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New technology has been developed and added to the power-on base drag prediction model in the aeroprediction

code. The new technology showed improvement over the January 2009 release of the code comparedwith experiment

for all cases considered.Of particular note is the capability to predict base pressure for power-off conditions andat all

values of power-on including base bleed and values of thrust coefficient belowwhere theminimumvalue of power-on

base pressure occurs. To the authors’ knowledge, this is the first theoretical method available to predict power-on

base pressure at any value of thrust coefficient.

Nomenclature

Ar = reference area which is cross-sectional area of body,
ft2

At = area of rocket motor nozzle throat cross section, ft2

CPB = base pressure coefficient
CT = thrust coefficient, thrust=�1

2
�1V

2
1Aref�

d = diameter
dB = diameter at the base, ft
dj = diameter of the jet exit, ft
dr = body reference diameter, ft
I = nondimensional base bleed injection parameter
M = Mach number
_m = mass rate of flow, �AV
P = static pressure, lb=ft2

T = temperature, �R, or thrust, lbs
V = velocity, ft=s
xj = distance of jet exit from body base (positive behind

base)
� = angle of attack, deg
� = parameter used in base bleed methodology
� = ratio of specific heats
�j = nozzle exit angle
� = density, slugs=ft3

� = parameter used in base bleed methodology

Subscripts

B = conditions at base of body
C = conditions in rocket motor chamber
j = conditions at jet exit
r = reference conditions
t = conditions at nozzle throat
1 = freestream conditions

Superscript

* = conditions at whichM� 1:0

Introduction

T HE aeroprediction code (APC) is a semi-empirical code that
computes aerodynamics rapidly on most weapon configur-

ations with good accuracy and over a broad class of flight conditions.
The code uses analytical methods at low angles of attack and em-
pirical methods derived from several large wind-tunnel databases at
high angles of attack to obtain good accuracy. Ten versions of the
code have been produced over a 37-year span, the latest version being
the 2009 version of the APC (AP09). Each version has added new
technology relevant to meeting the requirements of the weapons
technical community.

Several years ago, Aeroprediction, Inc. (API) had a small con-
sulting contract with a long-time user of the aeroprediction code to
look at answers obtained from the 2005 version of the aeroprediction
code (AP05) for power-on base drag at transonic Mach numbers.
After looking into the problem, it was concluded that the AP05
computations were being done for low values of thrust coefficient
and at low Mach numbers at which the power-on base drag meth-
odology was not very accurate. In addition, at very low values of
thrust or jet momentum flux ratio, the base pressure reaches a mini-
mum value and then increases from the minimum as CT is de-
creased further. Neither the AP05 [1] or AP09 [2] can account for the
minimum value of base pressure at low values of thrust coefficient or
jet momentum flux ratio. Thrust coefficient and jet momentum flux
ratio (RMF) are closely related through the following equation:

CT � 2RMF�
�
dj
dr

�
2 2

�1M
2
1

�
Pj
P1
� 1

�
(1)

Figure 1 illustrates typical base pressure [3,4] as a function ofRMFor
CT for power off (RMF� 0), base bleed (region AB of Fig. 1), and
larger values of RMF (region CD of Fig. 1). Figure 1 shows two
curves illustrating the effect of freestream Mach number as well as
RMF or CT on PB=P1. Examining one of the curves in Fig. 1, it is
seen that, at RMF� 0, we have the values of power-off base drag.
Initially, at low values of power on, referred to as base bleed,PB=P1
increases up to a maximum (point B) at a low value of RMF, thus
decreasing base drag. As RMF is increased, PB=P1 decreases to a
minimum (where base drag is a maximum) at point C. As RMF is
increased beyond point C, PB=P1 begins increasing again and, at
large values of RMF, can actually be positive (a base thrust versus a
base drag).

The AP05 (or AP09) computes base pressure in the base bleed
region AB and the larger values of RMF region CD of Fig. 1. In
region AB, the APC uses a modified version of Danberg’s method
[5,6] and, in region CD, the APC uses a modified version of Brazzel
and Henderson’s method [5,7]. Unfortunately, the APC does not
predict the value of point C in Fig. 1. Thus, for values of RMF
between pointsB andConFig. 1, theAPCwill simply providevalues
of PB=P1 along the curve between C and D, giving much lower
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values of PB=P1 than data would suggest (and, hence, much higher
base drag). The improved base dragmethodology of [5] clearly states
the fact that the APC is not applicable in region BC of Fig. 1;
however, without the definition of point C, the unsuspecting user will
get erroneous values of PB=P1 from the AP05 or AP09 for region
BC in Fig. 1 without knowing the values are incorrect.

