JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 31, No. 5, September—October 1994

Base Drag Prediction on Missile Configurations
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New wind-tunnel data have been taken, and a new empirical model has been developed for predicting base drag
on missile configurations. The new wind-tunnel data were taken at NASA Langley Research Center in the unitary
wind tunnel at Mach numbers from 2.0 to 4.5, angles of attack to 16 deg, fin control deflections up to 20 deg, fin
thickness-to-chord ratio of 0.05 to 0.15, and fin locations flush with the base to two chord lengths upstream of
the base. The newly developed empirical model uses these data along with previous wind-tunnel data. It estimates
base drag as a function of all the preceding variables along with boattail and power-on or power-off effects. In
comparing the new empirical model to that used in the former aeroprediction code, the new model gives improved
accuracy compared to wind-tunnel data. The new model also is more robust due to inclusion of additional variables.
On the other hand, additional wind-tunnel data are needed to validate or modify the current empirical model in

areas where data are not available.

Nomenclature
A = base area, in.?
Cay = axial force coefficient due to base pressure
Cp, = base drag coefficient, (C4;)s=0
P = base pressure coefficient

c = fin chord, in.

d = body diameter at body base, in.

dres = reference diameter (body diameter), in.

F,, F,, F; = symbols defining parameters used in empirical
model

My = freestream Mach number

P = freestream static pressure, 1b/ft?

Di = measured static pressure, Ib/ft?

Do = stagnation pressure, Ib/ft?

q = freestream dynamic pressure, Ib/ft?

R = radius of base, 2.5 in.

Re = Reynolds number, ft~*

r = radius, in.

T, = stagnation temperature, °F

t = fin thickness, in.

t/c = fin thickness-to-chord ratio

t/d = fin thickness-to-body reference diameter ratio

X = distance from body base to fin trailing edge (for
6 = 0deg), in.

x/c = distance from body base to fin trailing edge (for
8 = 0 deg) in tail root chord lengths

a = body angle of attack, deg (positive nose up)

] = fin control deflection, deg (positive leading edge
up)

Subscripts on Cpg

NF = Cp, of body alone with no fins

t/e = Cp, of body with fins of a given

thickness-to-chord ratio
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x/c = Cp, of body with fins located a given distance
from the body base in fin root chord lengths

o = Cp, of body at a given angle of attack

8 = Cp, of body with fins at a given deflection angle

Introduction

OR the past 20 years, the Naval Surface Warfare Center,

Dahlgren Division (NSWCDD) has been involved in devel-
oping codes to calculate aerodynamics on tactical weapons. These
codes have attempted to meet the changing needs of the tactical
weapons community and keep pace with aerodynamics require-
ments. A recent effort was undertaken to examine where we have
been, where we are, and where we need to go in the future with
respect to aerodynamics codes. One of the primary needs identified
in Ref. 1 was an upgrade of the NSWCDD aeroprediction code to
allow Mach numbers up to 20 (including the effects of real gases),
improved lift prediction with particular emphasis on low-aspect ra-
tio lifting surfaces, and improved base drag prediction. All three
of these efforts were undertaken. This paper deals with the third of
these, providing improved base drag prediction capability for mis-
sile configurations. Because base drag can account for as much as
40% of the total drag of some configurations at some conditions, it
is an important part of the total drag.

The latest version of the aeroprediction code®=* (hereinafter re-
ferred to as old aeroprediction code or OAP) also calculates base
drag empirically. It estimates the body-alone, zero angle-of-attack,
power-off base drag using an average of wind-tunnel data presented
in several references.>~13 These data assume a long cylindrical after-
body with a fully developed turbulent boundary layer ahead of the
base. Deviations to this assumption are expected due to Reynolds
number, temperature, boattail or flare, angle of attack, fin ¢ /c ratio,
fin location, fin deflection, low body fineness ratio, or power-on.

