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ABSTRACT 

This report describes results of an effort to simulate the forma- 
tion of a tip vortex on a wing attached to a half-body and the propaga- 
tion of the vortex downstream from the wing using the Reynolds averaged 
Navier-Stokes (RANS) computer code DTNS3D. Computational results 
are presented for the Baldwin-Lomax turbulence model. Three compo- 
nents of the mean velocity in four planes behind the wing are compared 
with measurements obtained in experiments performed in the MIT water 
tunnel.  The axial component ofvorticity is also compared with experi- 
mental measurements in the four planes. 

ADMINISTRATIVE INFORMATION 

This report is submitted in partial fulfillment of Task 2, Hydrodynamic Wake Signatures in the 
Maneuvering and Control Project, RB23H16, in the Submarine Technology Block Program 
(ND3A/PE0602323N) for fiscal year 1994. The work described herein was sponsored by the Office,of 
Naval Research (ONR 334) and performed by the Naval Surface Warfare Center, Carderock Division 
(NSWCCD) under Work Unit 5060-435. 

INTRODUCTION 

An accurate numerical prediction of the flow near the tip of a wing is a challenging problem. Po- 
tential flow models that make use of a vortex lattice or a dipole sheet can be used to model the flow in the 
wake of a wing. The model suffices for applications in which integrated quantities such as the lift are of 
interest. However, to accurately compute many of the fine details of the flow such as those associated 
with the tip vortex, inclusion of viscous effects is critical. It is important for obtaining a correct predic- 
tion of the momentum deficit in the core. The thickness of the viscous-flow boundary layer and where 
transition to turbulence occurs within the boundary layer affect the position of the tip vortex core. 

Before the appearance of large high-speed computers, alternatives for numerical modeling of tip 
vortex generation were limited to the use of potential flow models. The simplest of these is potential flow 
supplemented by a trailing horseshoe vortex system. More sophisticated potential flow treatments similar 
to those used in MIT's propeller program PSF10 are now possible. Potential flow models assume that the 
flow is steady-state and require a priori knowledge of the location of an infinitely thin sheet of vorticity 
trailing behind the wing. This requirement may be overcome by some sort of iterative technique in which 
the position of the wake is'adjusted until all the appropriate boundary conditions are satisfied. 

Over the last two decades increased computer capabilities have allowed computational fluid dy- 
namicists to experiment with the use of simplified Navier-Stokes equations for predicting tip-vortex gen- 
eration. In 1979, for example, Shamroth and Briley1 reported on an effort to apply a viscpus-flow com- 
putational method to a tip-vortex generation problem. The computational requirements were reduced by 
using a marching technique similar to that used by parabolized Navier-Stokes codes. The purpose of their 
work was to determine the cause of tip-vortex generation and to present quantitative results for a particu- 
lar case. They present contour plots of the streamwise component of vorticity and of velocity in seven 
planes perpendicular to the flow. Projections of velocity vectors onto these same planes are also plotted. 
All of these planes intersect the wing; in other words, none of them lie in the wake downstream of the 
wing. Their computations were performed for a wing of rectangular planform at a 6-deg angle of attack 
with 106 as the Reynolds number of the flow (based on chord length). The computations showed that, as 
in experiments, tip-vortex generation arises from the boundary layer set up in the flow around the tip due 



to the pressure difference between the lower and upper surfaces of the wing. The thickness of the wing 
was not taken into account in their computations. In 1985, Govindan et al.2 reported on the calculation of 
flow near simplified propeller blades. The calculation included computing the tip-vortex generation using 
parabolized Navier-Stokes equations. No detailed quantitative comparisons of computed results with ex- 
perimental measurements were made in the paper. More recently, in 1994, Ega et cd? presented results of 
their efforts to predict tip-vortex formation. They compute flow near the tip of a wing using partially pa- 
rabolized Reynolds-averaged Navier-Stokes equations and an algebraic eddy viscosity turbulence model. 
Numerical results are compared with experimental results. The computed location of the tip-vortex core 
agreed well with measurement of the core location. 