The purpose of this paper is to define the technology to allow
power-on base drag to be computed for all values of RMF in the
AP09 [2]. This new technology will be included in the January 2010
release of the AP09, referred to as the AP09/10.

In addition to approximating the minimum base pressure point C
in Fig. 1, it was found that improvements in accuracy of the power-on
base drag methodology of [5] could be made. Thus the goal of the
present effort is to improve the accuracy of the power-on base drag
methodology over a wide range of thrust or mass flow ratio values,
while allowing power-on base pressure to be computed at all values
of RMF or CT.

History of Base Drag Computations
in the Aeroprediction Code

The power-off and -on base drag methodology of the AP09 has
been developed over a period of nearly 40 years. A brief history of the
development of the base drag methodology will be given, along with
references. The current AP09 base drag methodology will then be
summarized. However, the reader will be referred to the references
for the derivation of the theory, as it will not be repeated here.

The power-off base drag methodology will be summarized first.
The first three versions of the APC, the AP72 [8], AP74 [9], and
AP77 [10], had power-off base drag only. The power-off base drag
was for axisymmetric bodies only (3-D base pressure) in the AP72
and was extended to the region behind blunt trailing-edge fins (2-D
base pressure) in the AP74. The power-off base dragwas based on an
average of 3-D [8] and 2-D [9] base pressure databases found in the
literature at that time. Corrections for boat tails, flares, fin thickness,
and fin location were accounted for. However, the effect of fins on
base pressure databases was very limited.

The power-off base drag predictionmethodologywas improved in
the AP93 [11] based on a new wind-tunnel database [12]. The new
wind-tunnel database made slight improvements to the body-alone
base drag prediction andmademore significant improvements for the
effect of fin location, fin thickness, fin control deflection, and body
angle of attack. The final improvement in the power-off base drag
was to improve the base pressure prediction for configurations with
flares and to make some adjustments to the 2-D base pressure co-
efficient at sub- and transonic speeds. These modifications were
added to the AP02 [4].

The initial approach to predict the effect of the engine on base
pressure was integrated into the APC in the late 1970s. The method
was an extension of the Brazzel method [5,7]. The Brazzel method
[7] was limited to RMFvalues of about 2.5 or less.Moore andHymer
[5] formally summarized and documented the modifications to the
Brazzel method [7] for higher values of RMF. Moore and Hymer [5]
also documented several other extensions to the Brazzel method that
allowed the user to input different engine parameters than PC=P1 if
PC=P1 were not readily available.

The Brazzel method was also limited to values of RMF above the
point at which PB=P1 reached a minimum (point C of Fig. 1). As a
result of this limitation, amodified version ofDanberg’smethod [5,6]
was integrated into the AP02 [5] to compute base bleed effects on
base drag in region AN of Fig. 1.

The general approach to compute base drag using the AP09 [2] is
as follows:

1) Compute power-off, body-alone, base pressure for straight
afterbody.

2) If base bleed, compute modified value of base pressure using
modified Danberg method.

3) If power on, determine value of base pressure using either
Brazzel, modified Brazzel, or conceptual design alternative.

4) Compute body-alone AOA effects.
5) Compute modifications to body-alone base drag due to tail fins

(includes effects of fin deflection and angle of attack, fin thickness,
and fin location with respect to body alone).

6) Compute effect of boat tail or flare on base drag if either is
present.

As already mentioned, the AP09 methodology is not applicable to
region BC of Fig. 1. The next section of this paper will define the
methodology to allow base drag prediction in region BC as well as
the modifications of the methodology in [2] needed to improve the
overall power-on base drag prediction accuracy.

Analysis

As mentioned in the Introduction, our goal is to improve the
overall accuracy of the power-on base drag prediction methodology
used in [2] as well as to define PB=P1 for all values of power on,
including region BC of Fig. 1. Therefore, wewill deal first of all with
the accuracy improvements made to the methodology in [2] and then
define the approach to predict base pressure of region BC in Fig. 1.

Refinements to Improve Power-On Prediction of PB=P1
The present mathematical model for power-on base drag used in

[2,5] is defined by the following equations, with Fig. 2 illustrating
much of the nomenclature for the power-on and base bleed engine
concepts.

