








450 CHANS = SPACES(4)
455 AAT = 0: AA22 = 0:AA23 =0

460 DE = 20 : JMAX = 4 : IMAX = 80

470 ISTART = 1 : [END = DE

480 FOR J = 1 TO JMAX

490 SCH(22)= 0

500 SCH(23) = 0

510 FOR I = ISTART TO IEND

520 FOR K = 22 TO 23

530 CHANS = STRS$(K)

540 MID$(COM28,4,4) = CHANS

550 CALL IBWRT(HP3497A%,COM28)

560 CALL IBRD(HP3497A%,DATS)

570 SCH(K) = SCH(K) + VAL(DATS)

580 NEXT K

590 NEXT I

600 GOSUB 680

605 AAT = AAT + TDK

606 AA22 = AA22 + SCH(22)/DE

607 AA23 = AA23 + SCH(23)/DE

610 PRINT#1, USING » ##.  ###4##  ##4#4  ##4E444#4#  #444444
»:PORT; P; TDK; SCH(22)/DE ; SCH(23)/DE
620 ISTART = IEND + 1

630 IEND = IEND + DE

640 NEXT J

645 PRINT#1, TXT6$

646 PRINT#1, USING ” ##.  ###.##  ####  ### #4444 HiH# A4S
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”:PORT; P; AAT/IJMAX; AA22/JMAX; AA23/IMAX
647 PRINT#1, TXT6$

648 PRINT#1, TXT6$

649 PRINT#1, TXT1$; TXT2$; TXT3$; TXT4$; TXT53
650 CLS

660 GOTO 260

670 CLOSE :CLS :END

680 > Thermocouple voltage to temperature subroutine

690 °

710 * tc0 = 0.100860910 : tcl = 25727.94369 : tc2 = -767345.8295
720 ° tc3 = 78025595.81 : tcd = -9247486589 : tcb = 6.97688E+11

730 * tc6 = -2.66192E+13 : tc7 = 394078E+14 : tc8 = 0 : tc9 = 0

740 DATS$ = SPACE$(13)

750 CHANS = SPACE$(4)

760 CHANS = STR$(18)

770 MID$(COM28,4,4) = CHANS

780 CALL IBWRT(HP3497A%,COM29)

790 CALL IBRD(HP3497A%,DATS)

800 SCH(18) = VAL(DATS)

810 TDK =TC0 + TC1 * SCH(18) + TC2 % SCH(18) " 2 + TC3 + SCH(18) " 3 + TC4 *
SCH(18) * 4 + TC5 + SCH(18) " 5 + TC6 * SCH(18) " 6 + TC7 = SCH(18) ~ 7 + TC8 *
SCH(18) "8 + TC9 * SCH(18) * 9

820 RETURN
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Appendix C: Drawings of Slanted-Base Bluff Body Model
(ODU)
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Appendix D: GOVERNING EQUATIONS: BLUFF BODY
FLOWS
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D.1 Reynolds Averaged Navier-Stokes Equations

(Steady, Incompressible, no Body Forces)

aUi_ _19P L0 [,00 _ 4
% Pox Tog|Vox il
U; = Mean Velocity Component

y; = Fluctuating Velocity Component

p = Density

v = Kinematic Viscosity

D.2 Transport Equations for Dissipation and Turbulent Kinetic Energy

(Steady, Incompressible)

K= ‘%uiul
€= aui %

an axj
0V _ 90 [00; 00| . o v 0e)_ ¢
6Xj e 6?1 axj axi axj € Xj 2 K
oU _ 9T, [ 8T; 9T, o [ ok
an "t axj { 3xJ + aXi - B;J _E_XJ —€

2

I/t = Cﬂ %"

cp=009 ¢;=144 ¢3=192 o0x=10 0¢=13

D.8 Universal Near-Wall Flow Profiles

Uyl
3 Yu+=p—;"
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w = wall

6 = distance from wall

D.8.1 For yyu* <5 (Viscous Sublayer)

ut = yu+

D.3.2 For yu*>30 (Fully Turbulent Region)

ut = '6171- In(9-yy*)

D.83.8 For 5> y,*>30 (Fully Turbulent Region)