The methodology of Refs. 2—4 neglects the effects of Reynolds
number by assuming a Reynolds number combined with body
roughness high enough to ensure fully developed turbulent flow at
the base. Surface temperature effects are also neglected. The body
is assumed to be at least 5—6 calibers long so that body fineness ratio
effects are minimal. Also, fin deflection effects were not accounted
for due to lack of data. The body-alone, angle-of-attack base pres-
sure coefficient change was estimated from Ref. 7 using limited
data at very low angle of attack. The effects due to fin ¢#/c ratio
and fin location were estimated using the meager amount of data
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from Refs. 14-16. Below M., = 1.5, the effects were extrapolated
to M, = 0 based on judgment and some test data on configura-
tions where the effects of fins could not clearly be separated from
other effects.

Finally, power-on effects were estimated by modifying the
methodology of Brazzel'”!® for higher values of mass flow at noz-
zle exit. Also, boattail effects were estimated by the empirical data
of Stoney.!? For details of the methodology and equations used, the
interested reader is referred to Refs. 19 and 20.

There are several problems with the methodology used in the
OAP. All of these stem from the limited wind-tunnel data available
to estimate the change in base pressure as a function of the key pa-
rameters of interest. For most tactical missiles, it is believed that the
neglect of Reynolds number, surface temperature, and body length-
to-diameter ratio effects are acceptable so long as one remembers
the constraints on which these assumptions are made. Also, it is
believed that the methodology in the QAP for inclusion of boattail
and power-on effects is acceptable at present. However, estimates of
the change in base pressure due to angle of attack, fin thickness, fin
deflection, and fin location need to be improved on or accounted for.

More specifically the data for angle-of-attack effects were limited
to smail angles of attack (<10 deg) and Mach number (1.5 < M, <
2.4). The data for fin location and ¢ /¢ ratio was limited to 0 < x/c <
2.0and 0 < t/c < 0.10. It is well known that as Mach number gets
high, base drag goes to zero. Hence, it is desirable to have base
pressure measurements for My, < 5.0; o < 30 deg; t/c < 0.15;
x/c <2.0;and § < 20deg. Also, data where a combination of these
variables is investigated simultaneously are needed. Using these
data, a more comprehensive empirical model to estimate base drag
on missile configurations can be developed. Although the data are
needed for an improved base drag prediction model, they could also
be useful in validating Navier Stokes codes and selecting appropriate
turbulence models.

As a result of the need for additional wind-tunnel test data, a re-
quest was made to NASA Langley Research Center (NASA/LaRC)
to assist in providing such data. The data taken to date are for
20 < My, < 45,0 < 16deg, § < 20 deg, t/c < 0.15, and
x/c < 2.0. Although these data are not as extensive as desired, they
are by far the most extensive base drag database to date and will help
in refining the empirical base drag prediction model of Refs. 19 and
20. It is hoped that additional data at lower Mach numbers. and
higher angles of attack will be obtained in the future for additional
refinements. This paper summarizes the new base drag wind-tunnel
test results and derives an improved empirical base drag prediction
model based on these and other wind-tunnel results.

Experimental Tests
Model and Tunnel Description

A drawing of the missile base pressure model along with the
location of base pressure taps is shown in Fig. 1. The missile body
was an ogive cylinder 36 in. long and 5.0 in. in diameter. Four
cruciform aft tail fins could be attached to the missile body in a plus
orientation at three longitudinal locations. These locations included
flush with the base and one and two root-chord lengths ahead of
the base. At each longitudinal location, the fin incidence could be
set at 0, 10, and 20 deg. Three sets of fins were tested that had the
same planform but varied in thickness. The airfoil of the fins was a
double wedge with sharp leading and trailing edges. Three ¢ /c ratios
were tested including #/c¢ = 0.05, 0.1, 0.15 (interested readers are
referred to Ref. 21 for further details of the model). The base was
instrumented with 89 pressure orifices arranged along radial lines
at 22.5 deg increments and 7 constant radiuses from the center of
the base.

