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Abstract

The TAC (Tab-Assisted Control) and FlexTAC (Flexible Tab-Assisted
Control) airfoils based on NACA 0018 sections are conceptual multi-element
airfoil designs for future marine vehicle control surfaces. In addition to a relative
motion between the stabilizer and the flap, either a rigid (for TAC) or a flexible
(for FlexTAC) tab is used to augment the functionality of the control surfaces.
The TAC airfoil has a front and a rear gap while FlexTAC airfoil has only the
front gap. This report summarizes CFD validations on the TAC and FlexTAC
airfoils using unstructured Reynolds Averaged Navier Stokes (RANS) solvers, i.e.
UNCLE and CRUNCH codes. The force and moment predictions are compared
with the 24-inch water-tunnel test data obtained for the TAC airfoil and the 36-
inch water-tunnel data obtained for the FlexTAC airfoil. The CFD results
suggest that both UNCLE and CRUNCH codes are able to predict the forces and
moments with reasonable accuracy for flap angles under 20 degrees. The
comparisons also indicate that the FlexTAC measured force data may have been
over-corrected for the water-tunnel blockage.  Comparisons between the
measured TAC data and FlexTAC data imply that the gudgeons installed for the
TAC experiments have a profound effect on the stabilizer and flap torque
predictions, but have a minimum effect on the force predictions. The CFD
prediction results also indicate that it is essential to include the gap effect in
calculating forces and moments.
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Introduction

The tab assisted control (TAC) airfoil for underwater control surfacés was‘tested in the 24-
inch water tunnel at NSWCCD during 1998 under ONR and DARPA funding. Results (Nguyen
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et al., 1999) indicated that the addition of a tab to regular control surfaces can enhance the

maneuvering capabilities through significant modification of lift and torque on the control
surfaces.

The benefit of the TAC concept can be further augmented by using Shape Memory Alloy
(SMA) actuators and shape optimization for the complete control surfaces. Employing SMA
actuators enables the use of electric power to manipulate the control surfaces, and eliminates the
need for hydraulic systems and the gap between the flap and the tab. These advantages led to the
development of the flexible tab assisted control (FlexTAC) surfaces for underwater vehicle
applications. The optimization effort under the current NAVSEA 93R FlexTAC Program aims
to numerically achieve optimal stemplane designs for future FlexTAC surface applications.

Sung and Rhee (1999) and Sung et al. (2000) used a CFD tool to predict forces and
moments on the TAC airfoil. The agreement with the measured data seems to be good. But the
comparisons are restricted to the linear portion of the data. Although there are three possible
relative angular settings between the stabilizer, the flap and the tab, the numerical investigations
(Sung et al., 2000) are only limited to one angular motion for each comparison. In addition, the
effect of the gaps between the stabilizer and the flap and between the flap and the tab was
neglected in Sung and Rhee (1999) and not addressed in Sung et al. (2000). In fact, the TAC
airfoil shown in Fig. 1 and used for the 24-inch water-tunnel test (Nguyen et al., 1999) contains
(1) a pedestal to minimize the tunnel boundary-layer effect on the measured forces and moments;
and (2) gudgeons to connect the stabilizer, the flap and the tab, and to control their relative
motions. These gudgeons also affect the gap flow fields. The FlexTAC airfoil experiment
(Gowing, 2002) conducted during March 2002 in the 36-inch water tunnel does not have the
pedestal and gudgeons. However, the stabilizer for the latter experiment was installed with a
turbulent-flow stimulator near the foil’s leading edge. The dimensions normalized by the mid-
chord length of 19.791 inches for the FlexTAC airfoil, compared with the mid-chord length of
9.526 inches for the TAC airfoil, are shown in Fig. 2.

A Direct Method for Optimization (DMO) (Lee et al., 2001) was recently developed and
used for achieving an optimal diffuser shape for a shipboard air-conditioning compressor. The
mathematical requirement of an optimization scheme is to maximize (or minimize) an objective
(or an output) function, which represents the parameter of interest from a mathematical model of
the problem. The DMO developed is a gradient-based approach coupled with a CFD calculation
and a regridding approach to iteratively march to an optimal shape. The CFD method used for
the diffuser optimization is a structured-grid calculation scheme. The proposed DMO for the
control surface shape optimization is to adopt an unstructured CFD scheme to accommodate the
gap geometry and grid movement requirements. The objective function for future control
surface optimization will be a composite function of lift and torque calculated.

