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ABSTRACT
This paper d about rocket dy ic drag predicti hods for
optimization of range. Methods presented in this paper could be used as an imtial
deline or a guick refc to approxi aerodynamic drag of a rocket

Paramcters associated to a rocket's acrodynamic drag can be cstablished in three
distinctine tpes: wave drag. skin friction drag and base drag. Details on these drag
tvpes generated by the various sections of a rocket’s body are explained under
various specd conditions.
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1.0 INTRODUCTION

This paper presents a work in progress to study flight performance of a
ballistic rocket for optimization of range. Based on trajectory shaping techniques
presented by Sacedipour and Mohd Yusof [1] & [2], this paper addresses various
methods used 1o predict 2 rocket’s acrodynamic drag. Being the most dominating
factor 1o a rocket’s flight performance. drag prediction method has to be established
in greater details at various flight conditions for subsonic flight (M<0.8), transonic
flight (08<M<12). low supersonic flight (1.2<M< 1.8) and moderatc/high
supersonic flight (1. 8<M<6). Body and fin/wing will be treated separately in order to
simplify the prediction method
Table | below is used to cxplain mcthods employed to address drag prediction
methods at various speed conditions;
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Table 1. Drag prediction method at various Mach number.

Mach Number Subsonic Transonic Low Moderate/
M<08 0.8<M<1.2 | supersonic high
1.2<M<].8 supersonic
1.8<M<6
Wave | Body Empinical Semi- Sccond order | 2™ Order
drag method cmpirical Van Shock
method Dyke(HTVD) | Expansion
based on | plus Modified | Theory
Euler Newton (SOSET) plus
solution Theon(MNT) | Modified
mcthod Newton
Theory (MNT
method.
Bonney method
Wing nfa Empirical Linear theory | Second order
method plus Modified | Shock
Newton expansion
Theory (MNT) | Theory
method (SOSET) plus
Modified
Newtonian
theorv (MNT)
along  strips
method.
Skin friction drag | Van Driest 11 method
Jerger Method
Basc body drag Improved empirical method.
Simphficd method

2.0 ROCKET DRAG

Drag is a major design parameter in satisfving the flight range requirement of
tactical rockets. especially supersonic rockets. It is a function of drag coefficient.
dynamic pressure. and refercnce area, given by the equation:

D qCySpy (4]

For a rocket configuration. the reference area 1s the body cross sectional arca.
Substituting rocket diameter gives D = 0.785qCpd>. The ratio D/Cy is a function of
diameter and dynamic pressure commonly used as a typical performance parameter for
tactical rockets.

For rocket body-alonc, nose wave drag, body [riction drag and base drag
have significant elfect to the rocket flight performance. Similarly for fin/wing alone,
wing wave drag and wing fricuon drag have significant effect to the rocket flight
performance.

In order to facilitate understanding on these terms. the following are
definmton of the types of drag acting on rocket:

Wane drag

Wave drag 1s an aerodynamics term that refers 10 a sudden and very
powerful form of drag that appears on flying object at high spceds normally happen
at high subsonic or higher. It is caused by shock wave around the flving object. Shock
waves radiated away a considerable amount of energy. energy that is "seen” by the
flving object as drag.
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Skin friction drag

This arises from the tangential stresses duc to the viscosity or "stickincss” of
the air When air flows over any part of the flying object there exists. immediately
adjacent to the surface, a thin layer of air called the boundary layer, within which the
air slows from its high velocity al the edge of the layer 1o a slandstill at the surface
itsell Surface friction drag depends upon the rate of change of velocity through the
boundary layer. ic. the velocity gradicnt. The velocity and hence Pressurc \anauons
along the length of any surface can have adverse cffects on the behavior of the
boundary layer.

Base drag
A component of aerodvnamic drag caused by a partial vacuum in the

rocket's tail arca. The vacuum is the hole created by rocket's passage through the air
Basc drag changes during flight. While the motor is firing, the drag 1s minimal since
the tremendous volume of gas generated by the motor fills this void. The drag takes a
sharp jump at bumout when this gas disappears (nole: tracking smoke has very htle
cffect on base drag due to 1ts low density). Base drag can be reduced by the use of a
boat tail to transition the main body diameter down to the motor diamcter which
helps direct air into the evacuated area. When properly designed. a boat tail can
reduce base drag below zero (i.c. actually generate a small amount of forward thrust)
by making use of the "pumpkin seed” effect.