This report describes an attempt to use the full Reynolds-averaged Navier-Stokes equations for 
the computation of the tip vortex in flow past a simple geometry. The geometry is that of a horizontal 
wing attached to a vertical half-thickness wing which, in turn, is attached to a wall. Numerical predic- 
tions of the three velocity components and the vorticity in four planes downstream of the wing are 
compared with detailed flow measurements obtained from experiments. The work of this report is the 
near-field complement to the far-field work described in a recent report by Haussling.4 

GEOMETRY AND MEASUREMENTS 

An experiment was conducted in the MIT Hydrodynamics Laboratory for flow past essentially 
the same geometric configuration for which calculations are presented in this report.5 

The geometry of the experiment involves a horizontal wing mounted on a vertical half-thickness 
wing. The vertical half-thickness wing spans nearly the entire water tunnel which has an almost square 
cross section of 19.5 in. on each side. It has a chord length of 16 in. and its thickness is half the thickness 
of a NACA four-digit wing profile with a 22.15 percent thickness ratio. The horizontal wing has a span 
of 8.06 in., a root chord of 7.5 in., and a tip chord of 4.905 in. The thickness distribution at the root is 
given by the NACA 0018 wing profile.6 The tip is rounded and is formed by rotating a NACA 0012 
wing profile about the chord. The leading edge has a 9.23-deg sweep angle. The horizontal wing is 
mounted by means of a shaft at the 1/4-chord position on a pedestal so that it can be rotated through vari- 
ous angles of attack. The pedestal is attached to the vertical half-thickness wing at the half-span position. 
The shaft through it to the horizontal wing is at the 28 percent chord position of the vertical half-thickness 
wing. The vertical half-thickness wing is mounted on a plate. The plate, in turn, is mounted on blocks 
that are attached to the tunnel wall. Figure 1 shows two views of this configuration. 

Although the computational geometry is essentially the same as the experimental geometry, sim- 
plifications were made to aid in the task of obtaining a computational grid. First, the geometry used in 
the computations does not include this pedestal. Thus the horizontal wing is mounted directly on the ver- 
tical wing. Second, the splitter plates are ignored and the vertical half-thickness wing is mounted directly 
on the wall. Figure 2 shows a perspective view of the geometry used in the computations., These changes 
in geometry are near the root of the horizontal wing. 

The measurements with which this report is concerned are for a 5.36-deg angle of attack. The 
free-stream velocity is 26.4 ft/s. Turbulence stimulators are placed at a position 20 percent of the chord 
behind the leading edge to ensure transition to a turbulent boundary layer at this location on the wing. 

Detailed experimental data were collected in four planes perpendicular to the free-stream at dis- 
tances 9 mm, 70 mm, 136 mm, and 263 mm downstream from the wing tip. The planes have been la- 
beled 1,1A, 2, and 3, respectively. For the first three planes, data are available from measurements taken 
on both coarse and fine grids. The coarse grids have a data spacing of 5 mm; the fine grids, a spacing of 
0.5 mm. For plane 3, the most downstream of the four planes, data are available only from measure- 
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(b) 

Fig. 1. Schematic of the experimental geometry (a) as seen from 
below and (b) as seen from upstream. 
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Fig. 2. Perspective view of the wing-on-wing geometric configuration 
used in computations. 

ments taken on a coarse grid. In each plane, the experimentalists confined the grids to an area near the 
vortex core. 

Results of the measurements are shown as contour plots in Figs. 3-6. These figures depict the 
nondimensional axial, spanwise, and vertical components of velocity as well as the axial component of 
vorticity in each of the four planes behind the wing. Results depicted for planes 1, 1A, and 2 are from 
measurements on the fine experimental grid. Results for plane 3, on the other hand, are from the coarse 
grid. The nondimensional velocity components have been scaled by the free-stream speed 26.4 ft/s. The 
contour plots are high-resolution views of an area near the experimentally determined position of the vor- 
tex core in each of the planes. Table 1 lists minima and maxima of items plotted in the contour plots and 
can be used to locate the vortex core more precisely than is possible in the contour plots. 

DTNS3D 

The DTNS computer codes were developed for the solution of the Navier-Stokes equations for 
incompressible fluid flows. These codes (DTNS2D and DTNS3D) were developed under an ONR spon- 
sored Accelerated Research Initiative on Numerical Analysis of Naval Fluid Dynamics to meet the 
Navy's and NSWCCD's need for powerful general-purpose computational tools for incompressible fluid 
flows in a wide variety of naval geometries. The DTNS codes have proven useful in numerous applica- 
tions including two-dimensional propeller and compressor blade computations, inlet computations, axi- 
symmetric vortex breakdown, and three-dimensional ship and submarine calculations. 