+ +
y
ot = o.lﬁ In(1+0.4-y4*) +7.8{1 - exp(- 4 )~ 24 exp(-0.33 yu )}

D.4 Turbulent Viscosity in Near-Wall Region

_ o 2 |f [0y Oy Oy
o= (G4 ) G

i, = turbulent viscosity

+
lm = mS{l - exp(- —yu—)} = van Driest mixing length
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Appendix E: FINITE ELEMENT (FIDAP) PREDICTIONS
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A finite element fluid dynamic package (FIDAP) was used to simulate the
steady, incompressible, turbulent, near-wake behind axisymmetric and two-
dimensional slanted-base bluff bodies [90]. The governing equations applicable to
this type of flow are presented in Appendix D. The coarseness of the finite
element grid and the steady flow assumption prevent realistic comparisons to

experimental results. Two objectives of the simulation were:

1.) To test the usefulness of a coarse finite element grid, and to test the

assumption of steady flow in determining the wake stagnation point.

2.) To verify slanted-base wake stagnation point trends as a function of

slant-angle as represented in Fig. 4.10.

The FIDAP program was run on a Sun 4/50.

E.1 Computational Models

A typical grid for the axisymmetric bluff body used in this study is given
in Fig. E.1. The length-to-diameter ratio of the model was 6:1. Smaller grid
spacing is used in regions where velocity gradients are known to be substantial,
such as near the forebody and trailing edge of the model, as well as within the
boundary layer and separated shear layer. The upper and lower bounds of the
grid are 5 diameters from the model centerline. A breakdown of the node

distribution for a typical axisymmetric grid is given below:

Boundary Layer = 450
Free Shear Layer = 300
Recirculation Region =150

Outer Region = 1300
Upstream of Model = 250
Total = 2450
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The validity of the two-dimensional slanted-base model of Fig. 4.10 was
studied using the computational grids shown in Figs. E.2-E.3. The forebody is
eliminated in this model to isolate the effects of the slanted-base, to lower
computer time, and reduce memory requirements.  Unfortunately, these
simplifications were at the sacrifice of the boundary layer growth on the forebody.
It is believed that a sufficiently long centerbody can minimize this effect. It is
also shown in Figs. E.2 and E.3 that two grid types are necessary within the near-
wake region, depending on the slant-angle. Figure E.2 is now referred to as a
“separated” grid, while Fig. E.3 is referred to as an “attached” grid. A topological
requirement of FIDAP [90] is that interior angles of quadrilateral regions must be
in the range of 90°+60°, therefore, slant-angles greater than 60° cannot be

represented by an “attached” grid.

Boundary Layer = 230
Free Shear Layer= 450
Recirculation Region =275
Outer Region = 1625

Total = 2580

E.2 Boundary Conditions

A constant inflow boundary condition, %: 1, was imposed for both
axisymmetric and two-dimensional models. Values for the turbulent kinetic
energy and dissipation were also imposed at the inflow and are discussed in the
following section. A constant velocity of U‘t: 1 was imposed at the upper and
lower bounds of the grid. At the outflow boundary no velocity boundary
conditions are explicitly imposed. Similarly, turbulent kinetic energy and

dissipation are not specified at the outflow. The no-slip condition is imposed

along the model boundary as is the no-penetration condition. In addition,
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rotational symmetry was imposed on the near-wake centerline of the axisymmetric

model.

E.3 Turbulence Modeling

A two-equation high Reynolds number k-e¢ turbulence model can be
incorporated by FIDAP, and is used in the current study [90]. Transport
equations for the turbulent kinetic energy, x, and the viscous dissipation, €, are
given in Appendix D. A number of empirical coefficients are contained in the
transport equations. Suggested values are also given in Appendix D which are

valid for isothermal flows with no mass transfer [90].