The goal for the current efforts is twofold. The initial goal is to carefully validate the
prediction ability of unstructured CFD calculations for the TAC and FlexTAC airfoils. The
ultimate goal is to use the numerical optimization procedure to achieve control surface shapes,
which provide better maneuvering capabilities under given maneuvering requirements.

Computational Schemes and Grids

Two computational approaches were used to investigate the predictive capabilities for the
FlexTAC and the TAC airfoils. Both approaches perform RANS calculations on a
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computational domain extending 2 chord lengths upstream and 4.5 chords downstream of the
airfoil, 3 chord lengths in the transverse direction, and 2 chord lengths in the spanwise direction.

The first RANS approach uses the unstructured UNCLE code (Hyams et al., 2002).
UNCLE solves the incompressible Navier Stokes equations with the artificial compressibility.
The flow solver is a node-centered, finite volume, implicit time-marching scheme. The flow
variables are stored at the vertices. A one-to-one mapping is used to convert the edge
information to the faces of the control volumes. UNCLE is programmed for parallel processing,
using MPI for interprocessor communication and a coarse-grained domain decomposition for
concurrent solution within subdomains assigned to multiple processors. A two-equation q-®
turbulence model (Coakley and Hsieh, 1985) is used for the present work.

The grids used for the UNCLE calculations are multi-element unstructured grids generated
using an advancing normal methodology for the boundary layer elements and an advancing
front/local reconnection (AFLR) methodology (Marcum and Weatherill, 1994) for the isotropic
tetrahedral elements. Surface grid generation and geometry preparation were accomplished
using SolidMesh (Gaither et al., 2000). Special attention was paid to the grid spacing in the gaps
between the stabilizer, the flap and the tab to avoid poor grid quality. The gudgeons are not
modeled in these calculations, resulting in airfoil elements that are completely disconnected from
each other. A symmetry boundary condition is applied on the plane formed by the root section
of the airfoil and a far-field boundary condition is employed at a sufficient distance away from
the wing to avoid any influence on the solution. The surface grids on the symmetry plane and
the airfoil are shown in Fig. 3. The total number of cells for each grid is around 3.5 million.

The second RANS approach uses the unstructured CRUNCH code (Hosangadi et al., 1996;
Ahuja et al., 2001) developed by CRAFT Tech, Inc. The CRUNCH code solves multiphase
incompressible and compressible gas-liquid Navier Stokes equations. The solver uses a finite-
volume Roe/TVD flux construction based on the cell-vertex formulation. The numerical
integration uses explicit four-stage Runge-Kutta, implicit GMRES, and Gauss-Seidel schemes.
The code works for multi-element grids including tetrahedral, hexahedral, prismatic and pyramid
cells. CRUNCH is programmed for parallel processing, using MPI and an automated load
balancing domain decomposition. A dynamic grid capability, which is essential for future
optimization of the control surfaces, using a node movement solver is available for automated
embedding and sliding interfaces. A two-equation k-€ turbulence model with a wall function
approach is used for the current calculations.

The grids used for the CRUNCH calculations are generated using GRIDGEN. They
consist of hexahedral grids with approximately 2.5 million cells. The pedestal and the gudgeons
are not modeled. The outer domains are treated with far-field boundary conditions. The airfoil
root surface is treated as an inviscid wall due to the use of the pedestal for the TAC experiment.

Flow Conditions and Computational Strategy
The simulations under the current effort include both TAC and FlexTAC airfoils.