Only a brief description of the solution procedure is given here as details can be found else-   ... __ 
where7"11 and in Appendix A. The Navier-Stokes equations contain both first derivative convective terms 
and second derivative viscous terms. The viscous terms are numerically well behaved diffusion terms 
and are discretized using standard central differences. Third order upwind differencing is used for discre- 
tizing the convective part of the equations. Jacobian matrices associated with the convective terms are 
used to generate eigenvectors and eigenvalues for the system of equations. Then, based on the sign of the 
eigenvalues, the convective terms are differenced either forward or backward. This produces a third order 
accurate numerical scheme without any artificial dissipation terms being added to the equations for stabil- 
ity. The equations are transformed to a body-fitted coordinate system and solved using a finite volume 
procedure. 
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Table 1. Minima and maxima of measurements and computations. 

Quantity* Experimental Data Computed Results 

Baldwin-Lomax Turbulence Baldwin-Lomax Turbulence 
Model Used Behind Turbu- Model Used on the Entire 

lence Stimulators Wing Surface 
f/ = 26.4ft/s f/ = 24.0ft/s 

(Case 1) (Case 2) 
Location (x, y) Valuet Location (x, y) Valuet Location (x, y) Valuet 

(mm) (mm) (mm) 
Plane 1 

umin (3.5, 6.0) 0.70 (0.3, 5.2) 0.66 (-0.8, 4.0) 0.60 
vmin (5.5, 2.5) -0.41 (3.2,1.1) -0.46 (4.1,0.7) -0.45 
vmax (4.0, 8.5) 0.55 (3.2,6.1) 0.65 (3.2, 5.8) 0.63 
wmin (11.5,4.0) -0.41 (7.0, 3.4) -0.37 (7.0, 3.2) -0.36 
wmax (1.5,5.0) 0.35 (1.0, 3.3) 0.60 (1.7,2.9) 0.52 
(Ox min (6.5,4.5) -160 (4.1, 3.2) ^86 (4.1, 3.5) -490 

Plane 1A 
umin (11.5,8.0) 0.93 (9.7, 5.8) 0.66 (9.7, 4.9) 0.70 
vmin (11.5,3.0) -0.38 (9.7, 2.2) -0.33 (9.7, 1.5) -0.31 
vmax (11.5,9.0) 0.51 (9.7, 9.6) 0.49 (9.7, 9.1) 0.46 
wmin (14.5, 6.0) -0.41 (13.9, 5.7) -0.40 (13.9,5.1) -0.38 
wmax (9.0, 6.0) 0.43 (6.2, 5.8) 0.42 (6.2, 5.3) 0.41 
(% min (11.5,6.0) -270 (9.7, 6.1) -229 (9.7, 5.5) -220 

Plane 2 
umin (17.0, 8.0) 0.88 (14.6, 7.3) 0.64 (14.6, 5.5) 0.63 
vmin (18.0, 4.0) -0.40 (14.6, 2.2) -0.28 (14.6, 1.0) -0.27 
vmax (18.5,10.0) 0.49 (14.6,12.1) 0.42 (14.6, 10.4) 0.41 
wmin (20.5, 6.5) -0.38 (20.0, 7.2) -0.33 (20.0, 5.9) -0.31 
wmax (14.0, 6.5) 0.34 (10.1, 6.9) 0.37 (10.1, 5.6) 0.36 
CDf min (18.5, 5.0) -220 (14.6, 7.3) -149 (14.6, 6.4) -140 

Plane 3 
umin (25.0,10.0) 0.90 (23.5, 7.8) 0.67 (21.3,7.1) 0.65 
vmin (25.0, 5.0) -0.32 (23.5,1.9) -0.24 (23.5, 0.7) -0.23 
vmax (25.0,10.0) 0.42 (23.5,13.6) 0.32 (21.3, 12.3) 0.31 
wmin (30.0,10.0) -0.39 (28.3, 8.5) -0.26 (28.3, 7.1) -0.26 
wmax (25.0,10.0) 0.35 (21.3,7.1) 0.12 (21.3,7.1) 0.05 
(Og min (25.0, 10.0) -51 (23.5, 9.3) -89 (21.3,7.1) -88 

* The quantitif ;s w, v, and w, are t he mean axi al, spanwise, and ^ /ertical com aonents of the velc >city; (üx is 
the mean axi al component of v orticity. 

t Values in thi s column are nond imensional. 

12 



The artificial compressibility technique of Chorin12 is used to add a time derivative term for pres- 
sure to the continuity equation. This technique allows the system of equations to progress in time in an 
implicit coupled manner using approximate factorization. The implicit side of the equations is discretized 
with a first-order accurate upwind scheme for the convective terms. This scheme creates a diagonally 
dominant system which requires the inversion of block tridiagonal matrices. The implicit side of the 
equations is only first-order accurate, but the final converged solution has the high order accuracy of the 
explicit part of the equations. 

