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Comparison of Several Re-entry Vehicle
Base Pressure Correlations

E.J. Kawecki*
General Electric Company, Philadelphia, Pa.

Some improved re-entry vehicle base pressure correlations for both laminar and turbulent supersonic flows are
presented and compared to the appropriate, widely used correlations. The overall prediction accuracy and
sensitivity of these correlations are evaluated for ground test data and flight data from 12 different vehicles.
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Nomenclature
= diameter
= static and stagnation enthalpy
=wall static enthalpy
=stagnation enthalpy
=Mach number
=Mach number at rear edge of vehicle (all edge
properties are at edge of boundary layer)

=base pressure
= static pressure at rear edge of vehicle
= static pressure
=base radius
= Reynolds number
= Reynolds number based on base radius
= Reynolds number based on total wetted length
= nose radius
=bluntness ratio
=wetted length
=cone half-angle

=base
=edge of boundary layer at end of vehicle, ex-

perimental
= predicted
=wetted length
=wall
= freestream

Introduction

A KNOWLEDGE of the near-wake characteristics of
hypersonic axisymmetric vehicles is necessary for the

prediction of vehicle drag, base heating, and far-wake
characteristics.1'2 Unfortunately, the analytic treatment of
this very complex region has met with only limited success,
necessitating the use of experimental correlations to
characterize the flow. These correlations are not entirely
satisfactory, however, and there is a definite need to improve
both their utility and accuracy. A currently important
correlation and one in need of improvement in both of these
areas is the base pressure correlation.

The empirical nature of base pressure correlations results in
their having, intrinsic limitations and restrictions. Un-
fortunately, these generally are not apparent from the format
of the correlation nor stated explicitly in the document from
which the user/reader obtains the correlation. As a result,
care must be taken to understand the limitations and
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restrictions of each correlation within the framework of the
intended application. To do so, however, requires a
knowledge of the data scatter and range of vehicles com-
prising the correlation. This information will allow a
determination of whether the correlation is applicable to the
particular problem of interest and what is the expected error
in the prediction.

This paper will consider the effectiveness of two existing
correlations in predicting the base pressure on vehicles similar
to those of their respective data bases. This comparison will
be performed using additional data from other slender re-
entry vehicles similar to those used in forming these
correlations. By using this more extensive data base, ad-
ditional information on the nature of the correlations is
obtained, including an overall estimate of their prediction
accuracy and the identification of particular situations where
a correlation might be expected to give a superior or less
accurate prediction of base pressure. In addition to this
evaluation, another correlation is proposed and compared to
the existing correlations.

Data Base
The data utilized in this work are summarized in Table 1.

Included in this list are flights of the following vehicles: ABC,
MK-3, MK-4, MK-12, MTV, Re-Entry F, REX, RVTO,
SAMAST, TVX, and WAC. Analysis of these data requires
the calculations of freestream and boundary-layer edge
properties in order to form the parameters of the various
correlations. The method used to calculate the conditions at
the edge of the boundary layer for a given vehicle depended on
the source of data for the vehicle. For the ground test data,
these calculations were performed by Martellucci3 using the
General Electric-VIZAAD4 program; the flight test data of
Ref. 5 were reduced using the Sandia-BLUNTY6 program;
and the remaining flight data, with the exception of vehicle 7,
were reduced by Truncellito using the General Electric-
ENSBL program.8 The computation of edge conditions for
vehicle 7 was performed with the General Electric
Aerodynamic Heating Program (AHP).

In comparing the ground test data to Bulmer's correlation,
an estimate of the edge pressure is required. The conical flow
solution for sharp vehicles9 is used for all vehicles having
bluntness ratios up to RN/Rb = Q.Q6. No such simple
calculation procedure is available for the higher bluntness
ratios, although Martellucci3 presents VIZAAD edge pressure
calculations for some of the higher-bluntness-ratio cases. The
remaining small amount of higher bluntness data for which
the edge conditions were not available was omitted from the
Bulmer correlation. In order to generate the parameters used
in Bulmer's correlation from his data, the ratio of specific
heats was assumed to be 1.4. A comparison of the data so
reduced to those given by Bulmer shows good agreement.

The majority of the data used to generate the laminar
correlation were derived from ground tests in which the model
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was supported. Care must be taken when using such ground
test data, as there is evidence indicating that support systems
alter base flow, resulting in an associated change in the base
pressure.10'11 In order to minimize these effects, only drop
test data and data from models supported by wires and
compression struts were retained. Specifically excluded were
data from sting-supported models.