For the TAC airfoil, the tip chord is 8.40 inches, the root chord 10.66 inches, and the span
8.44 inches. Both the flap and tab gaps are 1/16 inch with the flap gap widened at both ends.
The computational grid is non-dimensionalized by the (mean) chord length at mid span, which is
9.526 inches. Based on this dimension and the nominal test speed of 11.13 ft/s the Reynolds
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number for the flow is 9.7 x 10°. Hinge points for torque calculations are located at x = 0.3085
for the stabilizer, x = 0.8011 for the flap, and x = 1.0186 for the tab in non-dimensional units.
Note that the experimentally installed pedestal and the gudgeons are not modeled, as mentioned
in the previous sections. The deflection angles for the stabilizer (1), the flap (8¢) and the tab @)
are measured with respect to the incoming flow, the stabilizer and the flap, respectively. The
measured ranges of o, &, and &t are from —15 to 15 degrees, from —27 to 27 degrees, and from
—60 to 60 degrees, respectively.

For the FlexTAC airfoil, the dimensions are normalized by the mid-span chord of 19.791
inches (see Fig. 2). The pre-test calculations were performed at a nominal speed of 10 ft/s and a
Reynolds number of 1.833 x 10°. The test was later performed at a lower speed of 8.5 fi/s due to
limitations of the SMA materials.

Since the initial CFD validation for the TAC airfoil by Sung et al. (2000) used structured
grids, the current effort does not intend to duplicate the previous calculations. The current
approach of using an unstructured grid methodology aims to achieve gridding flexibility in the
gap region and also to enable grid movement for future airfoil shape modification during
automated numerical optimization. Three flow cases are used to validate the abilities of UNCLE
and CRUNCH to predict general flow features and the gap effect. These three cases are:

Case A: =0, 61 =0, O varying between —27 and 27 degrees
CaseB: =6,87=0, & varying between —27 and 27 degrees
Case C: =0, 8 =10, 37 varying between —60 and 60 degrees

All three cases are within the normal range of the control-surface operation. Case A is the
baseline case with relative motion only between the stabilizer and the flap. Case B is similar to
Case A, but the stabilizer is under an angle of attack. Case C provides the validation for
changing the tab angle. Due to limitations of time and funding resources, CFD validations using
the UNCLE and CRUNCH codes were not conducted for all the cases mentioned. Table 1 lists
the measured data used for comparison. Tables 2 and 3 show the cases predicted by the
CRUNCH and UNCLE codes, respectively. For the pre-test predictions on the FlexTAC airfoil,
only Case B with 8¢ = -20, 0, 10, and 20 deg. were calculated.

Computational Results for the TAC Airfoil

The 24-inch water-tunnel measurements (Nguyen et al., 1999) for the TAC airfoil include
overall lift and drag on the airfoil and torques acting on the stabilizer, the flap with the tab, and
the tab. These measured quantities are compared to the predictions in a non-dimensional form
based on the chord length at mid-span (c,,). They include lift and drag coefficients (normalized
by % p V.2 Cm2) and stabilizer, flap and tab torque coefficients (normalized by % p V.2 ci.d).

Figures 4 — 6 show the comparisons between the measured and the predicted data for Cases
A and B. For Case A (circle symbols), the computations preserve the symmetry between the
positive and the negative flap angles. The measured data show some deviations from symmetry,
particularly in the drag curve with a difference of 11% for the flap angles of 27 degrees. At
zero Or (the case used for a quantitative evaluation of the drag prediction), UNCLE predicts 63%
more drag than the measurement and CRUNCH predicts 83% more. This is due to the fact that
flow transition from laminar to turbulent flow occurs in the experiment while the CRUNCH
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prediction assumes a fully turbulent flow over the entire airfoil and the UNCLE prediction based
on the q-o turbulence model contains some transition effect. For Case B (triangle symbols), the
lift values shown in Fig. 4 are greater than those from Case A due to the positive angle of attack
for the stabilizer. This also produces asymmetry in the drag curves, shifting them to the left as
shown in Fig. 4. Although CRUNCH does a slightly better job, both UNCLE and CRUNCH
predict the forces reasonably well except for flap angles larger than 20 degrees. For the torque
predictions on the stabilizer and the combined flap and tab, the predicted trends are quite
different from the measured ones. The predicted tab torque, however, agrees very well with the
measurement. Note that the stabilizer torque is of the same order of magnitude as the flap torque
and it is an order of magnitude larger than the tab torque. All of these observations suggest that
the discrepancy in predicting stabilizer and flap torques is not directly associated with the
prediction accuracy. Further comparisons between the measurements of the TAC and FlexTAC
airfoils indicate that the discrepancy is mostly related to the difference in the gap flows.