COMPUTATIONAL GRID 

A right-handed coordinate system is oriented so that the positive x-axis points upstream, the posi- 
tive y-axis points away from the vertical half-thickness wing, and the positive z-axis points vertically up- 
ward. The origin is at the trailing edge of the wing tip. 

The section of the tunnel for which computations are performed is restricted to -14.7 < x/L < 
15.2, -9.24 < y/L < 7.56, and -9.41 < z/L < 10.09 in which L is 1 in. A computational grid was de- 
signed so that it conforms to the boundaries of the square water tunnel and the simplified horizontal wing/ 
vertical half-thickness wing configuration attached to a tunnel wall. Figure 7 shows parts of the grid sur- 
rounding the wings in the tunnel. Here the orientation of the geometry is almost identical to that of 
Fig. 2. 

The grid was designed so that there are approximately 30 to 40 grid points normal to the wing in 
the boundary layer. To obtain such a grid, the turbulent boundary-layer thickness was estimated by con- 
sidering boundary-layer thickness on a flat plate aligned with the flow. An estimated turbulent boundary- 
layer thickness of 1.1 x 10~4 in. was obtained. To keep the number of grid points manageable, the grid 
spacing near the half-body and the tunnel walls was relatively coarse compared to the grid spacing used 
on the wing. In particular, boundary layers on these boundaries cannot be resolved using this grid. A slip 
boundary condition was specified for the flow calculations here. Use of the slip boundary condition per- 
mitted modeling the correct mass flow blockage with a reduced number of grid points. These boundaries 
are relatively far from the tip vortex, the feature of interest in the flow calculations. 

The grid consists of nine blocks depicted in the expanded view of the mesh in Fig. 8. In this fig- 
ure the blocks have been separated from one another. Three blocks of the computational grid are in direct 
contact with the wing. Block 2 lies directly above the wing, block 5 lies directly below the wing, and 
block 8 connects these blocks. Block 8 is in contact with the wing only near the tip. These three blocks 
extend out to the tunnel walls. The grid spacing within these blocks expands from fine in the boundary 
layer on the wing to coarse at the tunnel walls. The grid spacing near the half-body is coarser than it is at 
the wing tip. The central transverse section in Fig. 7a shows a section of these three blocks.. Three blocks 
lie at the upstream end of the computational region ahead of the wing. Block 1 lies forward of block 2, 
block 4 is forward of block 5, and block 7 lies ahead of block 8. Blocks 1 and 4 have a common, nearly 
horizontal computational surface grid. One of the computational faces of block 7 collapses onto a line 
segment upstream of the wing tip. The remaining three blocks lie downstream of the wing. Block 3 is 
downstream from block 2, block 6 is downstream of block 5, and block 9 lies downstream of block 8. 
Blocks 3 and 6 share a common computational surface grid. One face of block 9 collapses onto a line 
segment downstream of the wing tip. A transverse section of the downstream blocks is depicted in Fig. 
7a. Table 2 lists the size of each of the nine blocks forming the computational grid. There are almost 1.7 
million grid points. 
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Table 2. Computational blocks. 

Block Grid Size 

No. {'■dim X Kä'm   X Jdim) 

1 49 X 81 X 25 
2 49 X 81 X 61 
3 49 X 81 X 81 
4 49 X 81 X 25 
5 49 X 81 X 61 
6 49 X 81 X 81 
7 27 X 81 X 25 
8 27 X 81 X 61 
9 27 X 81 X 81 

Vertical'. 
Thickness 

Fig. 7a. The computational grid along the tunnel wall, the vertical half-thickness wing, 
the downstream boundary, and a section intersecting the horizontal wing. 

Fig. 7. Perspective view of parts of the computational grid. 
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Vertical Half- 
Thickness Wing 

Fig. 7b. The computational grid along the tunnel wall 
and the bottom of the computational region. 

Fig. 7.  (Continued) 

Figure 9 shows where measurements were taken in each of the planes 1, 1A, 2, and 3. The loca- 
tions of the measurement grids are plotted alongside the wing-on-wing configuration. This figure also 
shows the computational grid on the horizontal wing. 