1) Base bleed (inputs: I, Tj)

PB=P1 �
�1M

2
1

2
�CPB�NF;��0 � 1� �I

1� 2:6�I
(2)

�CPB�NF;��0 �
2

�M2
1

�
PB
P1
� 1

�
(3)

2) Power on: Brazzel (inputs: PC=P1, AT=Aj, xj=dr, �j)
a)

PB=P1 �
Tj
T�j

�
0:19� 1:28

�
RMF

1� RMF

���
3:5

1� 2:5�dB=dr�2
�

� 0:047�5 �M1��2�xj=dB� � �xj=dB�2	 (4)

b) Compute CPB from Eq. (3).
3) Power on: modified Brazzel (inputs: thrust, dj=dr, �j, xj=dr,

and either PC=P1, Pj=P1 orMj)

Fig. 1 Generic representation of base pressure as a function RMF or

CT for a given freestream Mach number.
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a)

PB=P1

�
�
Tj
T�j

�
N
�
C1�CT;M1� � C2�CT;M1�

�
RMF

1� RMF

��


 f�dB=dr� � 0:047�5 �M1��2�xj=dB� � �xj=dB�2	;
f�dB=dr�defined byEqs: 4–7 of text (5)

b) Compute CPB from Eq. (3)
4) Power on: conceptual design

CAB � f��CAB�power off 	; f��1:5 to 2:5 (6)

In referring to Eqs. (2–6), the user of the AP09 has the option of
requesting base bleed (region AB of Fig. 1) or power on (region CD
of Fig. 1) with the options of Brazzel, modifiedBrazzel or conceptual
design. Also note that Eq. (5) is similar to Eq. (4) except the
coefficientsC1 andC2, which are constant in Eq. (4), are functions of
CT and M1 in Eq. (5). Equation (2) for base bleed is relevant to
Fig. 2b, whereas Eqs. (4–6) are relevant to Fig. 2a. C1 and C2 of
Eqs. (2–6) are defined by Table 1. f�dB=dr�, Tj=T�j , and N of

Eqs. (2–6) are defined by the following four equations:

PB=P1 �
�
Tj
T�j

�
N
�
C1�CT;M1� � C2

�
RMF

1� RMF

��
f�dB=dr�

� f�xj=d� (7)

where

N � 12 � CT
11

; 1:0 � CT < 12� 0; CT � 12:0;

C1�CT;M1� and C2�M1; CT� from Table 1

(8)

�Tj=T�j �min � 0:7 � �M1 � 1:2�
�
0:7 � Tj=T�j

0:3

�
;

1:2 ⩽ M1 ⩽ 1:5� 0:7; M1 < 1:2

�Tj=T�j �min �
�j�1
2

1� �j�1
2
M2
j

; M1 > 1:5

(9)

If dB=dr < 1:0 f�dB=dr� �
3:5

1� 2:5�dB=dr�2
;

CT � 6:0� 1� 12 � CT
6

�
3:5

1� 2:5�dB=dr�2
� 1

�
;

6 � CT � 12� 1; CT > 12:0 If dB=dr > 1:0

f�dB=dr� �
3:5

1� 2:5�dB=dr�2
;

CT � 25:0� 1� 75 � CT
50

�
3:5

1� 2:5�dB=dr�2
� 1

�
;

25 � CT � 75� 1; CT > 75

(10)

The goal here is tomodify Table 1 to allow amore accurate prediction
of PB=P1 of region CD in Fig. 1. The approach to accomplish this
goal is as follows:

1) Refine C1 and C2 at Mj � 1:0 (so that Tj=T
�
j � 1:0) for a

cylindrical afterbody (f�dB=dr� � 1).
2) RefineN (exponent for Tj=T

�
j ) whenMj ≠ 1:0 for a cylindrical

afterbody (f�dB=dr� � 1).
3) Refine f�dB=dr� for both a boat-tail and a flare case when

Mj � 1:0 and then whenMj ≠ 1:0.
The refinements will be done based on comparisons with the data,

most of which are cold-flow wind-tunnel data. Although most of the
data used for comparison purposes is cold flow, in principle, effects
of a hot gas are partially accounted for by the parameters Tj=T

�
j and

�, both of which vary as gas temperature rises. No account of
chemical reactions from propellants in the base region is made with
the current methodology. The data used for refining the constants C1

(CT , M1) and C2 (CT , M1) were primarily from Deep et al. [13].
Using [13], an expanded table ofC1 andC2 was developed and given
here as Table 2. In comparing Table 2 with Table 1, it is seen that
Table 2 expanded the range of C1 from five to seven values of thrust
coefficient, modified the values of Mach numbers used slightly, and
changed the values of C1 and C2 slightly due to expanding the
number of values of CT used.

