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ABSTRACT 

Tne functional behavior and the effects of the many geo¬ 

metric and flow variables on the base-pressure and base-tempera- 

ture ratios can be qualitat vely predicted with the flow model 

of Korst, et al. Although he predicted trends are correct, 

the discrepancy between predicted and experimental values of the 

base-pressure ratios can be significant under certain conditions 

of geometry and flow. To improve predicted-experimental agree¬ 

ment and to establish a basis for a quantitative analysis of the 

base-pressure problem with this flow model, a modification to 

the flow model based on an empirically determined recompression 

coefficient is proposed. The re compression coefficient and its 

principal dependence on the nozzle-to-base radius ratio aie es¬ 

tablished by detailed comparisons with experiment over a wide 

range of the governing variables. The recompression coefficient 

and the detailed comparisons with experimental data are presented 

herein. 
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3 
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I. INTRODUCTION 

Base drag constitutes a significant part of the overall 
vehicle drag under powered supersonic flight conditions ^ as a 
consequence, proper evaluation of the base-drag contribution 
is essential for meaningful evaluation, design, or optimization 
studies. The component flow model of Korst, et al. [l,2]t 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, e.g., as presented as Pgrt I of this re¬ 
port [2], 

Experience has shown that general trends and the functional 
dependence of base-pressure and base-temperature ratios on the 
governing variables can be predicted correctly with this flow 
model. There are, however, geometrical and flow conditions where¬ 
in significant discrepancies exist between the level of predicted 
and experimental values of the base-pressure ratioj these dis¬ 
crepancies are most pronounced for those cases wherein the nozzle 
is relatively small in comparison with the base. 

Some reasons for the observed discrepancies between predicted 
and experimental values have long been recognized by the investi¬ 
gators associated with the original development and the subse¬ 
quent application of this flow model, as well as with the parent 
two-dimensional Chapman-Korst flow model. For this study, these 
discrepancies could be attributed, not necessarily in their order 
of importance, to: 

i. The approximation of an axisymmetric mixing region by the 
superposition of a plane two-dimensional mixing region. 

ii. The non-constant pressure nature of the base region re¬ 
sulting from the mutual interaction among the entrained 
flows, the recirculating flows, and the nearly-inviscid 
supersonic streams. 

iii. The influence of the boundary layers which modify the 
mixing regions, the centered expansions, and the "ap¬ 
parent" mass addition to the base region. 

iv. The recompression criterion which distinguishes between 
the "escaping" and "recirculating" flows, and as such, 
establishes a basis for determining the base-flow solution. 

tNumbers in brackets refer to entries in REFERENCES. 



The recompression process is central in determining the base- 
flow solution since it links the components of the flow model: 
The "corresponding" inviscid flowfield and turbulent mixing com¬ 
ponents. Since the recompression process is not well understood 
and does strongly influence 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. 

Nash [3] proposed and determined an empirical "reattachment 
condition" for the supersonic single-stream two-dimensional case 
which was approximately independent of the supersonic approach 
Mach number. An approach was adopted by Garriere and Sirieix [4] 
in which they proposed and meticulously determined an empirical 
law of reattachment, for a negligible initial boundary layer, based 
on an "angular criterion of turbulent reattachment." Their proposed 
law of reattachment is shown to correlate well the data for reattach¬ 
ment at a wall of supersonic axisyinmetric, two-dimensional, and coni¬ 
cal flows. Page, Kessler, and Hill [5] offer an alternative empiri¬ 
cal reattachment for two-dimensional supersonic flows based on the 

•"discriminating-streamline" velocity ratio. 