Results

Laminar
A display of the laminar data of this work is shown in Fig.

1, where the ordering of these data on Ptj/P^ vs Res coor-
dinates is apparent. The dependence on edge or freestream
Mach number demonstrated by Martellucci3 is apparent, and
so, to a lesser extent, is the bluntness dependence. By con-
sidering the trends so identified, a transformation to new
coordinates may be performed which results in a collapse of
these data. The result of such a process is shown in Fig. 2,
where the data of Fig. 1 are displayed on the new coordinates.

The significant properties of this correlation are its strong
dependence on edge Mach number Me, the use of freestream
static pressure Pw as a reference, and the explicit dependence
on bluntness ratio RN/Rb. Note that the actual bluntness ratio
is not used over the entire bluntness range, but rather the
bluntness factor RN/Rb. This factor is defined as follows.

0.10forRN/Rb<0.10

RN/RbforRN/Rbl>0.10

This continuous factor reflects the observed lack of explicit
dependence of base pressure on the bluntness ratio, for
bluntness ratios less than a 0.1.

Other works have used different correlating parameters,
notably RERb in place of Res, Pe in place of P*,, and an
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Fig. 1 Laminar base pressure data.

enthalpy factor hw/H00. In both the laminar and turbulent
cases, the substitution of edge Reynolds number based on
base radius ReRf} for the edge Reynolds number based on
wetted length Res results in only a small increase in the data
scatter for the data base of the work. This is due primarily to
the geometries being nearly the same for all bodies (i.e.,
4.5 <S/Rb < 6.4 for the laminar case, and 6.1 <S/Rb < 8.7 for
the turbulent case). This is not the case for the pressure. In the
present correlation, the substitution of edge pressure for
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Fig. 2 Laminar base pressure correlation of this work.
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Fig. 3 Bulmer-Sandia laminar base pressure correlation.

freestream static pressure results in a major increase in the
scatter. The use of edge pressure has led to reasonable
correlations when other correlating parameters were
chosen.5'12

Bulmer found that incorporation of the enthalpy factor
/zw///oo in the form proposed by Reeves and Buss13 was
required to correlate his data. No such dependence was noted
in the coordinates of this work. Consequently, this factor was
not included in the present correlating parameter.

It is interesting to note that within each group of data the
trend is to parallel the correlation line (Fig. 2). An exception
to this trend is the flight data of Bulmer, wxhere the data
follow the trend line for Reynolds numbers up to 107 but after
this depart sharply from the correlation trend. This departure
may be due to a laminar phenomenon not accounted for in the
correlation, or it may be due to a departure from laminar flow
in the data. Bulmer does state that all of the data presented
are laminar. Additional high Reynolds number data are
required to determine if the trend is more than a peculiarity of
this one data group.

In the correlation shown in Fig. 1, many geometrical and
aerodynamic parameters are not accounted for explicitly.
Among them are roll rate, mass addition, angle of attack, and
roughness. The absence of an explicit dependence on these
parameters does not mean that their effects are entirely
unaccounted for. By evaluating the correlation parameters at
the rear edge of the vehicle, the effects of mass addition and
angles of attack are, to some extent, included implicitly in the
correlation through their influence on the conditions at the
rear edge of the vehicle. This is not equivalent to including
these parameters explicitly in the correlation.

Comparison of Base Pressure Correlations
A comparison of the present laminar correlation to those of

Bulmer5 and Cassanto12 is described in this section. To
facilitate this comparison, Bulmer's correlation is shown in
Fig. 3. Cassanto's correlation is in the form of an algorithm
and therefore is not listed. The complete algorithm is
available in the literature.4'12

In order to avoid masking the capabilities and shortcomings
of each correlation in the particular format of that
correlation, each is used to make a prediction of base pressure
at test conditions corresponding to an experiment where the
base pressure has been measured. This prediction then is
compared to the measured base pressure. The results of this
comparison are illustrated in Fig. 4, where the ratio of the
predicted p to the experimentally determined e base pressures
are shown for the respective correlations. The scatter in the
Bulmer correlation is seen to be only slightly greater than that
of this work. It also is evident that both the Cassanto and
Bulmer correlations have a bias in their respective predictions
of base pressure (i.e., the Cassanto correlation overpredicts
the base pressure, whereas the Bulmer correlation un-
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Fig. 4 Comparison of the predicted and experimental laminar base
pressures.

derpredicts it for this particular data base). A shift in the level
of either correlation would correct this particular problem. It
would not affect the data scatter, which is a property of the
coordinates and not the particular curve chosen as the
correlation. With the present correlation, the largest
discrepancy between the predicted and measured base
pressures occurs with the high Reynolds number data of
Bulmer. An interesting point is that Cassanto's correlation
also shows the same tendency for this data group.

