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Fig. 4 Comparison of CFD results and wind-tunnel data: tangent-
ogive cone cylinder model with plume.

Fig. 5 Static pressure distributions along the body surface (M0 = 2.0):
tangent-ogive cone cylinder model with plume.

pressure ratio, the plume-induced shock wave moves upstream.
Therefore, it may be reasonable to conclude that an increase in
the plume pressure ratio has a similar effect to that of a decrease
in the freestream Mach number. Note that there exists a large re-
gion of separation at the foot of the plume-induced shock on the
body.

Conclusions
The conclusions from these analyses are as follows: Several fea-

tures of plume � ow and its interference effects on aft-mounted
control surfaces can be clearly identi� ed by CFD analysis. Plume
pressure ratio has a signi� cant effect on the plume in reference.For
a given plume pressure ratio, an increase in Mach number resulted
in an increase in shock strength and rearward motion of the shock
on the tail � n.
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Nomenclature
CA = axial-force coef� cient
CAb = axial-force coef� cient of the base pressure
C f = friction coef� cient
CM = moment coef� cient
CN = normal force coef� cient
CNb = normal force coef� cient of the base pressure
C p = pressure coef� cient
C pb = pressure coef� cient of the base pressure
C p max = pressure coef� cient in stagnation point
c = reference length, m
F = force, N
Fx = force in x direction, N
Fy = force in y direction, N
i = unit vector in x direction
j = unit vector in y direction
L = reference length, m
M = Mach number
M = moment, Nm
n = vector perpendicular to the surface
Pstagnation max = maximum stagnation point pressure, Pa
p = pressure, Pa
pstag = stagnation point pressure, Pa
p1 = freestream pressure, Pa
R; r = radius, m
RB = base radius, m
RN = nose radius, m
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S = aerodynamic reference area, m2

U1 = freestream velocity in x direction, m/s
µ = local de� ection angle (Euler angle), deg
½1 = freestream air density, kg/m3

¾N = normal momentum accommodation
¾T = tangential momentum accommodation

Introduction

T HIS workwas startedduringthe stabilityanalysisof the prelim-
inarydesignfor the DelftAerospaceReentryTest demonstrator

(DART). DART is a small axial-symmetric reentry vehicle that
Delft Aerospace is proposing to build together with other European
partners. Two concept shapes are under study, REVolution and
Volna.1

In this design phase a strong interaction between different dis-
ciplines is demanded for an effective design. One crucial factor
among the several � elds of a preliminary design of an aircraft is
the aerodynamics of the vehicle body.2 The estimation and mea-
surement of the aerodynamic characteristics of the vehicle give its
representation in the � ight simulator. Aerodynamic analysis is usu-
ally performed with computational � uid dynamics software, which
is mostly concerned with the solution of the system of partial dif-
ferential equations of Navier–Stokes. These kinds of calculations
are rather complex and require a large amount of computer power.
However, anothernecessityduring the preliminaryphase is to have a
relatively simple way of evaluation for different solutionsof the de-
sign. This is necessaryso that a quick and iterativeprocess will lead
to a � nal design that meets all of the requirements and objectives.
The objective is to implement a simple and as complete as possible
aerodynamictoolboxfor a reentry� ight simulator.The aerodynamic
regimes implemented in the toolbox are hypersonic free molecular
� ow, hypersonic transitional, and hypersonic continuum, all with
the in� uence of viscosity.

Hypersonic Free Molecular Flow
Flowregimesdifferdependingon differentlevelsof rarefactionof

the atmosphere,which can be representedby the mean free path be-
tween molecules. For the free molecular � ow the kinematics model
of interaction particle surface postulated by Maxwell is used. An
inclination method derived from this theory3 is implemented. The
following equations give the values of the pressure and friction co-
ef� cients:

C p D 2.2 ¡ ¾N / sin2 µ; C f D 2¾T cos µ sin µ (1)

where ¾N and ¾T are
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; ¾T D ¿i ¡ ¿r

¿i
(2)

From the pressure and friction coef� cients once projected on the
body frame, the axial coef� cientC A , the normal coef� cient CN , and
the moment coef� cient CM can be calculated:
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Force and moment have then to be integrated on the surface of
the body in order to obtain the value of the total force and moment
acting on the body. This integration for the free molecular � ow
will be made through a panel method explained in the following
paragraph.

