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Nomenclature

Crocco number

Mach number

absolute pressure

empirical recompression coefficient

gas constant

absolute temperature

longitudinal and radial coordinate, respectively

flow angle

ratio of specific heats

base bleed-to-nozzle mass-flow rate ratio

nozzle exit plane-to-freestream static pressure ratio,
P /Pig

ratio of gas constants, IR;/IRx

external-to-internal stream stagnation temperature

_ ratio, T'OE/TOI

X1, Ry = dimensionless eoordinate of the separation point of

the internal stream: Xi7/Rig, Bir/BRik
8%, 6** = boundary-layer displacement and momentum thick-
ness-to-radius ratio, §*/Rig, **/Rig
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Subscripts

B = base region

d = diseriminating stream line

E = external (freestream) flow

I = internal (nozzle) flow

S = oblique-shock recompression system
0 = gtagnation condition

1 = separation point

Introduction

ASE drag constitutes a significant part of the over-all
vehicle drag under powered supersonic flight conditions;
as a consequence, proper evaluation of the base drag is essen-
tial for meaningful aerodynamic evaluation, design, or opti-
mization studies. The component flow model:? of Korst
et al., is well suited for these studies since it offers a tenable
method for predicting the influence and relative significance
of the many flow and geometrical variables involved. In
addition, the component aspects of this flow model are readily
adaptable to computerized analyses.?

Experience has shown that general trends and the func-
tional dependence of base-pressure and base-temperature
ratios on the governing variables can be predicted correctly
with this flow model.2:# There are, however, geometrical
and flow conditions wherein significant discrepancies exist
between the level of predicted and experimental values of the
base-pressure ratio; these discrepancies are most pronounced
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for those cases in which the nozzle is relatively small in com-
parison with the base.?

In the component flow model, the recompression process is
central in determining the base-flow solution since it links the
“corresponding”’ inviscid flowfield and turbulent mixing com-
ponents. Since the recompression process is not well under-
stood and strongly influences the solution to the base-flow
problem, the need to improve agreement between predicted
and experimental values has resulted in several empirical
modifications to this part of the flow model.

For a single two-dimensional supersonic stream reattaching
at a solid boundary, Nash? proposed and determined an
empirical “reattachment condition’ which was approximately
independent of the supersonic approach Mach number.
Carriére and Sirieix® proposed and determined an empirical
law of reattachment, for a negligible initial boundary layer,
based on ‘“angular criterion of turbulent reattachment.”
Their law of reattachment correlates well the data for re-
attachment at a wall of supersonic axisymmetric, two-
dimensional, and conical flows. Page, Kessler, and Hill
offer an alternative empirical reattachment criterion for two-
dimensional supersonic flows based on the ‘“discriminating-
streamline” velocity ratio.

For the axisymmetric two-stream base-flow problem, the
recompression resulting from the interaction of the separated
supersonic freestream-nozzle flows apparently cannot be
determined by a direct carry over of the empirical reattach-
ment criteria determined in the aforementioned investiga-
tions. Sirieix, Délery, and Mirande’ have presented a more
generalized “‘criterion of turbulent reattachment” involving
geometric and flow variables. More recently, Dixon,
Richardson, and Page® assumed that the external inviseid flow
boundary remains straight after initially turning to adjust to
the base pressure. This assurmption results in an axial-
pressure gradient from which the int-rnal flow boundary is
determined. The “corresponding” inviscid flowfields are
linked to an approximate axisymmetric mixing component
by a recompression criterion based on Goethert’s modifica-
tion of Korst’s “escape criterion.” Both of these modifica-
tions improved the agreement between predicted and experi-
mental values of base pressure for the limited data pre-
sented.”-®

With this background and the availability of a computer
program? based on the flow model of Korst et al., an alterna-
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Table 1 Summary of experimental data on which the recompression coefficient correlation is based