The model was attached to a vertical strut near the middle of
the missile body on the upper surface (leeward side of model as
« increases). The strut had a diamond cross section and was swept
15 deg. The strut leading-edge wedge half-angle was 12 deg and was
sufficiently small to maintain an attached shock on the leading edge
at the lowest Mach number tested and at small angles of attack.
At larger angles of attack, the strut was on the leeward side of
the missile body and would have minimal influence on the missile
base pressure. The top of the strut was sufficiently far from the

Table 1 Test conditions

M, 00 Re Do TD q

2.0 2 x 108 1253 125 449
2.5 2 x 108 1600 125 410
3.0 2 x 108 2216 150 380
35 2 x 108 2882 150 324
40 2 x 108 3698 150 273
4.5 2 x 108 4666 150 229
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Fig. 1 Missile base pressure model description (linear dimensions in
in.): a) body support strut details and b) base pressure orifice locations.

model centerline (19.25 in.) so that a Mach line emanating from
the top leading edge of the strut would not intersect a tail fin on
the model and would intersect the model centerline at least 1.5
body diameters downstream of the model base at the lowest Mach
number tested. The strut was attached to the tunnel model support
system through a 90 deg-offset sting holder that allowed the vertical
position of the model to be varied in the tent section. The model
nose was typically slightly below the tunnel centerline to increase
the maximum attainable angle of attack and provide clearance at the
tunnel ceiling to ensure that the strut was outside of the tunnel wall
boundary layer to minimize possible boundary-layer separation and
tunnel-flow breakdown.

The wind-tunnel tests were conducted in the NASA/LaRC Uni-
tary Plan Wind Tunnel (UPWT), which is a continuous flow, variable
pressure supersonic wind tunnel with a Mach number range of 1.5—
4.6. The tunnel has two test sections, each of which covers only
part of the Mach number range; the low Mach number test section
has a range of 1.5-2.9, and the high Mach number test section has
a range of 2.4-4.6. The test sections are approximately 4 ft square
by 7 ft long. The nozzle ahead of each test section consists of an
asymmetric sliding block that allows a continuous variation of Mach
number while the tunne! is in operation. A complete description of
the tunnel and test section calibration information is presented in a
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Table 2 Configuration index

t/c x/c )

Configuration Fins off 0.05 0.10 0.15 0 1.0 2.0 0 10 20 a(Ms =2.0) a (Moo > 2.5)
1 X e — _— —_— e — —— —_— _— Sweep Sweep
2 — e _— X X _ _— X —_ —_ 0,5,10 0
3 e B — — X X e e  — X e 0,5,10 0
4 e —— —_ X X B — — e B — X 0,5,10 0
5 —_— S X _— X — —_— X —_— — 0,5,10 0
6 _ _ X —_— X _— o R — X _ 0,5,10 0
7 —_ R X o X e e —— _ X 0,5,10 0
8 —_ X — o X o E— X —_— o 0,5,10 0
9 —_ X —_— _ X _ —_  — X — 0,5,10 0

10 — X _ _ X _ _ — X 0,5,10 0

11 e X — _ _ X e X _ _ 0,5,10 0

12 R R X — —_— X o X — _ 0,5,10 0

13 —_ — —_— X o X —_— X B —_— 0,5,10 0

14 —_— —_ _— X e — X X — _ 0,5,10 0

15 _ e X _ _ —— X X — —_ 0,5,10 0

16 — X B — —— — _ X X _ _— 0,5,10 No data

Table 3 Example of average base pressure

coefficient data
" Configuration Moo o ~Cpy
1 2.5 0.0 0.106
1 2.5 2.0 0.119
1 25 4.0 0.136
1 2.5 6.0 0.148
1 2.5 8.0 0.157
1 2.5 10.0 0.165
1 2.5 12.0 0.160
1 2.5 14.0 0.156
1 2.5 15.0 0.154
1 25 15.8 0.149

NASA report.?? The tests were conducted at the conditions shown
in Table 1.