The DTNS3D computer program requires the specification of a boundary condition on each of 
the six faces of a computational block. Where blocks meet inside the computational region, a high-accu- 
racy matching boundary condition was specified. A slip boundary condition was specified on tunnel 
walls and on the vertical half-body. Upstream and downstream boundary conditions were specified on 
computational faces at the upstream and downstream ends of the computational region. Only on the wing 
was a no-slip boundary condition specified. 

COMPUTATIONAL RESULTS 

Computational results are presented for the Baldwin-Lomax turbulence model.   The speed of the 
uniform flow was set to 26.4 ft/s. Transition from a laminar to a turbulent boundary layer was enforced at 
a distance of approximately 20 percent of the local chord behind the leading edge of the horizontal wing, 
the position at which turbulence stimulators were placed in the experiment. To simplify the coding, the 
transition to turbulence was enforced by setting all turbulence quantities to zero ahead of the j = 17 com- 
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Fig. 8. Expanded view of the computational grid. 

putational plane. Figure 10 shows the line along which transition to turbulence was enforced on the upper 
surface of the wing. A similarly placed line on the lower surface of the wing would indicate where transi- 
tion to turbulence was enforced on that surface. 

A second set of results is presented in Appendix B for the case in which the boundary layer is 
assumed to be turbulent over the entire wing surface and the speed of the uniform stream is 24.0 ft/s 
instead of 26.4 ft/s. In Appendix B, boundary layer profiles at points shown in Fig. 10 are plotted to dem- 
onstrate convergence of the computed solution of Appendix B. 

In both cases, the initial flow was set to uniform stream flow. The computer program then prog- 
ressed through a sequence of pseudotime steps. The CFL (Courant-Friedrichs-Lewy) number, which 
relates the flow speed, the grid spacing, and the time step and which is used to determine the local time 
step, was set to 2.0. 

For the most part, computations were performed on a CONVEX C220 and a CONVEX C3840 at 
NSWCCD. The amount of time required to produce these results is on the order of months. Computa- 
tions were carried out continually during this period. Some results were obtained by continuing computa- 
tions on a CRAY C90 from a nearly converged solution obtained on the CONVEX C3840. 

Computational results are depicted in the form of contour plots in each of the four measurement 
planes downstream of the trailing edge of the horizontal wing. Figure 9 shows a perspective view of 
where the measurement planes are with respect to the wing-on-wing geometry. 

Figures 11 through 14 show contour plots of three components of velocity and the axial compo- 
nent of vorticity. These are plots of computed data in the four measurement planes. The middle columns 
of Table 1 labeled Case 1 list the corresponding maxima and minima of various quantities related to the 
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Fig. 10. Locations (a)-(d) at which boundary-layer profiles of the mean stream- 
wise velocity were monitored and the approximate location of transition 
to turbulence in experiments. 

position of the core of the tip vortex in each of the four planes. A postprocessing computer program was 
used to search for the numbers listed in the table. 

By comparing the contour plots of the computed and measured streamwise component of the 
mean velocity for plane 1 (9 mm behind the trailing edge) shown in Figs. 3 and 11, it is apparent that the 
computed position of the core is shifted outward from the experimentally determined position. More pre- 
cise information listed in Table 1 shows that the horizontal shift is about 3 mm. The data for the stream- 
wise component of the mean velocity listed in the table also show that there is a downward shift in the 
computed position of the core from the experimentally determined position. The downward shift is 
slightly less than 1 mm. Because the average chord is about 150 mm, the shift in core position is about 2 
percent of the chord of the wing. The shapes of the measured and numerically obtained streamwise ve- 
locity contours are similar. The computed size of the core region compares well with the experimentally 
determined core size. The nondimensional streamwise velocity assumes a nondimensional minimum val- 
ue of 0.66 while measurements indicate that the minimum should be 0.70. Computed and measured val- 
ues of spanwise and vertical velocities in plane 1 are compared in the same figures. The minima of these 
nondimensional velocity components, listed in Table 1, differ by at most 0.05, which is approximately 12 
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percent. The maxima differ to a greater extent. Specifically, the difference for the spanwise component 
is 18 percent, and the difference for the vertical component is 71 percent. 

The remaining set of results plotted in Figs. 3 and 11 is the axial component of vorticity in plane 
1. The axial component of vorticity was not computed directly by DTNS3D. Instead, computed values 
of the axial, spanwise, and vertical components of velocity at discrete points related to the computational 
grid were differenced in a postprocessing computer program to obtain the vorticity. Similarly, for the ex- 
perimental measurements, the vorticity was obtained by differencing components of velocity on the grid 
of points at which measurements were made. Hence, both the measured and computed values of vorticity 
are less accurate than the values of components of velocity. 