References Datas Mg My Bur R

9 Cortright and - 1.01 1.0 0° 0.5
Schroeder

10 Messing, Rabb, Tor = 0.141 1.5-5.15 2.93 15° 0.555
and Disher v = 1.22

11 Bromm and 1.62,1.94, 2.41, 1.0, 3.0 0°, 10°, 20° 0.5,0.75
O’Donnell 3.12

12 Baughman and 1.91, 3.12 1.0 0° 0.375
Kochendorfer

13 Reid and Hastings . 2.0 2.0 0°,5°,10°  0.2,0.4,0.6,0.8

14 Henderson 1.65,1.82, 2.21 2.5 0°, 15° 0.333, 0.455

15 Craven et al. 2.0 1.0,1.4,2.0 0° 0.188

16 Charczenko and Xu=1.0 2.3,2.95, 4.0, 3.1 10° 0.437
Hayes 4.65

17 Roberts and 0< B, <0.06 2.20 2.23 10° 0.772
Golesworthy

18 White % 0< B, £0.08 2.5 2.7 20° 0.20

Pou/Pip = 30,112
19 Harries 1.5,2.01 1.0,1.5 0°, 10° 0.200, 0.333
0.333 < Tog £ 1.0
20 Reid { 1.33< v, < 1.4 2.0 1.0,2.0 0° 0.5, 0.645
IR; = 97 Ibsft/lb,-°R
21 Braazel 1.5, 2.5, 2.87, 1.0,1.78,2.7,3.8  0°, 10°, 20° 0.1,0.141, 0.2,
3.0 0.3,0.45,0.8

22 Univ. of Illinois, 1.0,1.78,1.88, 2.2, 0°, 5° 10°, 00, 0.125, 0.141,

U-C y =1.22,1.4,1.67 2.0,2.5 2.41,2.44, 2.7, 2.8, 68, 0.175, 0.200,
3.

0.1

2. 15°,20° 0.1
09, 3.2, 3.8,73.89 0.210, 0.250, 0.252,
0.300, 0.314, 0.320,

0.375, 0.400

@ I_J_nless otherwise noted, the following valiables are the same for all configurations and have the values: IRrp = I = 53.35(1bs-ft/lbm-°R), Xig = Xu =

0.0, Tog = 1.0, 75 = 71 = 1.4, Biz = 1.0, Bo = 0.0.

tive and somewhat simpler empirical flow-model modifica-
tion than the foregoing is proposed herein. The recompres-
sion criterion is modified by assuming that the discriminating
streamlines or the jet-boundary streamlines, as the case may
be, are capable of recompressing by stagnating only to a
fraction of the pressure rise from the base region to the down-
stream shock region as determined for the ‘“‘corresponding”
inviscid flowfields. The unknown fractional pressure rise
is then determined by a detailed correlation of experimental
and theoretical data.

Empirical Flow-Model Modification

The configuration and the associated notation is shown in
Fig. 1. The internal and external streams separate at loca-
tions (1I) and (1E), respectively, and subsequently interact
forming a shock recompression system at the impingement
point of the streams. The recompression pressure rise is
the basis for distinguishing between the fluid energized by the
mixing which has sufficient mechanical energy to recompress
to this pressure level and that which has insufficient me-
chanical energy and, as a consequence, must recirculate into
the base region. The base-flow solution is then determined
by the requirement of conservation of mass and energy for
the over-all base region.

If the pressure rise immediately downstream of the oblique
shock system (Fig. 1) is given relative to the base pressure as
(Ps/P3), then the pressure level to which the discriminating
streamline must recompress by stagnating is assumed to be
given by

Po/Py= (1 — C)~1W/0=Dl = p(Py/Pg) > 1 (1)
Equation (1) defines the empirical recompression coefficient r.
At the outset, it is reasonable to assume that r could be a
function of the numerous dimensionless groups governing this

problem. In general, the functional form of r could be ex-
pressed as

r = f(XII;RII,BII,MII,'YI,ITBI,MIE,
YE TOE,BO,PII,SH*,311**751E*,SIE**) (2)

If r were indeed strongly dependent on all the foregoing
dimensionless variables, the possibility of determining its
functional form, of ecourse, would be remote. However,
since the flow model considers and apparently adequately
accounts for many of the variables in the inviscid, viseid, or
recompression components of the flow model, the influence
on r of some of the variables would be expected to be small.