Figure 7 shows similar comparisons for Case C, which maintains a fixed relative angle
between the stabilizer and the flap and varies the tab angles. Similarly, the lift and drag forces
are predicted well for smaller tab angles. Although the stabilizer and flap torques are over-
predicted, the trends in torque predictions agree with the measurements. Again, the tab torques
are predicted very well even though their values are an order of magnitude smaller than those for
the stabilizer and the flap. '

Figure 8 shows the pressure distributions for Case A at the positive flap angles. They
clearly indicate that flow separates on the suction side between 10 and 15 degrees flap angle.
Vortices shed from the pressure-side trailing corner of the stabilizer (shown in Fig. 9) fill the gap
void for larger flap angles and move the pressure-side peak on the flap pressure distribution
further downstream due to an increase in size of the gap region. They also provide feedback to
the trailing corner area of the stabilizer. All these phenomena indicate that the front gap between
the stabilizer and the flap has a dramatic effect on the local flow field, particularly near the
leading edge of the flap (which has the pressure peak on the pressure side) and the trailing corner
of the stabilizer. Since the tab angle is fixed at zero for Case A, the rear gap effect is not as
pronounced as the front gap.

Computational Results for the FlexTAC Airfoil

The 36-inch water tunnel tests (Gowing, 2002) for the FlexTAC airfoil measured similar
quantities as for the TAC airfoil. Since the profile shapes of the flexible portion of the FlexTAC
airfoil were not known beforehand, the pre-tested predictions were done assuming it to be rigid.
In addition, the limited calculations were focused on settings similar to those of Case B.

The comparisons are plotted in Figs. 10 and 11 along with the Case B TAC results. Note
that blue symbols are used for the TAC airfoil data and red symbols for the FlexTAC airfoil data.
The measured FlexTAC lift and drag are lower than the measured TAC values, particularly for
flap angles less than 0 deg. and greater than 18 deg. The predicted FlexTAC lift and drag values
are generally higher than the measured values. This suggests that the measured FlexTAC forces
may have been over-corrected for the water-tunnel blockage effect. Although the blockage
correction is perhaps too large, the measured FlexTAC drag at o = & = &r = 0 is 0.0162, which
is 35 % higher than the measured TAC drag of 0.01202. - This is obviously the contribution of the
turbulent stimulator installed in the FlexTAC experiments. Figure 11 shows the stabilizer and
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flap torque comparisons. There is a clearly different trend between the FlexTAC and the TAC
airfoils. The CFD predictions have predicted the trend of the FlexTAC experiments correctly.
The effects of the gap flow and the gudgeons on the torque calculations are obvious from the
differences between the two measured data sets and the CFD predictions.

A flow visualization at o = 6 deg., & = 10 deg., and 81 = 0 deg. was also made for the
FlexTAC airfoil to further validate the CFD predictions in the airfoil tip region. Figure 12 shows
pressure side paint traces compared to predicted particle traces on the pressure side surface. The
three paint trace photos gradually zoom in to the flap portion in order to see the detailed
streamline pattern. The installation of the sand-grain turbulent stimulator is clearly shown on the
stabilizer. The tip flow from the pressure side to the suction side is also demonstrated on both
traces. The stagnation line at the leading edge of the flap is shown in the prediction, but not
illustrated in the experiment due to the high viscosity of the paint. Figure 13 shows a similar
comparison on the suction side, but the flow is from right to left. Again, the paint on the
stabilizer (orange) was too thick to show any movement. In addition, the flap at the tip was not
aligned well with the stabilizer and its leading edge protruded out by about 1/16 inch. It
therefore produced an unrealistic streakline that sweeps down from the flap nose to the SMA
(green) area. Otherwise the paint traces agree well with the flow particle traces. Figure 14
shows the flow feature over the tip cap of the stabilizer. Both the experimental paint and the
predicted streamline traces agree well. The paint over the flap tip was too thick to show any
traces and therefore omitted.