The computed and measured axial velocity components for plane 1A (70 mm behind the trailing 
edge) are shown in Figs. 4 and 12. As was the case for plane 1, there is an outward and downward shift 
in the computed position of the vortex core from the measured position of the core. If the minimum of 
the axial component of velocity indicates the position of the vortex core, then the data of Table 1 imply 
that the shift in vortex core position both horizontally and vertically is about 2 mm. The minimum of the 
nondimensional mean streamwise velocity in the core is underpredicted by 29 percent. The computed 
minimum is 0.66 while the measured minimum is 0.93. Nondimensional measured and computed span- 
wise and vertical velocity components can also be compared. For these velocity components, the calcu- 
lated minimum is within 0.05 (at most 13 percent) of the measured minimum, and the calculated maxi- 
mum is within 0.02 (about 4 percent) of the measured maximum. 

Figures 5 and 13 compare measurements and computations in plane 2 (136 mm behind the trail- 
ing edge). Table 1 lists the maxima and minima of the flow variables plotted in these figures. Based on 
the minimum of the nondimensional axial velocity, the computed position of the vortex core is 2.4 mm 
further out and 0.7 mm lower than the measured position. The computed minimum in the nondimension- 
al mean streamwise velocity component is 0.64, which is 27 percent lower than the experimentally deter- 
mined value of 0.88. Agreement between the measured and computed minimum of the mean spanwise 
velocity component is somewhat worse than it is for plane 1A; they differ by 0.12 (roughly 30 percent). 
The measured and computed maximum of the mean spanwise velocity differ by 0.07 (14 percent). For 
the minimum and maximum of the vertical velocity the agreement is slightly worse than it is for plane 
1A. These quantities differ by at most 0.05 (13 percent). 

Details of measurements and computations for plane 3 (263 mm downstream from the trailing 
edge of the wing) are depicted in Figs. 6 and 14. Table 1 gives maxima and minima of computed mean 
flow variables in this plane. Here, unlike the case for the other three planes, experimental data are avail- 
able only on the coarse grid. Minima and maxima of experimental data on the coarse grid are listed in the 
first columns of the table. The shift in the position of the vortex core that was noted in the three planes 
closer to the wing persists. Based on the data for the mean axial velocity, the outward and downward 
shifts in the computed position of the core are about 1.5 and 2.2 mm, respectively. As is the case for 
planes 1A and 2, the computed minimum of the mean streamwise velocity is low; in this plane, by about 
26 percent. 

CONCLUSIONS 

For the numerical calculations presented in this report, the position of the tip-vortex core is com- 
puted fairly well. The calculated position is somewhat low and further out from the vertical wing at- 
tached to the tunnel wall than the measurements indicate. The discrepancy between the measured and 
computed position of the core in each of the four planes in which measurements were made in the MIT 
experiment is less than 2 percent of the mean chord of the horizontal wing. 
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In general, there is insufficient information available about the use of turbulence models near the 
tip of a wing. A number of turbulence models have been developed through the years. However, it is not 
clear which turbulence model is appropriate for the generation and propagation of the tip vortex down- 
stream of the wing in the wake. Furthermore, three-dimensional turbulence models are usually developed 
in the absence of walls. As a result, it may be difficult to apply the latest models to the problem of tip- 
vortex generation and propagation. If such models show little sensitivity to flow boundaries, the newer 
models may not be adequate when the fluid interacts with these boundaries to produce phenomena such 
as tip vortices. 

The eddy viscosity for the Baldwin-Lomax turbulence model, as can be seen from the contour 
plot of it in Appendix B, does not seem reasonable. The contour plot in Appendix B corresponding to the 
use of the k-e turbulence model instead of the Baldwin-Lomax turbulence model is reasonable. Any con- 
clusion based on these figures must be tentative since the computations for the k-e turbulence model were 
terminated before convergence was attained. 

Part of the difference between the computed and measured position of the vortex core may arise 
from not knowing precisely where the transition from a laminar to a turbulent boundary layer occurs. In 
experiments, the position of the turbulence stimulators is known, but it is not unheard of for transition to 
occur upstream of turbulence stimulators. 