Determination of the form of Eq. (2) then must be based
on a detailed comparison between predicted and experi-
mental data. Most of the experimental data reported in the
literature and determined in connection with the continuing
study of the base-flow problem®~2? have been obtained in
small scale, cold-flow, air-to-air model studies. Generally,
the experimental programs and available data can be classed
according to the grouping and variation in the variables of
Eq. (2).

Much experimental data have been obtained in studies
wherein variations were made principally in [Ri,81,M1r,
Mz, Pi1,B;]. Data for the more difficult experimental
studies dealing with variations in [y,IR;Toz] are limited
in quantity and scope. An assessment of the influence of

Experiment, Bromm, etal. [11]
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Fig. 2 Typical experimental-theoretical correlation with
the recompression coefficient.
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Fig. 3 Empirical recompression coefficient.

boundary layers, which are characterized by [8,/*8.,/*%,
81z*8:2%*] is complicated by the lack of complete data on
the boundary layers or by the small scale of models for which
boundary-layer effects are small or have been reduced inten-
tionally. As a consequence, only a qualitative indication of
the causal relationship between the base-pressure ratio and
the boundary layers can be inferred.

The sources and the variation(s) in the variable(s) for
experimental data used in the determination of the recom-
pression coefficient are summarized in Table 1. Values of r
were determined, for a given configuration, by systematically
varying r until a value of » was determined which would give
reasonably “good” agreement between predicted and experi-
mental data throughout the range of the principal independent
variable which, in most cases, was the nozzle-to-freestream
pressure ratio. Figure 2 illustrates typically the degree of
correlation that can be achieved between experimental and
theoretical data for a given configuration with a single value
of the recompression coefficient.

Detailed comparisons® with approximately 150 sets of
experimental data have shown that the recompression coef-
ficient r is principally a function of the nozzle-to-base radius
ratio. Values of the recompression coefficient thus deter-
mined for the experiments summarized in Table 1 are pre-
sented in Fig. 3 as a function of the nozzle-to-base radius
ratio Ri;. In cases wherein adequate experimental data
were available, it was possible to determine the maximum
variation in r for a given value of R;;; these variations are
indicated in Fig. 3. Some variation in values of r can be
attributed to the dependence, although small, of the recom-
pression coefficient on the other variables, as well as the
boundary layers which have not been explicitly considered in
this study.

Based on values of the recompression coefficient presented
in Fig. 3, a convenient least-squares representation of the
recompression coefficient is given by

r = 0.483 + 1.0887%;; — 0.874R,,* + 0.303R,* (3)

The standard error for this curve fit is s, = 0.0151. Equation
(3) is also plotted in Fig. 3.

Conclusions

For purposes of engineering analyses, the modification of
the flow model of Korst et al., by an empirically determined
recompression coefficient is well justified as a result of the
excellent correlation achieved between experiment and theory
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over a wide range of experimental variables. As a conse-
quence, the quantitative evaluation of the base drag utilizing
the recompression coefficient presented herein can be made
with a degree of confidence. In addition, the recompression-
coefficient correlation also provides a basis for a unified com-
parison between the diversity of experimental base-flow data.

. References

! Korst, H. H., Chow, W. L., and Zumwalt, G. W., “Research
on Transonic and Supersonic Flow of a Real Fluid at Abrupt
Increases in Cross Section (with Special Consideration of Base
Drag Problems) Final Report,” Rept. ME-TN-392-3, Dec.
1959, Univ. of Illinois, Urbana, T1L.

? Addy, A. L., “Analysis of the Axisymmetric Base-Pressure
and Base-Temperature Problem with Supersonic Interacting
Freestream-Nozzle Flows Based on the Flow Model of Korst
et al.,, Part I: A Computer Program and Representative Results
for Cylindrical Afterbodies,”” Rept. RD-TR-69-12, July 1969,
U.S. Army Missile Command, Redstone Arsenal, Ala.

% Addy, A. L., “Analysis of the Axisymmetric Base-Pressure
and Base-Temperature Problem with Supersonic Interacting
Freestream-Nozzle Flows Based on the Flow Model of Korst
et al., Part II: A Comparison and Correlation with Experiment
for Cylindrical Afterbodies,” Rept. RD-TR-69-13, Dec. 1969,
U.S. Army Missile Command, Redstone Arsenal, Ala.