For the axisymmetric two-stream base-flow problem under con¬ 
sideration herein, the recompression resulting from the interaction 
of separated supersonic freestream-nozzle flows apparently cannot 
be analyzed by a direct carry-over of the empirical reattachment 
criteria determined in the aforementioned investigations. As a re¬ 
sult, Sirieix, Delery, and Mirande [6] have presented a more-gener¬ 
alized "criterion of turbulent reattachment" which involves geomet¬ 
ric, as well as flow variables. This criterion is the basis for a 
limited comparison between predicted and experimental values of the 
axisymmetric jet-on base-pressure ratio. Agreement was improved 
for the cases presented. More recently, Dixon, Richardson, and 
Page [7] considered this problem under the experimentally supported 
assumption that the external inviscid flow boundary remains straight 
after initially turning to adjust to the base pressure. This as¬ 
sumption necessarily results in an axial-pressure gradient from 
which the internal flow boundary is determined. The "corresponding" 
inviscid flowfields thus determined are linked to an approximate 
axisymmetric mixing component by a recompression criterion based on 
Goethert's modification of Korst’s "escape criterion." This approach 
also improves the agreement between the predicted and experimental 
results for the cases presented in their paper. 

With this background and the availability of a computer program 
based on the flow model of Korst, et al. [2], a somewhat simpler 
empirical flow-model modification than the foregoing is proposed 
herein. The recompression criterion is modified by assuming that 
the discriminating streamlines or the jet-boundary streamlines, as 
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the case may be, are capable of recompressing by stagnating only 

to a fraction of the pressure rise from the base region to the 

downstream shock region as determined for the "corresponding" 

inviscid flowfields. The unknown fractional pressure rise must 

be determined from experiment and, in general, would be expected 

to be a function of the many governing dimensionless groups as¬ 

sociated with this problem. However, detailed comparisons with 

approximately one hundred and fifty sets of experimental data 

have shown that the recompression coefficient, so defined, is 

principally a function of one dimensionless geometrical variable: 

The nozzle-to-base radius ratio. Although data used in these com¬ 

parisons represented a wide range of geometrical and flow vari¬ 

ables , they were obtained principally in cold flow air-to-air ex¬ 

periments. With a single value of this empirical coefficient which 

corresponds to a particular geometrical configuration good agree¬ 

ment can be achieved throughout the range of variation in the usu¬ 

al independent variable: The internal-to-external streams pressure 

ratio. 

The definition and functional behavior of the proposed empiri¬ 

cal recompression coefficient are presented in the following sec¬ 

tions; in addition, many of the predicted-experimental comparisons 

used in determining this empirical-correlation coefficient are also 

presented. 
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II. EMPIRICAL FLOW-MODEL MODIFICATION 

The configuration and the associated notation for the present 

study of the supersonic axisymmetric base-flow problem with nozzle 

flow and a cylindrical afterbody is shown in Fig. 1. Internal and 

external streams are assumed to separate at locations (II) and 

(IE), respectively, and as a consequence, the resulting separated 

supersonic streams subsequently interact, forming a shock recom¬ 

pression system at the impingement point of the streams. 

The flow model separates the analysis into the mixing compon¬ 

ent, "corresponding" inviscid flowfields, and the linking of mix- 

ing-inviscid components by the recompression criterion. Recompres¬ 

sion pressure rise is associated with the oblique shock system re¬ 

sulting from the impingement of "corresponding" inviscid supersonic 

streams; this 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 from that which has in¬ 

sufficient mechanical energy and, as a consequence, must recircu¬ 

late into the base region. The base-flow solution is then deter¬ 

mined by the requirement of conservation of mass and energy for the 

overall base region. 

The recompression coefficient modification to the flow model 

consists, essentially, of redefining the level of pressure to which 

discriminating streamlines (d-streamlines) must recompress. 

A. RECOMPRESSION COEFFICIENT DEFINITION 

If the pressure rise immediately downstream of the oblique 

shock system. Fig. 2, is given relative to the base pressure as 

(pg/PB), then the pressure level to which the discriminating stream¬ 

line must recompress by stagnating is assumed to be given by, 

[2, pp. 4-10], 

(1) 

Equation (1) serves as the definition for the yet-to-he-determined 

empirical recompression coefficient r. At the outset, it is reason¬ 

able to assume that r could be a function of th< numerous dimension¬ 

less groups governing this problem. In general, the functional 

form of r could be expressed as 

4 



(2) 

r 

If r were indeed strongly dependent on all the above dimenaionleat? 
variables, the possibility of determining its functional form would, 
of course, be remote. However, since the flow model considers and 
apparently adequately accounts for many of the variables in the in- 
viscid, viscid, or recompression components of the flow model, the 
influence on r of some of the variables would be expected to be 
•îmall. Tl.-is indeed has been found to he the case. 