The magnitude of the scatter in Fig. 4 provides an estimate
of expected accuracy of the correlations when used as
predictive tools. As is apparent, the majority of the predic-
tions fall within a ±50% band about the data. For similar
vehicles, it then is reasonable to expect these correlations to
provide a base pressure estimate within ± 50% of the actual
base pressures.

Turbulent Correlations
The laminar correlations of Bulmer, Cassanto, and this

work display strong dependencies on a number of parameters.
Included in these parameters are edge and freestream Mach
numbers, bluntness ratio, cone angle, enthalpy ratio, and
mass addition effects. This is not the case in existing turbulent
correlations. Both Blumer14 and Cassanto15 have constructed
turbulent base pressure correlations using only the edge Mach
number Me and the base-to-edge pressure ratio Pt,/Pe. The
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Fig. 6 Turbulent correlations of Bulmer and Cassanto.

success of such straightforward correlations in turbulent flow,
when complex correlations were required in laminar flow,
points our the different nature of the two regimes.

As a graphic illustration, Fig. 5 displays all of the laminar
and turbulent data on the turbulent coordinates of this work.
The strong dependencies on Mach number and bluntness ratio
in the laminar regime are evident, as is the decay of those
dependencies with increasing Reynolds number. The
Reynolds number of turbulence onset is different^for different
vehicles, but it occurs near jRe5=107 for most of these
vehicles. Figure 5 illustrates that this is also the region where
the bluntness and Mach number effects have damped down.
At still higher Reynolds numbers, the Mach number and
bluntness effects are even less noticeable. This is true even
though the range of these parameters actually is greater in the
high Reynolds number turbulent regime than in the lower
Reynolds number laminar regime.

The turbulent correlations of Bulmer and Cassanto are
shown in Fig. 6. Note that Cassanto chose to model the base
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Fig. 7 Turbulent base pressure correlation.

pressure using a two-curve correlation, with the different
curves representing different bluntness regimes. His
distinguishing value of bluntness was updated recently from
the original RN/Rb = Q.l to RN/Rb = 0.25. This two-level
format has the unfortunate side effect of making numerical
computations difficult near the changeover bluntness ratio.

The discrepancy between the Bulmer and Cassanto
correlations is not due to a subjective selection of different
curve fits of the same data, but rather to the use of a different
data base in each case. Because of the limited nature of each
data base and the apparent scatter in their coordinates, the
range of applicability of each of these correlations is limited
to vehicles having geometries, flight conditions, and materials
properties similar to those of its data base. In order to
estimate the intrinsic scatter in these coordinates, additional
data containing a greater range of bluntness ratio, Mach
number, and material properties were collected. These ad-
ditional data, along with a sampling of the Bulmer and
Cassanto data, are displayed in Fig. 6. The computation of
edge conditions for these data included ablation effects. For
these data, M^ ranged from 2 to 23. It is apparent that the
different sets of data do not collapse to a single line in these
coordinates but segregate according to the particular vehicle.

An alternative correlation similar to those of Bulmer and
Cassanto in its basic simplicity is a plot of Pb/Pw vs Res. This
provided an ordering, not a collapsing, in the laminar case of
the data. In the turbulent case, however, the majority of the
data do collapse in these coordinates, as seen in Fig. 7. It is
important to note that in this correlation the base pressure is
referenced to the freestream static pressure P& and not to the
edge pressure. This results in only the abscissa (Res) being
dependent on the various geometry/ flight, and material
properties, and not both the abscissa and ordinate as in the
Cassanto-Bulmer correlations. Furthermore, the base
pressure ratio is seen to be independent of Reynolds number
for Res > 107 when these data are considered as a group. This
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Fig. 8 Comparison of the predicted and experimental turbulent base pressures.
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results in the somewhat surprising conclusion that the base
pressure is a function only of altitude if /te5>107. Further
study is required in this area to determine the significance of
this trend and for which vehicles it applies. For any particular
vehicle, there is a tendency for the base pressure ratio to
decrease with altitude even on the "constant" portion of the
curve. This effect has not been clearly identified yet with any
particular variable, although it may be due to a Mach number
effect or simply to the increase of P«> with decreasing altitude.
The identification of such parameters is an area of con-
sideration for future work.