The major disadvantage of the high Reynolds number k-¢ model
incorporated in FIDAP is that it cannot be used in the near-wall region where
turbulence levels are low. In the near-wall region, van Driest’s mixing length
approach [91] is incorporated to model turbulent diffusivities of momentum and
mass [90]. Mean flow variables in this region are modeled using universal law-of-
the-wall profiles. The near-wall region is considered to be a one-element thick
region adjacent to the wall. It is suggested that the height of the elements
adjacent to the wall be located outside the viscous and transitional sublayers. For
this reason, law-of-the-wall profiles are not ideally suited for near-wall flows with
significant departure from local one-dimensionality {90]. For example, the near-
wall mean flow velocities of separated and reattaching flows have been determined
not to obey the law-of-the-wall, and cannot be correlated outside the linear
sublayer using the friction velocity [92]. This must be considered in the analysis

of the predicted results.
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E.4 Solution Method

A fixed-point iteration procedure (Successive Substitution) is chosen as the
solution method. This method is known to converge slowly, however, convergence
can occur over a wide range of Reynolds numbers. Successive substitution has
also been shown to be amiable to the highly non-linear nature of the k-e¢ model
[90]. FIDAP results are presented with steady experimental measurements in

Chapter 7. The solution is first order accurate.

E.5 Wake Stagnation Point Results

Wake stagnation point locations for the 0° (axisymmetric) slanted-base
bluff body are shown in Fig. E.4. Boundary layer transition is fixed at the leading
edge of the centerbody. A good correlation between experimental and predicted
locations was obtained, with FIDAP results only slightly underpredicting the wake
stagnation point location. A proper comparison could not be obtained for
Rep = 60,000 because the grit particle size was apparently too small to trip the
boundary layer at the leading edge of the centerbody in experiments. No
systematic variation in the predicted wake stagnation point location with Rep,

could be determined.

An attempt was made to correlate experimentally determined wake
stagnation point locations for slanted-base bluff bodies with the two-dimensional
prediction models described in Chapter 4. Predicted results were found to be as
much as twice the distances measured in experiments. Vector plots of the
predicted near-wake region, which show predicted wake stagnation point locations,
are presented in Fig. E.5. The difference between predicted and experimental
results is related to the neglect of side-flow entrainment, which would draw the

wake stagnation point closer to the base.
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It was determined that a good correlation existed between experimental
and predicted results if wake stagnation point locations were determined relative
to the 0° base model. These measurements are presented in Fig. E.6.
Furthermore, predictions show a deflection of the wake stagnation point towards
the trailing edge of the base as indicated in Fig. E.5, which is in agreement with
the smoke flow visualization photos of Fig. 7.5 and the slanted-base flow model
presented in Fig. 4.10. Experimental measurements for slant-angles greater than
45" were not obtained since base flow reattachment occurred for these bases.
Predicted reattachment for the two-dimensional cases occurred for higher slant-
angles (3 > 55°) due to the wake stagnation point being located much further into
the wake as compared to experimental values. It is shown for the lower slant-
angles that both experimental and predicted values move further within the wake
as the slant-angle is increased. This trend does not continue to the higher slant-
angles as the movement of the wake stagnation point is shown to slow

considerably.

Predictions show a pronounced effect of rounding the base leading edge for
the 55° base model, as shown in Fig. E.7. For sharp-edged separation, base flow
reattachment does not occur, however, slightly rounding the trailing edge of the
centerbody is shown to delay separation. An attached flow is present over a
portion of the base. This is in agreement with Hucho [18] who determined that
separation can occur either at the leading or trailing edge of a slanted rear-
window, depending on the curvature of the roof’s trailing edge. The effect of
rounding the leading edge corner of a lower angle slanted-base is shown in Fig.
E.8. The adverse pressure gradient required for attached base flow is too great
and the flow is shown to separate on the fairing, however, the wake stagnation
point is shown to shift towards the base as compared to the case of a sharp-edged

separation.
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A significant Reynolds number effect on predicted wake stagnation point
locations could not be determined for the lower angle slanted-bases for either
sharp-edged separation or for rounded base leading edges. This is shown in Fig.
E.9. If the 55" base corner is rounded, then a significant effect is present as shown
in Fig. E.10. Separation is delayed with increasing Reynolds number consistent

with an increase in momentum within the boundary layer.
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E.3 “Attached” FIDAP Grid: Slanted-Base Bluff Body
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E.4 Wake Stagnation Point Locations: 0° Base
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E.6 Predicted Wake Stagnation Point Locations (FIDAP)
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