Figure 3 compares the use of Table 2 (AP09/10) for estimating the
coefficients ofC1 andC2 with the Table 1 values used in the AP09/09
and the constant values ofC1 � 0:19 andC2 � 1:28 used by Brazzel
and Henderson [7] with the experimental data of Deep et al. [13]. In
examining Fig. 3, it is seen that the modified method of Brazzel and
Henderson used in the AP09/09 is superior in general to the Brazzel
method. More important, the AP09/10, which uses the constants in
Table 2, almost duplicates the experimental data (because the data
was used to help generate the new constantsC1 andC2) and is clearly
superior to themodified Brazzel and Brazzel methods, both of which
are used in the AP09/09. The standard Brazzel methodwill remain in
the AP09/10, but the modified Brazzel method will be initially

Fig. 2 Nomenclature for power-on conditions for rockets and base

bleed concepts.

Table 1 Empirical parameters to define power-on base pressure [5]

C1 (CT ,M1) C2 (M1, CT)

CT CT

M1 � 1:0 2.0 20 40 � 70 � 1:0 � 2:0

� 0:9 0.19 0.16 �0:06 0.02 0.0 1.24 1.24
1.0 0.19 �0:085 �0:06 0.02 0.0 1.28 1.37
1.25 0.19 �0:085 �0:01 0.02 0.0 1.28 1.47
1.65 0.19 �0:175 �0:06 0.04 0.0 1.28 1.70
2.0 0.19 �0:30 �0:20 0.02 0.0 1.28 1.90
2.5 0.19 �0:45 �0:23 0.01 0.0 1.28 2.30
3.0 0.19 �0:55 �0:22 �0:03 0.0 1.28 2.50
� 4:0 0.19 �0:65 �0:10 �0:04 0.0 1.28 2.7
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improved by replacingTable 1withTable 2 in the power-on base drag
computations.

The next area investigated for improving the power-on base drag
prediction model is the term �Tj=T�j �N in Eq. (8). Brazzel and

Henderson [7] used this term, which defines the jet exit temperature
at some exit Mach number to the jet temperature at an exit Mach
number of 1, to account for the jet exit Mach number. Brazzel’s
method [7] used �Tj=T�j � directly, where N � 1 and there were no

limitations on �Tj=T�j �, as shown in Eq. (8) for the modified Brazzel

method. In using the new Table 2 coefficients on a broader class of
configurations than originally investigated for the improved power-
on model of the AP02 [5] (known as the modified Brazzel method
and shown as AP09/09 in Fig. 3), it was found several changes were
needed compared with the definition in Eqs. (8) and (9) of N and
�Tj=T�j � limitations. First of all, the value of N goes to a minimum

value of 0.1 for values ofCT greater than 30 versus 0 for values ofCT

Table 2 Improved empirical parameters for modified Brazzel method

M1 C1 (CT ,M1) C2 (M1, CT )

CT CT

� 1:0 1.5 2.0 5.0 15.0 30.0 � 50:0 � 1:0 � 2:0
� 0:9 0.19 0.23 .28 0.06 0.04 0.07 0.07 1.28 1.28
1.0 0.19 0.13 0.07 0.03 0.17 0.20 0.20 0.28 1.28
1.2 0.19 0.13 0.13 .08 0.29 0.27 0.22 1.28 1.35
1.5 0.19 0.10 0.07 0 0.14 0.21 0.19 1.28 1.60
2.0 0.19 0.08 0.04 �0:01 0.20 0.38 0.41 1.28 1.70
2.5 0.19 0.10 0 �0:06 0.26 0.55 0.60 1.28 1.80
3.0 0.19 0.08 �0:05 �0:25 0.13 0.60 0.65 1.28 2.10
� 4:0 0.19 0.07 �0:10 �0:25 0.15 0.62 0.65 1.28 2.20

[7]

[13]

Fig. 3 Comparison of theory to experiment for power-on base pressure (dj=dr � 0:45, dB=dr � 1:0,Mj � 1:0).

104 MOORE AND MOORE



greater than 12. Second, �Tj=T�j �min in Eq. (9) is a function of

freestream Mach number only, whereas for the AP09/10 it is still a
function of Mach number, but with different limitations.