The model angle of attack was varied from 0 deg to approximately
16 deg for tests conducted in the high Mach number test section
(M, > 2.5) and from 0 deg to approximately 10 deg for tests
conducted in the low Mach number test section (M, = 2.0).

To ensure a turbulent boundary layer over the model, transition
grit was applied to the missile nose and to the leading edge of each
fin. The transition strips were located 1.8 in. from the model nose
measured along the model surface and 0.6 in. from the fin leading
edges measured streamwise. The size and location of the transition
grit was determined from documented procedures® except that a
critical roughness Reynolds number of 1800 was used instead of
the recommended value of 600. The increase in critical roughness
Reynolds number above the recommended value was due to the ef-
fects of high Mach number and was determined using guidance from
aNASA publication? and unpublished data obtained in the UPWT.

Measurements and Data

The pressures on the model were measured with two electroni-
cally scanned pressure modules that were located inside the model.
The modules had a full-scale range of %5 psid. All 89 pressure ori-
fices on the model base were measured simultaneously for each data
point. The model angle of attack was measured with an accelerome-
ter that was mounted inside the missile body. The missile base drag
coefficient was calculated using an area weighted average of the
base pressure coefficients.

Tests were conducted both with and without tail fins. Data were
obtained at discrete o for cases with tail fins and over a range of o
for cases without tail fins. A complete description of all the config-
urations that were tested is contained in Table 2. Table 3 contains a
sample of the data taken for configuration 1 of Table 2 at M, = 2.5.
For more details of the test data, as well as the new empirical model,
the interested reader is again referred to Ref. 21.

Two problems arose during this test that affected the uncertainty
of the measured pressure data using the electronically scanned pres-

sure modules. The first problem was model vibrations, which were
possibly caused by either normal tunnel vibrations being transmit-
ted through the long-cantilevered sting/strut or aerodynamic flow
unsteadiness that caused the model and sting/strut to vibrate. The
model was not instrumented to determine the exact cause of the vi-
brations. The second problem was temperature variations inside the
model that were primarily caused by the variation of tunnel stagna-
tion temperature as the tunnel was brought online to the desired test
conditions. Because no data were specifically obtained to determine
the experimental data uncertainty caused by model vibrations and
temperature variations, the pressure data uncertainty was estimated
from data obtained during routine checks of the pressure instrumen-
tation to ensure data system integrity. The checks consisted of either
applying a known pressure to the modules on all the pressure ports
and comparing the module reading to a standard pressure gauge, or
calibrating the module on-line?> and comparing data points taken
before and after the calibration. Using the data from these checks,
the base drag coefficients are estimated to have an uncertainty of
approximately 5% of the calculated values.

Empirical Model for Base Drag Prediction

- Body-Alene Configuration

Using the new wind-tunnel data of Ref. 21 along with the data
generated? since the OAP base drag model was developed, a new
body-alone, zero angle-of-attack base pressure coefficient model
was generated. This model is presented in Fig. 2 as the improved
aeroprediction (IAP) curve and compared to the former aeropre-
diction code (OAP). The results differ slightly with the IAP being
slightly lower than the OAP for M, > 3 and slightly higher for
M, < 1.5. .