Hypersonic Transitional Flow
The two different � ow regimes must be linked so that they cover

any speci� c � ight condition.A bridge function is needed.The domi-
nanceof one � owon theother is simplydependenton thelogarithmic
of theKnudsennumber.De� ning Mrar theweightof the rare� ed � ow,
1 ¡ Mrar will be the weight of the continuum.According to Regan,4

Mrar D a ¢ erf [b ¢ log.K n/ C c] C a (4)

wherea D 0:5, b D 0:30709257318569,and c D 0:80628539465167
and are obtained statistically.

Hypersonic Continuum Flow
For the continuum � ow the modi� ed Newtonian law

C p D C p max sin2 µ (5)

was integrated for the biconical blunted cone shape. The modi� ed
Newtonian law is a so-called surface inclination method. It is a
nonlinear extension of the result that was obtained for inviscid � ow
over body in supersonic and subsonic � ow where simply from the
inclination of the surface it was possible to determine the pressure.
C p max equals exactly the C p in the stagnationpoint behind a normal
shock wave. The total pressure behind a normal shock wave, at the
freestream Mach number, can be calculated using the exact shock-
wave theory.5

The force coef� cients for a sphere and for a cone need to be
determined. For simplicity, an expression for the forces in a body-
� xedcoordinatesystemis developed.The axial force and the normal
force are given by the following formulas6:
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where the integral has to be calculatedfor the three differentparts of
the blunt biconicalshape. For the continuum� ow a direct numerical
integration was used.

Finally an approximation of the base pressure can be calculated
using the Gaubeaud formula:
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From the base pressure coef� cient the CNb and the CAb can be
calculated with

CNb D C pb sin®; C Ab D ¡C pb cos ® (9)

For the CM the moment around the sphere-cone apex was calcu-
lated through the value of the axial and normal component of the
forces. The � nal value of CM is obtained as the sum of all of the
contributions for the single part of the multibody.

Viscous In� uence in the Hypersonic Continuum Flow
The viscosity plays a relevant role in the hypersonic regime. The

viscous effect generates two forces acting on the body. One is tan-
gential to the surface of the body and comes mainly from a phe-
nomenon of shear stresses in the boundary layer. The second is
normal to the shape and is caused mainly by the presence of the
boundary layer itself; in hypersonictheory this last phenomenology
is often called viscous interaction. As already mentioned, this will
be a basic piece of work; therefore, an engineering approach was
used.

The tangential force was implemented by calculating the fric-
tion coef� cientwith an engineeringapproximationcalledReference
Temperaturemethod. This method accounts for compressibleeffect
using incompressible method, and it is based on the assumption
of a dependency of the value of C f from a reference temperature
somewhere inside the boundary layer. Without going deep into the
explanation of this method,3;5 the formulas implemented for the
laminar and turbulent boundary layer are, respectively,

C f D
0:664

p
Rex .T 0=T1/.1 ¡ !/=2

; C f D
0:0592

5
p

Rex ¢ .T 0=T1/.1 ¡ !/=5
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In both cases the T 0 is named total temperature and is a function
of Mach and T1 in the undisturbed � ow:

T 0=T1 D 1 C [.° ¡ 1/=2] ¢ M2
1 (11)

Both these formulas are for a � at plate. To apply the preceding
results to cones, simply multiply the right-hand side of the equation
by the Mangler fraction,

p
3.