A comparison of this new correlation to those of Bulmer
and Cassanto, using the same format as in the laminar case, is
shown in Fig. 8. The correlation of this work provides a
modest improvement in the scatter over both the Bulmer and
Cassanto correlations. In addition, it is in an analytically
direct form and is adaptable readily to numerical analysis.

For all vehicles other than^vehicle 7, there are only small
circumferential gradients in Met Res, and Pe at the edge of the
boundary layer near the end of the vehicle. For vehicle 7, the
geometrical and trim effects induce a substantial gradient in
these edge conditions. This results in there being an entire
range of edge conditions from which a particular set must be
selected for use in the correlations. It is apparent from Figs. 6
and 7 that over a wide range of Reynolds and Mach numbers
the correlations of Bulmer and Cassanto are nearly in-
dependent of edge Mach number, whereas the correlation of
this work is independent of Reynolds number. Both the
Cassanto and Bulmer correlations are, however, still strongly
dependent on edge pressure. A change in the meridian at
which the edge conditions are evaluated will then affect the
level of the pressure ratio Pb/Pe significantly (Bulmer-
Cassanto coordinates), but not the level of Pb/P<» (the
coordinates of this work). This results in a sensitivity of the
prediction accuracy to the particular meridian at which the
edge conditions are evaluated in the Bulmer-Cassanto
coordinates. Such a sensitivity is not seen in the correlation of
the work for Res> 107. This effect is demonstrated in Figs. 9
and 10, where the same vehicle 7 base pressure data are
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Fig. 9 Effects of angle of attack on vehicle 7 base pressure predic-
tions.
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Fig. 10 Effects of angle of attack on vehicle 7 base pressure
predictions.

reduced with edge conditions from the windward and the side
meridians. Note that there is nearly a factor of 7 difference in
agreement using the same base pressure data between the
windward and side meridians for the Bulmer-Cassahto
coordinates; although there is little difference using the
coordinates of this work, whereas this particular result is
influenced by where the data fall on the respective curves, it
does point out the sensitivity of base pressure estimates to the
particular meridian at which the edge conditions are
evaluated.

Conclusions
Laminar

The correlation of laminar flow base pressure considered in
this paper has identified numerous geometric and flow
parameters as influencing the base pressure. This complex
dependence occurs both for correlations derived using strictly
empirical techniques and for those derived using groupings of
parameters suggested by analytic analyses. The particular
parameters in each case are different. The selection of such
different parameters does not appear to affect the data scatter
significantly for the data taken as a group. The expected
uncertainty in a prediction of base pressure using one of these
correlations can be estimated from the magnitude of the
scatter in data. It is apparent from, this analysis that an un-
certainty of ± 50% would not be unreasonable.

Turbulent
In the turbulent regime, some interesting trends have been

noted. Among these are the weak dependence of base pressure
on edge Mach number, vehicle geometry, and freestream
conditions M00^2. The complex groupings of parameters
required in laminar flow no longer are required. Instead,
coordinates involving only one parameter each appear to be
sufficient. Several comparisons between the turbulent
correlations have been noted. Among these are that the data
scatter in the Bulmer-Cassanto coordinates is principally a
vehicle-to-vehicle variation. Hence, a more accurate
prediction of base pressure for a single type of vehicle is
possible in these coordinates when a previously measured
history of the particular vehicle of interest is known. For the
data considered as a whole, the coordinates of this work
provide a modest improvement.

It also has been noted that, for nonsymmetric vehicles or
vehicles flying at angle of attack, the significant cir-
cumferential gradients in boundary-layer edge properties
complicate the application of these correlations. For the
limited amount of angle-of-attack data available, it appears
that use of the boundary-layer properties on the side meridian
results in nominal agreement with the flight data. The ex-
pected uncertainty in a prediction of base pressure using one
of these correlations appears to be slightly greater than for the
laminar case.
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