Using the wind-tunnel data of Ref. 21 (a sample of which is shown
in Table 3), the percent change in the body-alone base pressure co-

0.25
\ o
0.2 N OAP ||
N — IAP
% AN
B 0.15 I 3
,% === =’ \\
2 o1 [~
$ Assumptions L.
+ Body Length > 6 Calibers =
0.05 1. Turbulent B. L. at Base [
« Cylindrical Afterbody
ol T T T T 7
0 05 1 15 2 25 3 35 4 4.5

Mach Number

Fig. 2 Mean body-alone base pressure coefficient used in OAP and
IAP.
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Fig. 3 Percent increase in body-alone base pressure coefficient due to angle of attack: a) Mo > 2 and b) M, < 2.

efficient was calculated as a function of angle of attack, and these
results are given in Fig. 3a for Mach numbers 2.0 < M,, < 4.5.
Note that no data are available above My, > 4.5, so a linear extrap-
olation indicates no change in base pressure with angle of attack
above M,, = 5.5. Also, no data could be taken for angles of at-
tack greater than about 15 deg because the model support would
have hit the tunnel ceiling. For higher angles of attack, the data for
M, > 2.5 show an angle of attack where the base pressure increase
is a maximum and then a gradual decline with further increases in c.
This general trend was assumed for all resuits in both Figs. 3a and 3b
until additional high angle-of-attack data are made available. The
large unpublished NASA Tri Service Data Base was investigated
for inclusion of high angle-of-attack pressure effects. However, the
emphasis in those tests was on lifting properties, and the axial force
was of secondary concern. Hence, although axial force and base
pressure information is available, the accuracy of the base pressure
information is not believed to be as good as desired for use here.
For Mach numbers below 2, data of Ref. 26 were used to obtain
the change in base pressure due to angle of attack. These results are
given in Fig. 3b. In contrast to the Tri Service Data Base, this test
did concentrate on axial force information. The Reynolds number
of the transonic portion of the test was also high enough to ensure
a turbulent boundary layer at the base for Mach numbers less than
1.5. However, only three base pressure taps were mounted on the
base of the model, and a sting was also in place. Hence, the data
are probably not of the same quality as that of the more recent data
in Ref. 21 and summarized in this paper, where numerous pressure
taps were available to get a more accurate average of base pressure.
It should be pointed out that both Figs. 3a and 3b are given in
percent change in the body-alone base pressure coefficient as a func-
tion of angle of attack. These curves were obtained using data from
Ref. 21 and Fig. 2 for 2.0 < M < 4.5 and Ref. 26 and Fig. 2 for
0.6 < M, < 2.0. The quantity F; was calculated by subtracting
the body-alone value of Cp, at o = 0 deg (from Ref. 21 or 26) from
the body-alone value of Cp, at some « (from Ref. 21 or 26) and
dividing this quantity by the body-alone value of Cp, atw = 0 deg
from Fig. 2. This method of nondimensionalizing the change in Cp,

of the present experimental data with the Cp, at o = 0 deg from
Fig. 2 compensates for the slight difference between the body-alone
value Cp, at « = 0 deg from Fig. 2 and Ref. 21 or 26. It should be
emphasized that throughout this section describing the derivation
of the empirical base drag prediction model, the body-alone value
of Cp, at & = 0 deg [(Cp,)nr,a=0] used to nondimensionalize the
changes in the present experimental data was obtained from Fig. 2.

In viewing Figs. 3a and 3b, it is evident that angle of attack has a
strong effect on base pressure and hence base drag. It is also evident
that additional wind-tunnel data are needed for angles of attack
greater than 15 deg at M, < 4.5.

The base pressure coefficient and drag of the body-alone config-
uration is then estimated as

(Cpg)nra = (Cry)NFa=0ll + 0.01F;] ¢y

and

CAB = (’_CPB)NF,a (d/dref)3 (2)

where (Cp,)nFa=0 comes from the IAP results of Fig. 2 and F;
from Figs. 3a and 3b. Note that the d/ds of Eq. (2) is cubed rather
than squared to account for boattail effects according to Ref. 12.
Equation (2) is the model used in the OAP' to estimate boattail
effects, and it is the same model that will be used in the JAP.