B. RECOMPRESSION COEFFICIENT DETERMINATION 

Determination of the form of Eq. (2) then must be based on a 
detailed comparison between predicted and experimental data. Most 
of the experimental data reported in the literature and determined 
in connection with the continuing study of the base-flow problem, 
[8-21], have been obtained principally in small scale, cold-flow, 
air-to-air model studies. Generally, the experimental programs and 
available data can be classed according to the grouping of and vari¬ 
ation in the variables of Eq. (2). 

Many of the available experimental data have been obtained in 
studies wherein variations were made principally in the following 
variables*. 

[Rj, »ßj, »Hj, J 

Data for the more difficult experimental studies dealing with vari¬ 
ations in the variables 

Cyi ^ *ToE^ 

are limited in quantity and scope. An assessment of the influence 
of boundary layers, which are characterized by values of 

is complicated by the lack of complete data on the boundary layers 
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or by the small scale of the model wherein boundary layer effects 
are small or have been reduced intentionally. As * 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 viriable(s) for ex¬ 
perimental data used in the determination of the recompression co¬ 
efficient are tabulated in Table I. Values of r were determined 
by comparing experimental data with predicted values for a given 
configuration. The procedure followed was to start the comparison 
for the unmodified model (r = 1) and then systematically vary r 
until a value of r was determined which would give reasonably 
"good" agreement between predicted and experimental data through¬ 
out the range of the principal independent variable. In most 
cases, the independent variable was the nozzle-to-freestream pres¬ 
sure ratio. 

Values of the recompression coefficient thus determined for 
the cases tabulated in T*ble I, are presented in Fig. 3 as a func¬ 
tion of the nozzle-to-base radius ratio, R1X . Values of the re- 
comprvsaion coefficient are seen from Fig. 3 to be influenced most 
strongly by En in comparison with all other variables. In cases 
wherein adequate experimental data were available, it was possible 
to determine the maximum variation *r. r for a given value of Rn ; 
these variations are indicated in Fig. 3. Some variation in 
values of r can be attributed to the dependence, although small, 
of the recompression coefficient on the other variables, as well 
as the boundary layers, which have been neglected in this study. 

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

r = 0.483 + 1.088 Ru - 0.874 + 0.303 R^ (3) 

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

6 



III. DETAILED COMPARISONS WITH EXPERIMENT 

The comparisons between experimental and predicted value* 

which were used in determining appropriate values of the recom¬ 

pression coefficient are presented in Figs. 4-17. For each caer 

or set of experimental data, geometric and flow valuables are 

specified completely and related to the appropriate figure for 

comparison in Table I. 

The objectives in presenting the detailed comparisons are 

two-fold: First, to compile and present experimental data with 

significant variations in the flow and configuration variables 

and secondly, to demonstrate the degree of correlation that can 

be achieved between experimental and predicted values when the 

recompression coefficient is utilized. Again, comparisons with 

the data of references [8-21] are presented in Figs. 4-17. 

7 



IV. CONCLUSIONS 

* 

Moditicdtion of the flow model of Korst, et al., by an em- 

pirica.ly determined recompression appears to be justified ade¬ 

quately, based on the detailed comparisons presented. As a 

consequence, quantitative analyses for evaluation, design, and 

optimization studies can be made with a degree of confidence in 

the results by using the recompression coefficient in conjunction 

with the available computer program [2], Also, the recompression 

coefficient provides a basis for a unified comparison between the 

diversity of available îxperimental data. 