Concluding Remarks

The TAC and FlexTAC airfoils based on NACA 0018 sections are conceptual designs for
future marine vehicle control surfaces. In addition to relative motion between the flap and the
stabilizer, either a rigid (TAC) or a flexible (FlexTAC) tab is used to augment the functionality
of the control surface. The TAC airfoil has a front and a rear gap while the FlexTAC airfoil has
only the front gap. This report summarizes CFD validations on the TAC and FlexTAC airfoils
using the unstructured UNCLE and CRUNCH RANS codes. The force and moment predictions
are compared with the 24-inch water-tunnel test data for the TAC airfoil and the 36-inch water-
tunnel data for the FlexTAC airfoil. The following conclusions are drawn from the validation
calculations.

(1) Both the UNCLE and CRUNCH codes are able to predict the forces and moments with
reasonable accuracy for flap angles smaller than 20 deg. Although both predictions
deviate from the measured data for flap angles greater than 20 deg., CRUNCH predicts
more accurate forces while UNCLE predicts more accurate moments.

(2) At zero deflection for stabilizer, flap and tab, the measured drag on the TAC foil is
0.01202, which is 63 — 83 % lower than the predictions. This is due to the existence of
flow transition in the test but not in the calculations. Although there is a turbulent
stimulator installed in the FlexTAC experiment, the measured drag of 0.0162 is only
35 % higher than that of the TAC experiment. The overall FlexTAC measured data
indicate that the forces may have been over-corrected for the water tunnel blockage.

(3) The comparisons between the measured TAC and FlexTAC data suggest that the
gudgeons have a profound effect on the stabilizer and flap torque calculations, but have a
minimum effect on the force calculations.
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(4) The CFD predictions further emphasizes the importance of the gap effect on the forces
and moments.
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alpha | delFlap | dellab EXP Drag Lift Stab_Torg Flap_TorgTab_Torg

1] -27 1] X 0.149769{-0.49547 ;0.0173029 |0.009977 {0.00109

0 -20 0 X 0.0950641 -0.4172 {0.0157057 {0.005286 | 0 00066

ﬁ 1] -10 1] X 003707 {-0.22228 10.003012910.00133110.000183
2 1] 0 0 X 001202 }-0.00237 | -0.00025 | -0.0001 | 0.00001
o 1] 10 0 X 0.03297510.2250151-0.0102283| -0.00199 | -0.00016
0 20 0 X 0.08510310.416893}-0.0155871|-0.00615 | -0.00063

1] 27 0 X 0.13297710.481604 |-0.0175885| -0.00966 {-0.00098

B -27 0 X 0.096797 | -0.27833 10.023747 1 |0.006136 |0.000894

b -20 0 X 0.057829]-0.19139 10.0211714 | 0.00313 |0.000454

Q 6 -10 1] X 0.0238041-0.00019 | 0.01694 }0.000569(0.000129
pid B 0 1] X 0.022334)0.237714| 0.0026006| 0.00101 [0.000126
© o] 10 1] X 0.070027 10.455027 |-0.0027057{ -0.00385 | -0.00029
6 20 g X 0.14063 | 059999 {-0.0066514|-0.00966 |-0.00111

6 27 0 X 0.196059] 0.6618 | -0.00722 |-0.01383 |-0.00111

0 10 -60 X 0.05328510.0218751 -0.005325 | 0.01811 {0.002935

0 10 -40 X 0.03855 | 0.09085 | -0.0075 | 001384 | 0.0018

83 1] 10 -20 X 002847 | 0.15165 | -0.00896 | 0.00751 | 3.00059
§ 0 10 0 X 0.03297510.225015 |-0.0102283| -0.00199 |-0.00016
© g 10 20 X 0.06261] 0.37045! -0.01369| -0.01698! -0.00152
0 10 40 X 0.10385] 0.48572 -0.0171} -0.02684| -0.00306|

g 10 60 X 0.134445) 0.5408_1-0019005 {-0.02867 {-0.00405

Table 1. Measured forces and moments for the TAC airfoil from 24-inch water
tunnel test.