2.1 Nose wave drag (body alone)
In this section, four cases arc presented covering all speed conditions

2.1.1  Case for Subsonic Flow M<0.8

Empirical method. For subsonic flow, M<0.8 is low cnough so that it can be
assumed no compressibility effect occur. Hence. it is called viscous separation drag.
According to reference 4. for cone half angles. 8, the flow over conc instead of
remaining attached. separate due to the very sirong adverse pressurc gradient and
reattaches downstream. These separations prevent the pressure from decreasing as
much as it would in inviscid flow and produce a drag As a result. an emprrical
cxpression for this viscous separation drag. where the important parameter is the
angle. 8% which the nose mates with the shoulder afier body [4]. This relation is

-10°), §*>10
5% <10 )

2.1.2  Case for Transonic Flow 0.8<M<1.2

Semi empirical method-based on Euler solution. For transonic flow. the flow
ficld solution is nenlinear. Al ives to obtain the ic wave drag are:
Full numerical solution
Numerical solution of full potential equation
Numerical solution of Euler equation
Numerical solution of Navicr-Stokes equation
Experimental data.

Data from Table 2 [3] & [5] can be used to cstimate wave drag bodies for
transonic Mach number by i I or extrapolat Thesce |
results are solution from the full potential equation.
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Table 2: Cpy for blunted tangent ogives

M, 3 rfr
0 05 Lo
08 0.75 0.04 0.045 0.092
1o 0025 0030 0.092
1.25 0.01 0.015 0.092
1.5 0.01 0.015 0.092
2.0 0.01 0.0135 0.092
3.0 0.01 0015 0.002
4.0 0.0] 0.015 0.092
5.0 0.01 0.015 0.002
093 0.75 0.16 0.189 0279
1.0 0.08 0.118 0.279
135 0.04 0.070 0.279
1.5 0.02 0.042 0.279
2.0 0.02 0.035 0.279
3.0 0.02 0.025 0.279
4.0 002 0.020 0279
5.0 0.02 0.020 0.279
1.05 0.75 0.280 0322 0.405
Lo 0.200 0.252 0.405
1.25 0155 0.201 0.405
1.5 0.135 0.152 0.405
20 0110 0.111 0.405
3.0 0.078 0.062 0.405
4.0 0.055 0.055 0.405
5.0 0.036 0.050 0.405
Continue
12 0.75 0419 0.460 0.55
1.0 0331 0.364 055
1.35 0.283 0.286 055
LS 0.247 0.231 0.55
20 0.194 0.155 055
30 0.108 0.102 0.55
4.0 0.065 0.095 0.55
5.0 0.038 0.090 055

2,13 Case for Low Supersonic Flow 1.2<M<1.8

Sccond order Van Dyke (HTVD) plus Modified Newton Theory MNT
method. For blunt nose configurations. modified Newtonian theory 1s used because it
is casy and an accurate. Newtonian impact theory assumes that, in the limit of high
Mach number, the shock lics on the body, meaning that the disturb flow ficld lics in
an nfinitely thin laver between the shock and the body [6]. So the pressure
coeflicient of the surface;

Co=2sin’ 8 (3)

Where & is the angle between the velocity vector and a tangent 1o the body at
the point.

According 1o Lees [6]. the better accuracy can be obtained by replacing the
constant 2" by the stagnation pressurc coefficient. Cpo. where
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2 {[emi® 1 ",—i [C)]
v 2 27 (r-n

In a special case where §=90° for blunt nose, the pressurc coeflicient is derived as
foliows

€, =090, (5)

Second order Van Dyke theony |7] combines a second order aial solution for
potential cquation with first order cross flow solution. The advantage of this method
is it is morc accurate in the axial direction. So the pressure cocfficient at cach body

slation is.