The general behavior of the recompression coefficient illus¬ 

trates that as the nozzle-to-base radius ratio approaches unity, 

the axisymmetric nature is decreased and, ai such, more nearly ap¬ 

proximates the plane two-dimensional case. On the other hand, as 

the radius ratio is decreased, the axisymmetric nature of the prob¬ 

lem is more and more strongly reflected in the somewhat unrealistic 

nature of the inviscid external-flow poundary; thus, the values of 

the recompression coefficient must necessarily decrease from unity— 

the basic flow model. 

The influence of boundary layers, particularly for the exter¬ 

nal stream, should be considered. Many of the data presented and 

used in the evaluation of the recompression coefficients were based 

on experiments wherein boundary layer effects were small. However, 

the boundary layers in some of the cases, e.g. [18], could have 

been significant. These cases, however, were treated by determin¬ 

ing values of the recompression coefficient which would improve 

case-by-case predicted-experimental agreement; the influence of 

boundary layers was apparently reflected by m increase in values 

of the recompression coefficient over values determined for those 

cases with negligible boundary layers. An alternative and possibly 

more attractive approach could be similar to that of [4,6]: Deter¬ 

mining a recompression coefficient for negligible initial'boundary 

layers and then accounting for the influence of boundary layers by 

"equivalent" mass and momentum "bleed" rates into the base region. 

The recompression coefficient has been presented here as an 

empirical modification to the flow model of Korst, et al., which 

is intended solely to improve the engineering usefulness of computer 

programs based on this flow model. This correlation, while being 

quite useful, is not a satisfactory substitute for the much needed 

understanding of the fundamental controlling processes. 
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Figure 2. Definition ol the Empirical Recompression Coefficient 
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Figure 4. A Comparison with the Data of Cortright and Schroeder [8] 
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(b) Variations in ßu (Mn = 3, MlE = 1.62, Ru = Ü.75) 

Figure 6. continued 
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(c) Variations in 0n (Mu = 3, M1e = 1.94, Rn = 0.75) 

Figure 6. continued 
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Exp., Baughman and Kochendorfer 

[ 11 , Figs. 18 a, 19a] 

IV 1.0 , ßn--0o 

Figure 7. A Comparison with the Data of Baughman and Kochendorfer [11] 
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Mn -- 2.5 M1e -- 1.65 ßn = 15° 

— — — Correlation 

(a) Variations in Ru (K1E = 1.65, ßn = 15°) 

Figure 9. A Comparison with the Data of Henderson [13] 
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Mie = 1.82 ßu = 0o Mn = 2.5 

o—o Experiment, Henderson [ 13 , Fig. 9e] 
— — — Correlation 

(b) Variations in Rn (MlE = 1.82, 8n = 0°) 

Figure 9. continued 
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Mn = 2.5 Mie = 1.82 Æn = 15° 

o—o Experiment, Henderson [13,Fig. 9b] 
——— Correlation 

(c) Variations 1n ïïn (M1E * 1.82, 0n = 15°) 

Figure 9. continued 
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Mn = 2.5 Mie = 2.21 ßu z 0o 

o—o Experiment, Henderson [l3,Fig.9f] 
— — — Correlation 

(d) Variations In Ru (M]E » 2.21, ßu = 0°) 

Figure 9. continued 
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Mu = 2 5 M1E =221 ßu -- 15( 

o—o Experiment, Henderson [ 13, Fig.9c] 
——— Correlation 

Pie 

(e) Variations in Rn (M1E * 2.21, ßn = 15°) 

Figure 9. continued 
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Figure 12. A Comparison with the Data of Roberts and Golesworthy [16] 
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Correlation ( R0.200, r = 0.660 ) 

Figure 13. A Comparison with the Data of White [17] 
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(a) Variations In M1E 

Figure 14. A Comparison with the Data of Harries [18] 
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Figure 16. continued 
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(f) Variations in Ru (M)E = 3.0, Mu = 1.78, Éíjj = 20°) 

Figure 16. continued 
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Figure 16. continued 
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Exp., U of I [21] 
Correlation (^=0.25, r= 0.708) 

(a) Variations in Mn 

Figure 17. A Limited Comparison with the Data Obtained at the 
University of Illinois at Urbana-Champaign [21] 
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