alpha | delFlap | delTab [CRUNCH| Drag Lift Stab Torg {Flap Torg Tab Torg
1] 27 0 X 0.131478 | -0.375244 | 0.002274 | 0.007498 0.000804
0 -20 c X 0085917 | -0.361595 | 0005265 | 0.000727 0.000438
< 0 -10 1] X 0.039462} -0.237148 | 0.005674 [-0.003057 0.000014
b4 0 0 o X 0021969 | -0.002084 | -0.001511 {-0.000232 -0.000003
© 0 10 0 X 0.039462{ 0237148 |-0.005674 | 0.003057 -0.000014
0 2 ] x 0085917 | 0361595 |-0.005265 (-0.000727 -0.00043%
0 27 ] X 0131478 | 0375244 |-0.002274 |-0.007498 -0.000804
6 27 0
6 -20 0
o B -10 1]
& 6 U 0
© 6 10 0 X 0073554 | 0.4562804| 0000234 | 0.002668 -0.000077
6 20 1] 4 0.133398 | 0555350 | 0001670 |-0.003757 -0.000568
B 27 0 0.186796 | 0604788 | 0002639 {-0.009502 -0.000955
0 10 -60
0 10 -40 X 0039864 | -0.037518 | -0.001880 | 0.023875 _0.001900
< 0 10 -20
% 0 10 0 x 0.039462 | 0.237148 |-0.005674 | 0.003057 -0.000014
© 0 10 20
] 10 40 X 0.122600 | 0585600 {-0.010959 {-0.024500 -0.003283
0 10 80

Table 2. Predicted forces and moments for the TAC airfoil by CRUNCH
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alpha | delFlap delfab | UNCLE | Drag Lit  {Stab_TorgFlap_Torg|Tab_Torg
0 -27 0 X 0.1199 -03023 | -0.0004 | 0.0113 | 0.0009
0 -20 g X 00850 -03208 | 00034 | 00049 | 0.0007
< 0 -10 0 X 00326 -02208 | 00051 | -0.0033 | 0.0001
b 0 0 0 X 00196 -00004 | 00001 0.0000 | 0.0000
© 0 10 0 X 00326 02208 | 00051 | 0.0033 | -0.0001
0 20 0 X 00850 03208 | -0.0034 | -0.0049 | -0.0007
1] 27 1] X 01193 03023 | 00004 | -00113 | -0.0008
6 W27 0 X 00866 -0.1053 | 00051 0.0094 { 0.0008
b -20 1] X 00416 _-02083 | 00137 | -0.0066 | 0.0003
Q 6 -10 0 X 00225 00175 00119 | -0.0028 | 0.0001
@ (3] 0 0 X 002% 02021 00144 | 0.0013 { 0.0001
© 6 10 0 X 00638 04245 | 00019 | 0.0025 | -0.0002
6 20 0 X 01233 04805 | 00046 | -0.0087 | -0.0008
b 27 0 X 0.1641 05058 | 00064 | -0.0137 | -0.0010
8 10 60
0 10 -40
Q 0 10 -20
b4 0 10 0 X 00326 02208 | -0.0051 | 0.0033 | -0.0001
© 0 10 2 :
0 10 40
0 10 60

Table 3. Predicted forces and moments for the TAC airfoil by UNCLE
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H
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i
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I H OF THE NACA SECTION

Figure 1. Schematics for the 24-inch water-tunnel test on the TAC airfoil.
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1 5335705 s o

- 0.383634
0 00081 __§
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Figure 2. The FlexTAC airfoil for the 36-inch water tunnel test (all dimensions
are normalized by the mid-span chord of 19.791 inches).
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Figure 3. Unstructured grid for the TAC airfoil.
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Figure 4. Lift and drag comparisons on TAC airfoil for Cases A and B.
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Figure 5. Torque comparisons on stabilizer and flap of the TAC airfoil for
Cases A and B.
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Figure 6. Torque comparisons on tab of the TAC airfoil for Cases A and B.
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Figure 7. Force and moment comparisons for the TAC airfoil for Case C. -
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Figure 8. Pressure distributions at mid-span of the TAC foil for Case A.
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Figure 9. Shedding vortices from the pressure-side trailing corner (color
contours represent pressure distribution).
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Figure 10. Lift and drag comparisons on TAC and FlexTAC airfoils for
Case B.
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Figure 11. Torque comparisons on TAC and FlexTAC airfoils for Case B.
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Figure 14. Comparison of paint traces with stremline traces over the tip of the FlexTAC airfoil.
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