In the study of the viscosity, an important phenomenon is in-
volved: the transition between laminar and turbulent � ow. For the
accuratepredictionof skin friction,the knowledgeof the transitional
Reynolds number is critical. However no theory exists for accurate
predictionof ReT . Any knowledgeconcerningit comes from exper-
imental data.7 For the transition between the two different regimes,
turbulentand laminar, an engineeringapproximation is used. In this
approximation the transition is related to the value of the Reynolds
number.3 The value of the ReT is assumed to be function of the
Mach number through

log.ReT / D 6:421 exp
¡
1:209 £ 10¡4 ¢ M2:641

e

¢
(12)

ReT D ½e Ve xT =¹e (13)

Once the value of Re for transition is known, it is easy to determine
the distance xt where transition occurs.

The normal force, estimated with the engineeringmethod related
to experimental data, is applied. Within the viscous interaction two
other phenomena can be identi� ed, and, as is common in aerody-
namics, they can be related to a similarity parameter: the viscous
interaction parameter NÂ :

NÂ D
M3

1p
Re

r
½w¹w

½e¹e
(14)

The NÂ is used to determine the transition between the two dif-
ferent kinds of interaction: “strong” and “weak.” A large value of
NÂ corresponds to the strong interaction and vice versa. The value
associated with transition is for practical purposes assumed to be
three. Also, it is directly related to the value of the pressure through

P=P1 D 1 C 0:5 NÂ; P=P1 D 1 C 0:078 NÂ (15)

respectively, in the case of strong and weak interaction.

Fig. 1 CA and CN from the toolbox and from wind-tunnel data in
continuum � ow for the IRDT vehicle.

The discussed viscous interaction happens in case of a laminar
boundary layer. In case of a turbulent boundary layer, the same
adjustmentwould have to be made. However, most viscous interac-
tion theory is based on laminar � ow because it occurs at large Mach
numbers and small Reynolds numbers, and this condition promotes
laminar boundary layer.

Integration of the Coef� cients with the Panel Method
All of the methods just discussed are local methods that need

to be integrated over the shape of the body. Numerical integration
is feasible for a relative simple shape, but can be dif� cult in the
study of a complex structure. To maintain the toolbox as general
as possible, for the free molecular integration the panels method is
used. Basically the shape is discretized in the way of a classic � nite
element method, and then the pressurecoef� cients are applied to all
of the panels, summed, and divided into the different components.

Validation
The validationof the toolbox was executed in two ways. First the

output of the value of a single aerodynamic coef� cient over a � at
plate is calculated and compared with literature data,7 and an error
of less then 10% was obtained. Then most important validationwas
obtained implementing in the software the con� guration character-
istics of the In� atable Reentry and Descent Technology (IRDT) a
45-deg blunted cone vehicle. IRDT was an ESA-DASA (German
AerospaceAgency)missionand ESA furnishedus wind-tunneldata
of the vehicle that were used for comparison of the result obtained
from the toolbox. In Figs. 1 and 2 this comparison is shown. The
error in the axial coef� cient and normal coef� cient is increasing
with the angle of attack. Particularly good results are obtained with
the C A in the continuum and rare� ed � ow, where the two curves
match up to an angle of attack of around 50 deg for the continuum
and for all values for the rare� ed � ow regime. In the case of CN in
continuum � ow, the error increases signi� cantly beyond a value of
alpha of about 20 deg and up to 35 deg in the rare� ed � ow.

Fig. 2 CA and CN from the toolbox and from wind-tunnel data in free
molecular � ow for the IRDT vehicle.
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Conclusions
The objective of this Note was to build a method in order to esti-

mate the aerodynamiccharacteristicsof an axial-symmetricvehicle
during reentry. The method can be considered an engineering one
and is particularly suitable for feasibility study and for the early
design phase. The best way to use this method is to implement all
of the equations in a software such as CCC or Matlab/Simulink.
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Introduction