The specific equations that govern N and �Tj=T�j �min in Eqs. (8)

and (9) are

N�1:031� :031CT; 1⩽CT ⩽30�0:1; CT >30�1; CT ⩽1

(11)

�
Tj
T�j

�
min

�
Tj
T�j
�

�j�1
2

1���j�1
2
�M2

j

; M1 � 2:0

�
Tj
T�j

�
min

�0:7��M1� 1:2�
0:8

�0:7��Tj=T�j �	; 1:2�M1<2:0

�0:82� 0:1M1; M1<1:2 (12)

Figure 4 compares the AP09/10, AP09/09 and Brazzel methods with
the experimental data [14]. Henderson’s data [14] used several
nozzles with jet exit Mach numbers ranging from 1.7 to 2.7 and
nozzle exit angles from 9.1 to 23.3 deg. Mach numbers ranged from
0.9 to 2.5. Figure 4 shows that the AP09/10 improves the prediction
of PB=P1 for low thrust coefficient values over the AP09/09, but
results are mixed at higher values ofCT . Both AP09/10 and AP09/09
compare very well with the experimental data. The Brazzel method

[7] does not compare well with the data due to using constant values
of C1 � 0:19 and C2 � 1:28 (see Table 2) and allowing �Tj=T�j � to
have its full value independent of thrust coefficient.

The final area to refine is the term f�dB=dr� in Eq. (10) for boat
tails and flares. Brazzel and Henderson [7] define f�dB=dr� as

f�dB=dr� �
3:5

1� 2:5�dB=dr�2
(13)

for all boat tails or flares independent of thrust coefficient or other
constraints. Several modifications to the AP09/09 formulation of
Eq. (10) for f�dB=dr� were made, particularly for low thrust levels.
One reason the AP09/09 put a limit of a minimum value ofCT � 1:0
for its calculations was the poor accuracy for boat-tail cases. For boat
tails, a complex limit was placed on f�dB=dr�. The limit was a func-
tion of Mach number and thrust coefficient. Also, for low thrust
levels f�dB=dr�was increased. The following changes were the final
modifications to f�dB=dr� for boat tails. These changes were arrived
at based on amore exhaustive comparisonwith the experimental data
than was previously done. For very low CT,

f�dB=dr�1 �
�

3:5

1� 2:5�dB=dr�2
�
M

(14)

where M � 1 for CT � 1:5, M� 1:5 for CT � 0:5, M� �3:5 �
CT�=2 for 0:5<CT < 1:5.

[14]

[2]
[7]

Fig. 4 Comparison of theory and experiment for power-on base drag (dj=dr � 0:8, dB=dr � 1:0,Mj � 1:7–2:7).
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For values of CT > 1:5, a more complicated expression was
derived:

f�dB=dr� � 1� ��CT�max � CT 	�f�dB=dr�1 � 1	��CT�max � 2	
(15)

where �CT�max � 40, M1 � 0:7; �CT�max � 25, M1 � 1:5;
�CT�max � 53:125 � 18:75M1, 0:7<M1 < 1:5.

Figure 5 compares the newAP09/10methodology with the AP09/
09 [2], Brazzel and Henderson [7], and the experiment [15,16]. The
case considered has a boat-tail angle of 2.93 deg and data were taken
at M1 � 1:5 and 2.5 with Mj � 2:7 and dj=dr � 0:45. Note the
AP09/10 shows improvement over the AP09/09. Of course the
Brazzel method again significantly underpredicts the base pressure at
higher values ofCT due to no control on �Tj=T�j � and constant values
of C1 � 0:19 and C2 � 1:28 for all values of CT andM1.

Equation (10) shows that, for flares, Eq. (13) is used directly for
values of CT less than 25 with f�dB=dr� going to 1 for CT � 75:0.
Several refinements were made to this methodology. However, these
refinements were based on data [17] for Mach numbers from 0.7 to
1.2, as these were the only power-on base pressure data the authors
could find for flare cases. As a result, further refinement of the power-
on base drag methodology for flares may be possible if additional
data at higher Mach numbers becomes available. The equation used
for the flare is

f�dB=dr� � 1� ��CT�e � CT 	�f�dB=dr�1 � 1	=��CT�e � 10	 (16)

where f�dB=dr�1 is defined by Eq. (13), and �CT�e�
200 � 133:3M1, M1 < 1:2� 200 : M1 < 0:7� 40, M1 � 1:2,
and f�dB=dr� � 1 for CT � 40.

New Methodology to Predict Base Pressure
Below Values of CT at which the Minimum Value

of PB=P1 Occurs

To define values of PB=P1 for various values of RMF or thrust
coefficients between points B and C in Fig. 1 requires two things.
First, a definition of point B from the base bleed methodology of [4]
is required. Second, a definition of point Cwhere theminimum value
of PB=P1 occurs is needed. Knowing points B and C will allow an
approximation of the value of PB=P1 for values of RMF between
points B and C.