The discrepancy in the measured and computed positions of the vortex core may also demonstrate 
the effect of reducing the number of grid points in the computational grid so that a numerical solution on 
the grid could be generated in a reasonable time. First, the pedestal was not modeled. If the pedestal was 
modeled, then some vortex rollup would have occurred at the junction of the wing and pedestal. Lack of 
a modeled pedestal may, in turn, affect the amount of vorticity in the rollup at the tip and the position of 
the core of the tip vortex. The effect of the absence of the pedestal should be greater downstream than 
near the tip of the wing. Second, large grid spacing was used near the vertical half-wing to limit the num- 
ber of grid points. Because of the large grid spacing, a potential flow boundary condition was imposed on 
this boundary. The horseshoe vortex cannot, therefore, be modeled well. The effect should be as signifi- 
cant as the absence of the pedestal in the numerical model. 

In the interest of further validating DTNS3D, additional measurements might be made. Measure- 
ments could be taken in regions outside the core of the tip vortex. A comparison of computed and mea- 
sured results would ensure that DTNS3D is computing correctly in regions where the flow is less active 
than it is in the core region. Measurements might be taken for the case of completely laminar flow, and 
the corresponding computations made. A comparison would be useful in further verification of the use of 
RANS codes for this flow problem. If laminar flow cannot be computed correctly, there is little assurance 
that results obtained from using turbulent flow models are reasonable. 
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APPENDIX A 
REYNOLDS AVERAGED NAVIER-STOKES EQUATIONS 

DTNS3D solves the full Reynolds Averaged Navier-Stokes (RANS) equations with a turbulence 
model. Only incompressible flow with no temperature variation is considered. For turbulent flow the 
pressure and the three velocity components for the Cartesian coordinate system (x,y,z) are decomposed 
into the sum of a mean quantity and a fluctuating quantity: P + p, U + u, V + v, and W + w. Here, an 
upper case letter designates a mean flow quantity, and a lower case letter designates a fluctuating quantity. 
Further, all quantities are nondimensionalized. Velocities are nondimensionalized with respect to the 
free-stream speed Ux and lengths by a characteristic length L. The characteristic length and speed define 
a Reynolds number Re = U„L/v in which v is the kinematic viscosity of the fluid. 

For incompressible flow, the RANS equations can be written in the conservative form 

dq  ,  9(A ~ 8i + hd |  d(f2 - g2 + h2)  |  d(fz - g3 + h3) _ Q 

dt dx dy dz 

This equation includes the dependent variable q, inviscid fluxes, viscous fluxes, and Reynolds stresses. 
The dependent variable q is given by 

The inviscid fluxes are given by 

/. 

u   ' '     V    ' '    W    " 
2 + p _, uv _» UW 
uv . fl = V2 + P ,  and f3 - vw 
uw vw W2 + P 

The viscous fluxes are given by 

Re 

' 0 ' 
dU/dx 
dV/dx 
dW/dx 

R, 

"    0   " 
dU/dy 
dV/dy 
dW/dy 

,  and g3 = 
Re 

'    0   " 
dU/dz 
dV/dz 
dW/dz 

The Reynolds stresses are given by 

*i = 

[01 r°i uu 
W ,  h2 = 

vu 
W 

uw VW 

=    TTTT   ,  and A, 
wu 
wv 
ww 

in which the overbars signify mean values of fluctuating quantities. 
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The RANS equations are transformed to a boundary-fitted coordinate system using generalized 
curvilinear coordinates £ = £(x,y,z), y = rj(x,y,z\ and £ = £(x,y,z) where time is not among the depen- 
dent variables because the grid is fixed. After transformation, the equations can be reduced to equations 
of the same form as before transformation. 

The convective terms /,, fv and f3 are modeled numerically using third order upwind differenc- 
ing. The terms f,, g2, and g3 are viscous diffusion terms modeled numerically using central differences. 

The Reynolds stresses are modeled by replacing the molecular viscosity v with the sum of the 
eddy viscosity v,' and the molecular viscosity. In the nondimensional equations, this is equivalent to re- 
placing l/Re with (1 + v,)/Re where v, = v,'/v is the nondimensional eddy viscosity. This is basically an 
approximation to the Boussinesq eddy viscosity assumption 

-!«.-*■ (3^) 

In this equation, k is the turbulent kinetic energy, öy is the Kronecker symbol, and indicial notation has 
been used for the mean velocities, the fluctuating velocities, and the coordinates. In DTNS3D, eddy vis- 
cosity can be computed using either the Baldwin-Lomax or the k-e turbulence model. What is referred to 
as the Baldwin-Lomax turbulence model is originally due to Cebici et al.13 It was later modified by Bald- 
win and Lomax11 to avoid having to find the edge of the boundary layer. 
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APPENDIX B 
COMPUTATIONAL RESULTS FOR DIFFERENT FLOW CONDITIONS 

Computations were also made for a set of flow conditions different from those corresponding to 
the main results of this report. For convenience Case 1 will refer to the main results of this report. Those 
results are for a uniform flow whose speed was 26.4 ft/s. Transition to turbulence was enforced at the 20 
percent local chord position. Case 2 will refer to the results presented in this appendix. For Case 2 the 
speed of the uniform flow was 24.0 ft/s and the boundary layer was turbulent on the entire surface of the 
wing. 