R ADIATOR panels typically used on space vehicles to reject
waste thermal energy to space commonly have ef� ciencies

under 100% as a result of temperature gradients along the radiating
surface. For thermal designers this effect (� n ef� ciency ´) is a fre-
quently encountereddesign parameter during radiator panel sizing.
The � n ef� ciency is de� ned as the actual heat radiated compared to
the heat radiation possible if the entire � n existed at the base tem-
perature Tb . Several complex � n analyses have been offered in the
open literature,which give designersa good estimate on the radiator
panel ef� ciency. Kuiken1 demonstrated that � n methods work sat-
isfactorily for nonlinear (radiating) problems but gave nongeneral
results. Aziz and Na2 used the initial value method to investigate
convecting-radiating� ns, whereas Nguyen and Aziz3 used a � nite
differenceapproachto investigatedifferent� n pro� le shapes.Karem
and Eby4 linearized the fourth-power radiation term to compute � n
ef� ciencies for the case of a constant-�ux environment radiating to
a sink at a temperature of 0 K. Aziz5 employed an extended pertur-
bation series solution to the special case of no incident heat � ux on
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the radiating � n. His solution techniqueproved successful, as more
fully detailed in Aziz and Na,6 and gave designers a simple 11-term
series for ´, which is expandedhere to include the nonhomogeneous
solution of radiating to a nonzero sink. The purpose of the current
study was to provide designers with similar series expansions for
cases where the radiator is exchangingenergy with a sink at a tem-
perature other than 0 K. The present study can be considered as a
more general case because an environmental � ux can be resolved
as an equivalent sink temperature, as is often the method employed
by designers in radiator panel sizing calculations. Finally, for the
reader interested in a general discussion of � n ef� ciency they can
refer to Kern and Kraus,7 who give a phenomenal description of
extended surface heat transfer.

Analysis
Equation (1) describes the one-dimensional,steady-state,and ra-

diating extendedsurface temperaturepro� le along the length of any
� n as a function of the distance from the base of the � n for the case
of no incident � ux. This equation is valid for any rectangular � n of
constant thickness w, where x is the distance along the � n from the
base, Ar is the area exposed to the heat sink at temperature Ts , k is
the base material conductivity, Ac is the conductivecross-sectional
area, L is the length of the � n, ¾ is the Stefan–Boltzmann constant,
and " is the emissivity of the � n.

k Ac

L

d2T

dx2
¡ ¾ Ar "

¡
T 4 ¡ T 4

s

¢
D 0 (1)

By introducing the following nondimensionalparameters, as devel-
oped by Aziz and Na,6 a simpler form of Eq. (1) is rendered:
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For steady state with the boundary conditions describing a � n with
uniform base temperature and an insulated tip, Eq. (1) becomes
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s
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with the transformed boundary conditions,

2.0/ D 1;
d2.1/

dX
D 0

Solution Technique and Results
The approach taken in Ref. 5 was not to search for a particular

solution to the nonlinear differential Eq. (2), but rather to describe
the behavior of the solution. The technique used was to perform a
regular perturbation series expansion on 2, as shown in Eq. (3):

2 D
1X

i D 0

³ i 2i (3)

In Ref. 5 (and many others) 2s was taken as 0 for simplicity. Next,
by substituting Eq. (3) into Eq. (2) and combining like terms in
powers of ³ yielded the in� nite perturbation series solution. The
� rst 11 terms were hand calculated by Aziz in Ref. 5, giving the

Table 1 SINDA model comparison with series solution;
Eqs. (5) and (6)

Sinda results Series expansion

No. Power, W 2t ´ ³ 2t ´ Error, %

1 2 0.924 0.773 0.211 0.920 0.804 4.0
2 2 0.934 0.801 0.175 0.931 0.829 3.5
3 4 0.888 0.723 0.375 0.878 0.714 1.2
4 4 0.904 0.776 0.311 0.893 0.745 4.0
5 10 0.810 0.599 0.861 0.799 0.560 6.5
6 10 0.830 0.637 0.690 0.821 0.603 5.3