¢ Nash, J. F., “An Analysis of Two-Dimensional Turbulent
Base Flow, Including the Effect of the Approaching Boundary
Layer,” Repts. and Memo 3344, 1963, Aeronautical Research
Council, Ministry of Aviation, London, England.

® Carriere, P. and Sirieix, M., ‘“Résultats Récents dans
I'Etude des Problémes de Mélange et de Recollement,” T.P. No.
165, Office National d’Etudes et de Recherches Aérospatiales
(ONERA), 29, 1964, Avenue de la Division Leclerc, Chatillon-
sous-Bagneux (Seine), France; also Library Translation No.
1113, May 1965, Royal Aircraft Establishment, Ministry of
Aviation, Farnborough, Hants, England.

¢ Page, R. H., Kessler, T. J., and Hill, W. G., Jr., “Reattach-
ment of Two-Dimensional Supersonic Turbulent Flows,”” ASME
Paper 67-FE-20, presented at ASME Fluids Engineering Con-
ference, Chicago, Ill., 1967.

7 Sirieix, M., Délery, J., and Mirande, J., ‘“Recherches Ex-
périmentales Fondamentales sur les Ecoulments Séparés et Ap-
plications,” T.P. No. 520, 1967, Office National d’Etudes et de
Recherches Aérospatiales (ONERA), 29, Avenue de la Division
Leclere, Chatillon-sour-Bagneux (Seine), France.

8 Dixon, R. J., Richardson, J. M., and Page, R. H., “Tur-
bulent Base Flow on an Axisymmetric Body with a Single Ex-
hause Jet,” ATAA Paper 69-650, San Francisco, Calif., June
1969.

¢ Cortright, E. M., Jr. and Schroeder, A. H., “Investigation
at Mach Number 1.91 of Side and Base Pressure Distributions
over Conical Boattails without and with Jet Flow Issuing from
Base,” RM E51F26, Sept. 1951, NACA.

10 Messing, W. E., Rabb, L., and Disher, J. H., “Preliminary
Drag and Heat-Transfer Data Obtained from Air-Launched
Cone-Cylinder Test Vehicle over Mach Number Range from
1.5 t0 5.18,” RM E53104, Nov. 1953, NACA.

1 Bromm, A. F., Jr. and O’Donnell, R. M., “Investigation at
Supersonic Speeds of the Effect of Jet Mach Number and Diver-
gence Angle of the Nozzle upon the Pressure of the Base Annulus
of a Body of Revolution,” RM L54116, Dec. 1954, NACA.

2 Baughman, L. E. and Kochendorfer, F. D., “Jet Effects on
Base Pressures of Conical Afterbodies at Mach 1.91 and 3.12,”
RM E57E06, Aug. 1957, NACA.

1 Reid, J. and Hastings, R. C., “The Effect of a Control Jet
on Base Pressure of a Cylindrical Afterbody in a Supersonic
Stream,” Rept. Aero. 2621, Dec. 1959, Royal Aircraft Establish-
ment, Farnborough, England.

¢ Henderson, J. H., “Jet Effects on Base Pressures of Cylin-
drical and Flared Afterbodies at Free-Stream Mach Numbers
of 1.65, 1.82, and 2.21,” TR 1G3R, June 1960, Army Rocket
and Guided Missile Agency, Ordnance Missile Labs. Div.,
System Analysis Lab., Redstone Arsenal, Ala.

%5 Craven, A. H., Chester, D. H., and Graham, B. H., “Base
Pressure at Supersonic Speeds in the Presence of a Supersonic
Jet,” CoA Rept. No. 144, AD No. 260621, Dec. 1960, The
College of Aeronautics, Cranfield, England.

16 Charczenko, N. and Hayes, C., ‘“Jet Effects at Supersonic
Speeds on Base and Afterbody Pressures of a Missile Model



SEPT.-OCT. 1970

Having Single and Multiple Jets,”” TN D-2046, Nov. 1963,
NASA.

7 Roberts, J. B. and Golesworthy, G. T., “An Experimental
Investigation of the Influence of Base Bleed on the Base Drag
of Various Propelling Nozzle Configurations,” C. P. No. 892,
1966, Aeronautical Research Council, England.