Point B was defined in [4] by the relationship

�Imax�cold � :0331
�
dj
dr

�
2

� :0118
�
dj
dr

�
(17)

�Imax�hot 
 2=3�Imax�cold (18)

and Imax � 0:025, where Imax is themaximumvalue of the base bleed
injection parameter at which accurate values of PB=P1 can be
predicted from the base bleed methodology of [4].

The base bleed injection parameter was used by Danberg [6] to
define base drag. The injection parameter I is defined by themass rate

of flow out of the jet to the mass rate of flow of the freestream with
area equal to that of the body cross section, that is,

I �
_mj

_m1
�

�jAjVj
�1ArV1

(19)

On the other hand, the jet momentum flux ratio parameter is defined
by the momentum out of the jet to that of the freestream of an area
equal to the body cross section, that is,

RMF �
�jPjd

2
jM

2
j

�1P1d
2
rM

2
1
�
� _mV�j
� _mV�1

(20)

Thus,

RMF � I�Vj=V1� (21A)

�RMF�B � �Imax��Vj=V1� (21B)

Unfortunately, Vj is generally not known for base bleed. It is known
thatVj is generally not too large tomaintain a longer burn timewith a
small amount of propellant and, hence, to optimize range. We will
therefore assume that Vj=V1 � 0:2 so that

�RMF�B � Imax=5 (21C)

This means that if we have an upper value of 0.025 for Imax where
PB=P1 is a maximum (point B on Fig. 1), this value is 0.005 when
translated to the PB=P1 versus RMF curves of Fig. 1. Also, CT is
related to RMF through Eq. (1).

Danberg [6] defines the base pressure of region AB in Fig. 1 by

PB=P1 � �PB=P1�I�0 �
�I

1� ��I (22A)

where

� � ��5:395� :0172Tj�M1 � �4:61 � :0146Tj�M2
1

� ��:566� :00446Tj	M3
1 (22B)

�� 15:1–46:3�M1 � 0:71� (22C)

�PB=P1�I�0 �
�1M

2
1

2
CPB � 1 (22D)

CPB in Eq. (22D) comes from the power-off values of the AP09 [2].
As already mentioned, I is the mass flow out of the bleed exit to that
of the stream tube with area equal to the body cross-sectional area
[see Eq. (19)]. Also, because we are interested in the base pressure
ratio at point B, we simply substitute Imax into Eq. (22A) to obtain

�PB=P1�B � �PB=P1�I�0 �
�Imax

1� ��Imax

(22E)

[15,16]

[2]
[7]

Fig. 5 Comparison of theory and experiment for power-on base pressure (dj=dr � 0:45, dB=dr � 0:86,Mj � 2:7).
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Equations (21C) and (22E) thus define the values of �PB=P1�B and
�RMF�B.

To define point C in Fig. 1, [3,13] were used. Brazzel and
Henderson [3] and Deep et al. [13] give values of PB=P1 versus
thrust coefficient, CT , or RMF for various values ofM1 for a nozzle
flush with the base withMj � 2:7. Of course, CT is related to RMF
[4] by Eq. (1), andPj=P1 can be related toMj by the basic definition
of the jet momentum flux ratio [see Eq. (20)] as

Pj
P1
� RMF

�
�1
�j

��
dr
dj

�
2
�
M1
Mj

�
2

(23)

Combining Eqs. (1) and (23), one obtains RMF in terms of CT as

RMF �
CT
2
� �dj

dr
�2 1
�1M

2
1

1� 1
�jM

2
j

(24)

Some references make the approximation that

RMF � CT
2

(25)

However, the APC used Eq. (1) for the definition of RMF. Thus,
using [3,13] and Eqs. (1), (17), and (18), one can define PB=P1
versus RMF for various Mach numbers.

