifts to the
pressure side. The increased magnitude for the viscous solu-

tion may be due to the prescribed overshoot for the oncoming
shaft boundary layer. The v velocity component is nearly zero
for both results. The w velocity components also show similar
trends; however, the inviscid solution indicates a stronger local
effect of the leading-edge stagnation point than the viscous
solution such that the circumferential average is zero for the
inviscid but not the viscous solution; i.e., the viscous solution
indicates small negative preswirl.

The velocity components just downstream of the propeller
(see Fig. 14d) highlight the differences between the viscous and
inviscid solutions. The inviscid u velocity component shows
very small positive values from the suction to the pressure side,
whereas the viscous u velocity component shows a large change
from the suction to the pressure side; i.e., the viscous blade
wake appears as a sharp drop on both the suction and pressure
sides and the effects of the retarded suction-side and acceler-
ated pressure-side boundary layers are clearly evident. The v
velocity components show similar trends but with somewhat
larger variations for the viscous solution. The w velocity com-
ponents also show similar trends, but with larger swirl for the
viscous solution in spite of the smaller loading.

Concluding Remarks

The present work was motivated by the limitations of the
interactive approach for simulating the complex blade-to-
blade flow. This has certainly been accomplished by the pre-
sent viscous-solution method, albeit for an idealized geometry.
In fact, the present work provides, for the first time, a very
detailed documentation of the viscous flow around a propeller
for both laminar and turbulent flow. It is concluded that the
present approach is capable of simulating incompressible pro-
peller flowfields, including both the propeller loading and the
complex blade-to-blade flow, and should be extended for prac-
tical geometries. It is also concluded, based on the comparison
of the laminar and turbulent results, that, although most as-
pects of the flow are governed by pressure-gradient effects,
improvements in turbulence-modeling procedures, especially
near-wall treatment, are important to resolve certain flow fea-
tures, including transition, separation, and small-scale vortical
structures such as leading-edge horseshoe and secondary
vortices.

Of course, much more work needs to be done to extend the
method to realistic propeller and body geometries. Some of the
issues that need to be addressed are optimum coordinates,
including investigations of inertial and helical systems, and
optimum grid-generation techniques for complex, three-di-
mensional, propeller-driven bodies, including investigations of
domain decomposition methods with moving and adaptive
grids. As already mentioned, improved turbulence-modeling
procedures are essential and possibly, as often stated, a pace-
setting issue, Also, further development of solution algorithms
is a necessity in order to perform the required large-scale com-
putations even on the most advanced, available supercomput-
ers. It should be recognized that none of these issues is trivial;
on the contrary, all require substantial effort so that it is
expected that the present problem will remain a challenge for
many years to come.
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