Body-Tail Configuration

There are three significant base pressure effects that need to be
accounted for on missiles having tail surfaces located near the base.
These include fin deflection, fin thickness, and fin location. Fin plan-
forms shape and aspect ratio also are design parameters of interest.
However, they will not be modeled in the present empirical method-
ology. As seen in the previous discussion on the wind-tunnel test, a
double-wedge airfoil section was used for all tests. The fin planform
had a constant aspect ratio of 1.82, and the fin trailing edges were
sharp. The planform shape chosen was thus fairly typical of missile
tail fin planforms both in aspect ratio and airfoil section.
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Fig. 4 Percent increase in base pressure coefficient due to combined
effects of angle of attack and control deflection; £/c =~ 0,x/c = 0.

The first effect to consider is control deflection. Initially, it was
hoped that body angle of attack and fin control deflection could be
separated and modeled separately. However, it became clear that
this was not possible for two reasons:

1) More data were needed than were acquired in the test.

2) Based on the limited amount of data available, it appeared that
angle of attack and control deflection were closely coupled.

As aresult, when fins were present, the empirical model arrived
at a curve that gave the percent increase in base pressure coefficient
as a function of the absolute value of « + & based on the limited
amount of data available. To arrive at this curve, it was first necessary
to determine the increase in base pressure due to fin deflection for
zero thickness fins. This was done by taking the data for the three
values of ¢ /¢ available and extrapolating to ¢ /c = 0. Fig. 4 presents
the entire data set of increase in base pressure at t/c = O as a
function of |& + &|. Here, the figure has been nondimensionalized
by the value of the body-alone base pressure coefficient and given
as a percentage increase. A linear extrapolation of the data above
M, = 4.5 indicates thatthere is no increase at M, = 5.5. Howeyver,
no accurate data are known to be available for M, < 2, so the curve
for M, = 2 is assumed to hold below M, = 2. It should be pointed
out that this is one reason that the empirical model was derived in
terms of percent increase in base pressure coefficient relative to the
body-alone base pressure coefficientator = 0. This way, althoughno
data for control deflection effects are available below M., = 2, we
still know (Cp,)nF,«=0 fairly accurately for the body alone; hence,
it is believed that the assumption of using the curve in Fig. 4 to
represent the percent increase in base pressure due to fin deflection
is better than trying to detive a model based on the value of ACp,
due to fin deflection. The only assumption in Fig. 4, therefore, is the
shape of the curve at M., = 2 is assumed to apply below My, = 2.

It is apparent from Fig. 4 that additional wind-tunnel data are
needed for control deflection and body angle of attack below M, =
2 as well as combined values of |« + §| at M > 2 in order to
have a more accurate estimate of percent increase in base pressure
coefficient due to control deflection. However, until additional data
become available, Fig. 4 will be the model used in the IAP.

The next parameter of interest is fin thickness effects on base
pressure. Most references (see, e.g., Refs. 14 and 15), including the
OAP model, estimate the change in base pressure as a function of fin
t/c ratio. However, in plotting data from several sources, it appeared
that ¢ /c may not be the most appropriate parameter. Fint /d was also
investigated and this appeared to be a much more appropriate way
to approximate fin thickness. As a result, the empirical model of
fin thickness effects on base pressure is derived on the basis of 1 /d
vst/c.

In analyzing the data of the present report, it also became clear
that fin thickness was an important parameter at low angle of attack
and control deflection but became less important at larger values of

| +8|. That is, given the increase of Cp, due to o + 8| from Fig. 4,
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Fig. 6 Percent change in base pressure coefficient due to fin location;
o+ 8} = 10 deg, M, = 2.0.

the additional change in Cp, due to fin thickness decreased with
increasing |o + 8|. These results are shown in Fig. 5, which gives
the additional percent change in base pressure due to fin ¢ /d ratio
as a function of Mach number and |« + é]. Once again, additional
data are needed, in particular for Mach numbers less than 2. For
la + 8| = 0, the data of Ref. 27 supplement the present data down
to M, = 1.0. Until additional data are available, the trend of F;
below M., = 1 is assumed to be similar to that of the base pressure
coefficient curve of Fig. 2. Also, for values of |« + §| > 30 deg, fin
thickness effects on base pressure are assumed to be zero.