Figures 15 through 18 can be compared with Figs. 11 through 14 to see how the different speeds 
of uniform flow and the different positions of transition to turbulence in the boundary layer affect the 
computed solution. Figures 15 through 18 contain contour plots of mean velocity components and the 
axial component of vorticity in the four measurement planes for Case 2. The last three columns of Table 
1 list maxima and minima of flow quantities obtained from these calculations. The data in the middle 
three columns (Case 1) and the last three columns (Case 2) for the axial component of mean streamwise 
velocity indicate that the computed position of the vortex core is indeed changed by the change in flow 
parameters. Case 2 shows a downward and outward shift of the vortex core from the position computed 
for Case 1. In addition, the minimum value of the mean axial velocity in the core was more underpre- 
dicted in Case 2 than it is in Case 1. 

Profiles of the mean streamwise velocity component at several points on the wing and in the 
wake were monitored to determine how well computed results were progressing toward convergence in 
various regions of the flow domain. The relative positions of these points on and behind the wing are de- 
picted in Fig. 10. Such profiles are shown in Figs. 19 through 22 for five times near the end of the com- 
putation. These times are separated by approximately 500 time steps. Because there is little change in 
the profiles, convergence is indicated. 

Contour plots of the eddy viscosity in the plane x/L = 2(2 in. upstream of the trailing edge) and 
in plane 1 (9 mm downstream of the trailing edge) are shown in Fig. 23. The contour plot for the down- 
stream plane indicates sizable eddy viscosity away from the vortex core. Large eddy viscosity far from 
the vortex core arises in the wake because the Baldwin-Lomax turbulence model requires one to find the 
maximum of \w\d where w is the vorticity and d is the distance away from the center of the wake. Unfor- 
tunately, for the flow behind the trailing edge, \co\d oscillates and its peaks increase with increasing dis- 
tance from the wake center. Contours of eddy viscosity should concentrate near the vortex core in any 
plane downstream from the trailing edge. 

A third set of computations was attempted. The parameters for the third set are the same as for 
Case 2 except that the k-e turbulence model was used instead of the Baldwin-Lomax turbulence model. 
Because computations for this case were terminated before convergence was attained, no results are pre- 
sented for mean velocity components or the axial component of vorticity. However, contour plots of the 
eddy viscosity in the plane x/L = 2 (2 in. upstream of the trailing edge) and in plane 1 (9 mm downstream 
of the trailing edge) are shown in Fig. 24. These are to be compared with Fig. 23 to see the difference 
between the eddy viscosity for the Baldwin-Lomax turbulence model and the albeit unconverged k-e tur- 
bulence model. In Fig. 24b, the contour plot of the eddy viscosity in plane 1 for the k-e model seems rea- 
sonable; the corresponding contour plot in Fig. 23b for the Baldwin-Lomax model does not. 
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Fig. 19. Mean streamwise velocity profile at location (a) on the wing for a wholly turbu- 
lent boundary layer and U = 24.0 ft/s. For location see Fig. 10. 
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Fig. 20. Mean streamwise velocity profile at location (b) on the wing for a wholly turbu- 
lent boundary layer and U = 24.0 ft/s. For location see Fig. 10. 
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Fig. 21. Mean streamwise velocity profile at location (c) downstream of the wing for a 
wholly turbulent boundary layer and U = 24.0 ft/s. For location see Fig. 10. 
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Fig. 22. Mean streamwise velocity profile at location (d) downstream of the wing for a 
wholly turbulent boundary layer and U = 24.0 ft/s. For location see Fig. 10. 
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Fig. 23. Eddy viscosity from the Baldwin-Lomax turbulence model (a) in a plane upstream 
of the trailing edge and (b) in a plane downstream from the trailing edge. 
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Fig. 24. Eddy viscosity from the k-e turbulence model (a) in a plane upstream of 
the trailing edge and (b) in a plane downstream from the trailing edge. 
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