The values of RMF [3,13] at �PB=P1�min as a function of Mach
number are then obtained and plotted in Fig. 6. Figure 6 extrapolates
outside where experimental data are available (M1 < 0:7 and
M1 > 2:5) so that a complete definition of RMF at �PB=P1�min as a
function of Mach number can be obtained. As additional experi-
mental data become available at lower or higher Mach numbers, the
extrapolated values of RMF can be defined. An equation that
approximates the Fig. 6 curve forMj � 2:7 and higher is

�RMF�C � 6 � 0:6374M1 � 14:5675M2
1 � 15:223M3

1

� 5:7564M4
1 � 0:7502M5

1; 0 � M1 � 2;

�RMF�C � 0:354 � 0:108M1; 2<M1 � 3:2;

�RMF�C � 0:01; M1 > 3:2

(26)

Also notice in Fig. 6 that, forM1 > 1:1, a separate curve is shown
forMj � 1:0, which is approximated based on [13]. The equation for
Mj � 1:0 is thus

�RMF�C ��0:158M1 � 0:775; M1 > 1:1;

�RMF�C � 0:01; M1 > 4:8
(27)

Equation (26) governs the behavior of �RMF�C for all values ofMj

when M1 � 1:1. For values of �RMF�C in between Mj � 2:7 and
1.0 when M1 > 1:1, interpolation between the curves in Fig. 6 is
used. The value ofPB=P1 at point C is then computed using Eq. (5).

Equation (22E) thus defines the value of PB=P1 at point B in
Fig. 1. Equation (5), in conjunctionwith Eqs. (14–16), (26), and (27),
definePB=P1 at point C in Fig. 1. Thus, for points in between B and
C in Fig. 1, PB=P1 is defined by

�PB=P1�BC � �PB=P1�B � �RMF

� �RMF�B�
�
�PB=P1�C � �PB=P1�B
�RMF�C � �RMF�B

�
(28)

Equation (28) can be related to CT through Eq. (1), where

RMF �
�
CT �

�
dj
dr

�
2 2

�1M
2
1

�
Pj
P1
� 1

���
2 (29)

The new approach (that replaces the modified Brazzel method of the
AP09/09 methodology) to compute power-on base drag in the APC
is therefore as follows.

If the user of the APC inputs parameters for rocket engine on, the
following steps are taken:

1)Compute the lower limit of applicability of themodifiedBrazzel
method using Eqs. (26) and (27).

2) Check to see if RMF � �RMF�C. If so, use either the modified
Brazzel, Brazzel, or conceptual design method to compute PB=P1.

3) IfRMF< �RMF�C, compute values of point B using Eq. (22E),
values of point C using Eqs. (5), (26), and (27), and the value of
PB=P1 for a given value of RMF using Eq. (28).

If the user of the APC requests either base bleed or power off, no
change from the current computational approach of the AP09 will
take place.

Results and Discussion

Most of the experimental data used in the validation of the
improved power-on base drag prediction model came from [15],
which is simply an assessment of several power-on base drag pre-
diction schemes available at the time of publication. The current
author received a copy of [15] indirectly from A.L. Addy of the
University of Illinois over 25 years ago. As a result, the references
used in [15] are shown in Figs. 3–14 so that the reader will be able to
access the data if desired. Figures 3 and 4, with data taken from
[13,14], have already shown significant improvements in the new
power-on base pressure prediction model (AP09/10) for high values
of thrust coefficient compared with both the AP09/09 modified
Brazzel and the Brazzel methods [7]. Both [13,14] were published
after [15] was completed.

Figures 7 and 8 provide additional comparisons of the AP09/10
andAP09/09with the experimental data [15,16]. Figure 7 shows data
for a cylindrical afterbody case, and Fig. 8 shows data for a boat-tail
case. Note that the improved AP09/10 of Fig. 7 shows better
agreement at all Mach numbers compared with the data than does the
January 2009 release (AP09/09) of the aeroprediction code. Figure 8
compares the AP09/10 with the experimental data [18] for several
boat-tail cases atM1 � 1:91 for low values ofCT . Note that the new
theory does a good job of predicting where the minimum value of
base pressure occurs, but the predicted magnitude of the minimum
base pressure is slightly too high. No values of PB=P1 are shown in
Fig. 8 for the AP09/09 because the code is not applicable to the low
values of CT .

Figure 9, with experimental data from [15,17], shows data for a
low thrust coefficient case. Because values of CT are all below 1, the

[13]

Fig. 6 Jet momentum flux ratio at the point at which PB=P1 is

minimum.
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[15, 16]

[2]

Fig. 7 Comparison of theory and experiment for power-on base pressure prediction (dj=dr � 0:8, dB=dr � 1:0,Mj � 2:7).