The total body base pressure coefficient for fins located flush with
the base is then

(Crplasije,xje=0 = [1 +0.015)(Cpy)nra=0 + 0.01F3(t/d) (3)

where (Cp,)nF,a=0, F2, and F3 come from the IAP curve of Fig. 2
and Figs. 4 and 5, respectively.

The final parameter to model is fin location effects relative to
the body base. Figure 6 shows the percent change in base pressure
coefficient for 10 deg angle of attack and various ¢/d values as a
function of x/c for M., = 2. This figure was based entirely on the
new wind-tunnel data of Ref. 21. Note that the ACp, of Fig. 6 is
the change in base pressure at a given angle of attack due to the
presence of the fins. Examining Fig. 6, it is seen that as « or |o + 8}
becomes appreciable, the fins need to be located about 2.5 calibers
ahead of the base before the fin effects are minimal and the body
angle-of-attack effect is the dominant factor.
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Also, it is noted that the percent change in base pressure coeffi-
cient in Fig. 6 initially has a negative slope but then reverses and
approaches no change at x /¢ = 2.5. As aresult, anumerical interpo-
lation is used to compute the percent change in ACp, as a function
of x/c, la + 8|, and ¢/d. This same percent change is assumed to
occur at all Mach numbers because no data are available other than
at M, = 2. However, Ref. 21 does show data for « = 0 and 5 deg.

Once the percent change in Cp, due to the presence of the fins
has been determined from Fig. 6, the total Cp, is then,

(Crglasiexic = (Cr)NFa +VO~OI(ACPB)a,8,t/c,x/c €]

Here (Cp,)nr,q is the body-alone base pressure coefficient at a
given angle of attack and ACp, is the change due to the effect of fins
from Fig. 6. Note that (Cp, ) r,« is calculated by Eq. (1). As aresult,
the effect due to fins and body angle of attack will change from that
due to fins in presence of the body when the fins are flush with the
base to that of the body alone at angle of attack when the fins are
far enough upstream. Power-on and boattail effects will modify this
base pressure coefficient the same as previously discussed.

To summarize the fin location effects, if x/c is close to zero,
Eq. (3) is used to compute the fin effect on base pressure. If x /¢ # 0,
anumerical interpolation is used based on Fig. 6 where the variables
are x/c, t/d, and |« -+ 8| . The body-alone angle-of-attack effect is
computed by Eq. (1). The fin effects on base pressure vary from the
values of Eq. (3), where x/c = O to those of the body-alone Eq. (1)
upstream of the base. The total power-off base pressure coefficient
is then given by Eq. (4). The base pressure coefficient is modified
for power-on effects as currently done in the OAP. The base axial
force coefficient including boattail effects is then

CAB = (_CPB )a,&,t/c,x/c(d/dref)3 (5)

Comparison of Base Drag Empirical Models to
Wind-Tunnel Data

This section compares the improved empirical base drag predic-
tion model (IAP) with the older methodology currently in use in the
1981 version of the aeroprediction code. The data used are those
of the present tests plus those of Ref. 26 for low Mach number
body-alone angle-of-attack effects.

Figure 7is an example (see Ref. 21 for other results) of the IAP and
OAP prediction results for body-alone angle-of-attack base pressure
for two Mach numbers. The AP results show improvement over the
OAP prediction at all Mach numbers. However, the OAP model, al-
though it was based on a sparse amount of data, exhibits the correct
trends and is reasonably accurate. The maximum error on Cp, com-
pared to the data for the OAP was about 20%. Of course, the IAP
model duplicates the wind-tunnel results, just as it was designed
to do.