® White, W. E., “Effect of Base Bleed Exit Area on Base
Drag with Simulated Rocket Exhaust at Mach Numbers 2.5,
3.0, and 3.5, AEDC-TR-66-246, PWT, Dec. 1966, Arnold
Engineering Development Center, Arnold Air Force Station,
Tenn.

19 Harries, M. H., “Pressure on Axisymmetric Base in a
Transonic or Supersonic Free Stream in the Presence of a Jet,”
Rept. FFA-111, March 1967, FFA, The Aeronautical Research
Institute of Sweden, Stockholm, Sweden.

* Reid, J., “The Effect of Jet Temperature on Base Pressure,’’
TR 68176, July 1968, Royal Aircraft Establishment, Farn-
borough, England.

21 Brazzel, C. E., “Unpublished Base-Pressure Data Obtained
by the Aerodynamics Branch (AMSMI-RDK),” Advanced Sys-
tem Lab., U. 8. Army Missile Command, Redstone Arsenal,
Ala.

22 Lilienthal, P. F., I1, Brink, D. F., and Addy, A. L., “An
Investigation of Factors Influencing the Annular Base Drag of
Bodies of Revolution with Jet Flow in Transonie and Supersonic
External Streams,” U. S. Army Missile Command Contract
No. DA-01-021-AMC-13902(Z), July 1970, Univ. of Illinois at
Urbana-Champaign, Urbana, I11.

Wave Drag of Optimum and
Other Boat Tails

GEORGE MATSE™
Grumman Aerospace Corporation, Bethpage, N. Y.

1. Introduction

INIMIZING the boat tail drag of an aircraft or a missile

is a problem of considerable interest to the design engi-

neer. Two particular aspects of the problem are considered

in this Note. First, the shapes of minimum-drag boat tails

were determined for supersonic flow. Secondly, the wave

drag coefficients of these optimum bodies were compared to

the drag coefficients of other commonly used boat tail con-
tours such as conical, circular arc and parabolic arc.

2. Minimum-Drag Boat Tails

The problem of optimizing the boat tail shape can be posed
as illustrated in Fig. 1. Given the length and radii of the
boat tail and the ambient Mach number, what contour
connecting points A and B will result in the least wave drag?

Moy =12

_

Ry=0.5

¥

L=20 !

Fig.1 Optimum boeat tail contour for L/R; = 2.0, R,/R, =
0.5, and M, = 1.2,
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Fig. 2 Drag coeflicients of optimum boat tails.

The appropriate way to analyze problems of this type is by
way of caleulus of variations. In searching the literature, it
was discovered that although the problem had not been
treated exactly, it had been solved for linearized supersonic
flow. (No attempt at optimization using the full nonlinear
equations was made within the scope of the present effort).
The linearized analysis of Parker! considered the problem of
minimizing the transition section drag connecting two axi-
symmetric cylinders with the larger one located downstream.
Since linearized equations were used, the flow direction can
be reversed and the solution would remain unchanged to the
first order. Thus, the results of Parker’s analysis are di-
rectly applicable to the boat tail problem. Parker does not
arrive at an explicit relationship B = f(z), but rather derives
an integral equation relating B and z

48R — By (1 + BRy + BR,)
w(l — BB, + R, (1 + 36R, + BR,)
cost [2EBR) = (1 BB R
f 1 + BR: + BR:
{I: 1+ BR: — BR:
cosf || x — —

BiR* — Ry) =

BB PR) o | — o) ™ a0 )

where
B = (Mt — ¥ @)

A computer program was written to solve this equation
numerically. Thus, for given values of R, Ry, L, and M.,
the program could generate a table of R values corresponding
to a selected range of x values.

The previous program was used to generate minimum
drag profiles for boat tails having thickness and length ratios
of practical interest. Thickness ratios (Ro/R;) of 0.5,0.7, and
0.9 and length ratios (L/R;) of 2, 3, 4, and 5 were selected for
these computations. The freestream Mach number was
taken equal to 1.2, 2.0, and 3.0. It was observed that, al-
though the computed contours were curved and exhibited
an inflection point, they were all rather close to conical in