[17]

[17]

Fig. 8 Comparison of theory and experiment for power-on base pressure: a) dj=dr � 0:375, M1 � 1:91, and Mj � 1:0; and b) dj=dr � 0:375,
M1 � 1:91, and Mj � 2:19.
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AP09/09 values are not shown in this set of curves. However, the
Brazzel method, which is actually better at the lower values of CT
than at the higher values of CT , is shown. Figure 9 consists of five
cases, all withM1 � 2:5, dj=dr � 0:2, andMj � 2:7. The five cases
vary the body base diameter from dB=dr � 0:5 to 1.0 in increments.
All five cases reach the PB=P1 minimum for low values of CT
around 0.08. Note the AP09/10 does a fair job of predicting the
minimum value ofPB=P1 as well as the increase inPB=P1 after the
minimum is reached.

Figure 10 shows the power-on base pressure for a cylindrical
afterbody case at M1 � 1:94 and Mj � 2:5 and 3.5. The AP09/10
again shows improvement in comparison with the experimental data
given in [15] (which was taken from [19]) compared with the AP09/
09. Figure 11 shows additional comparisons of the theory with the
experimental data [15,19]. In the cylindrical afterbody case con-
sidered, dj=dr � 0:5, M1 � 2:41 and Mj � 1:0. Data indicate the
minimum value of PB=P1 is reached, and the AP09/10 shows good
agreement with data before and after �PB=P1�min is reached.

[15, 18]

[7]

Fig. 9 Comparison of theory and experiment for power-on base pressure (dj=dr � 0:2, M1 � 2:5,Mj � 2:7) for boat-tailed afterbody cases.

[15, 19]

[2]

Fig. 10 Comparison of theory and experiment for power-on base drag (dj=dr � :75, dB=dr � 1:0,Mj � 1:94).
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The next two cases are for cylindrical afterbodies. Figure 12 is for a
Mach number of 1.97 and Fig. 13 is for a Mach number of 2.5. Both
these cases are for low thrust coefficients. The theory predicts the
minimumvalue ofPB=P4 to occur at aCT of about 0.38 atMach 1.97,
whereas the data do not show the minimum to occur at this high a
value of CT . Otherwise, a comparison of the AP09/10 predictions to
the data in [15,19] is excellent. For the Mach 2.5 case in Fig. 13, the
data suggest aminimumvalue ofPB=P1 occurs at aCT of about 0.12

and the theory does a good job in predicting all values of base
pressure.

The final case (see Fig. 14) considered is the Mach 2.0 cylindrical
afterbody example [15,20]. The jet exit Mach number is also 2.0 and
dj=dr � 0:6. Low values of thrust coefficient are available here, and
theminimum value ofPB=P1 is reached atCT � 0:2 experimentally
and at approximately 0.3 theoretically. The theory is slightly higher
than the data at CT � 3:0 but is in reasonably good agreement with
the data for values of CT less than about 1.5.

It should be pointed out that, in neither the Brazzel method nor the
AP09/09 or AP09/10 methods, is the jet exit angle �j considered a
variable. However, some data [16] show a strong dependence of
PB=P1 on �j, whereas other data [14] show little dependence of �j
values from9 to 23 deg onPB=P1. The key consideration, it appears,
is whether the jet exit angle approaches zero such aswould occur on a
contoured plume. A contoured plume requires the flow to be turned
from an expansion in the nozzle back to a compression to get a value
of �j � 0 (except for a sonic nozzle, for which no expansion exists).
From a practical standpoint, a contoured nozzle requires extra body
length of about a caliber or so and extra weight. Many program
managers are not willing to sacrifice this extra length and weight to
allow for a contoured nozzle. Hence, it is believed that, for most
rocket nozzles, the new AP09/10 methodology will give reasonably
accurate values ofPB=P1 even though �j is not explicitly included in
the formulation.

[15, 19]

Fig. 11 Comparison of theory and experiment for power-on base pressure (dB=dr � 1:0).

[15, 19]

[2]

Fig. 12 Comparison of theory and experiment for power-on base

pressure (dj=dr � 0:25, dB=dr � 1:0, Mj � 1:78).
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Conclusions

To summarize, the modified Brazzel method to predict the power-
on base pressure of the AP09/09 has been improved and will be
released in January 2010 as theAP09/10. Improvements to theAP09/
09 include modifications to the constants C1�M1; CT� and
C2�M1; CT� and to the terms �Tj=T�j � and f�dB=dr�. In addition, a

new method was developed to predict the base pressure below the
point at which the minimum base pressure occurs. A comparison of
the new theory with the experiment and the AP09/09 and Brazzel
methods indicated significant improvements in accuracy for the
AP09/10 formost cases considered. Power-onbase pressure and base
pressure drag can now be computed over the entire range of thrust
coefficients from power off to very high values typical of a booster
rocket.
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