Figure 7 further illustrates the fact that the empirical models of
the OAP and IAP basically guess as to the behavior of base pressure
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Fig. 7 Comparison of body-alone base pressure predicted by the OAP
and IAP as a function of angle of attack.
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Fig. 9 Comparison of body-tail base pressure predicted by the OAP
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above o = 15 deg due to lack of a reliable database. This guess
is believed good at My, > 3.5 but questionable for lower Mach
numbers. On the other hand, it is certainly better than assuming no
change in base pressure with angle of attack, which is what many
engineering codes assume.

As already discussed, when there is a tail located in the vicinity
of the base, the base pressure is affected due to several parameters.
Figure 8 shows an exampie of the IAP computations for Cp, as
a function of § compared to the results of the present test data of
Wilcox. Also shown are the QAP results, which are straight lines
because the OAP empirical model does not include § as one of its
parameters. Figure 8 is for #/c = 0.05 and x/c = 0. Note that at
all Mach numbers (other than M., = 2), the IAP represents the
available data reasonably well. At M, = 2, the empirical model
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intentionally is slightly higher than the current experimental data for
two reasons. First, to use the data of the current tests would cause
the IAP curve of Fig. 2 to be unsmooth. Second, it is suspected
that the values of the present test may be slightly on the low side, as
compared to the OAP curve of Fig. 2, which represents a compilation
of experimental data from other sources.

Figure 9 compares the base pressure coefficient of the OAP and
IAP as a function of ¢/c for x/c = 0 and 1.0 and at several Mach
numbers. Data of Ref. 21 are shown where available. It is clear
in Fig. 9 that the IAP is superior to the OAP when compared to
data for values of the various parameters where data are available.
For Mach numbers where data are lacking, it is suspected that the
present modet is also superior. However, additional data are required
to substantiate this.

Summary and Recommendations

To summarize, new wind-tunnel data have been generated to aid
in base pressure prediction as a function of body angle of attack,
Mach number, fin control deflection, fin thickness, and fin location.
Data were taken over a Mach number range of 2—4.5, angle of at-
tack of 0-16 deg, fin ¢ /c ratio of 0.05 to 0.15, fin location of flush
with the base to two chord lengths ahead of the base, and control
deflection of 0-20 deg. At Mach 2, some data were taken with a
combination of several of the preceding variables present; whereas,
at other Mach numbers, only one parameter was changed for a given
tunnel condition.

Based on these new data, more recent data from other wind-tunnel
tests conducted since the empirical base drag model for the OAP was
developed in the mid-1970s, and the data from which the empirical
model was originally developed, a new and improved empirical
base drag prediction model has been developed. This new model is
a function of Mach number, angle of attack, fin control deflection,
fin thickness, and fin location. In comparison with the OAP and the
new wind-tunnel data set, it is seen that the IAP reduces the errors
of the OAP substantially. Furthermore, the OAP did not account for
fin deflection or even angle-of-attack effects if tail fins were present.

Although the new model estimates angle-of-attack effects to 30
deg, control deflection up to 30 deg, and fin thickness effects for all
Mach numbers, in many cases these estimates are based on extrap-
olations and engineering judgment. As a result, additional wind-
tunnel data are needed to validate or modify the current model as
appropriate. In particular, it is recommended that data be taken for
base pressure for the following conditions:

1) body alone: 15 < & <30deg; 0 < My, <4.5

2) body tail: fins flush with base; 15 deg < o < 30 deg; M, <
45

3) body tail: fins flush with base; ¢ = 0; 0.05 < t/c < 0.15;0 <
My <2.0

4) body tail: fins upstream of base; several values of « and §; one
value of t/c; three Mach numbers

5) body tail: more cases where combinations of several parame-
ters are tested simultaneously for use in an empirical model valida-
tion

All data taken in future tests should be taken with the same rigor
as in the present tests where enough pressure taps are used to get a
good average of base pressure for use in base drag computations.
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