Catx m:ﬁ-“] + (6)
And the force coefficients are
Com el an o
Com ‘ZT ”".' x.pheosipirdgly (8)
o w
(9)

i
Ggr= ';”( L p)cos(p) trigds

Al low supersonic Mach number. the pressure over expands on a blunt nose
tip as it proceeds around the blunt portion from the stagnation point to the given
portion of the noose. HTVD is used to cover this overexpansion near ils maximum
acceptable slope and allow the pressure to expand around the surface, The MNT is
started al the stagnation point and allowed to expand until the pressure coefficient of
the MNT and HTVD were equal. Upstream of the match point. (C, MNT=C, HTVD)
MNT 15 used in force and moment calculation and HTVD downstream.

2.1.4  Moderate/high supersonic {

Secon; nsion S T) plus Modified Newtonian
theorv {MNT) method Combination between SOSET and MNT showed good
agreement with experimental data for M > 2.3 but only fair result agreement for
lower supersonic Mach number. Dejarnette et al. [8] developed an empirical cquation
for the Mach number to match MNT 1o SOSET. This approach gave improved result
particularly at low supersonic Mach number, Pressure coefficient on a blunt nose
derived by Dejarnette is:

1.8<M<6)

Cp=C iy = Aeos™ Slcosa - cos(s)_] (10)

Where 7=2.78. (&), =25.95 and
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{rm«mm}vw +13]) ¢

e

i), coe(d),,

From Ref. 8. constant valuc of a match pomt Uy, = 2595 degree and pressurc
at this point given by

(1
ial pressure is.
A=opdiC,ep (12)
The local Mach number can be found.
It 2 s I (13)
M, = — | £ -1
{{y -IW P J ‘
!
Figure 1 [3] is an ple application of bination of SOSET and MNT
on blunt conc at Mach number = 2.96. Note the 1l of th ical

and experimental pressures along the surface

Figure | Pressure distribution on a blunted cone Ry/Ry=035 o =8°and ), = 11.5°

Bonney method. Based on Bonney {9] the cquation for body wave drag
coellicient is.

Conpwae = ( 139+ 183/ M%) {tan"lY)S/(l,/d)l,‘m’ M> | (14)

Even though this method is limited for M > 1. it is still useful because most
of the rocket model flving at M > |
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Wing wave drag (wing/fin alone)

Shock waves are typically associated to supersonic  flow.  Similar
phenomenon can be seen at much lower speeds at arcas on the aircrafi where the
Bernoull: effect accelerates local airflow to supersonic speeds over curved arcas. This
cffect is typically observed al speeds of about M = 0.8 so wing wave drag can be
neglected for subsonic Mach number.

221  Transonic flow 0.8<M<1.2

Empirical method [3]. For wave drag prediction of wing alone. data from
table 2 can be used with the assumption that the drag varies lincarly between its value
calculated at M = 1.1 from lincar theory and a value of 0 at M = 0 9.

222 Low supersonic flow 1.2<M<1.§
Linear theory plus Modified Newton Theony IMNT) method 110 The
pressure cocfTicient at any point on the wing surface is;

L= =2D (x.p.0) (13)

where @ is the perturbation velocity at any given point and is dependent
on location of the point with respect to line of sources and sinks that generales the
wing leading edge or other discontinuity
The pressure coefficient can be calculated al a given number of spanwise and
chordwisc locations [3]. The drag coefficient of given airfoil section at the spanwise
station y = v, 1s:

Ara)

G=oy [yt y e {6

The total drag coefficient for one fine of semi span b/2 is:

{1
where S, =%(,; 6l
For cruciform fins. the total drag coeflicient is:
) 4 s
Co=5~ [adydy (18)
S, o

If it is desired to base the drag coefficient on the body cross-sectional arca 1t
must be multiplied by Sy/S,

2.2.3  Moderate/high supersonic (1.8<M<6)
Second order Shock expansion Theory ET) plus Modified Newtonian

theory (MNT) along strips method. [11] The wave drags prediction based on MNT

and given as;

{reabr,, i 7ol = .
o ni] e e } dy b s {19
-1
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Newtonian theory is modified by calculating the pressure across the normal
shock as a function of Mach number It is noted that a thin wing with a small leading
edge section angle has smaller wave drag than that of a wing with a blunt leading edge.
Also, leading cdge sweep reduces the effect of Mach number by the factor of cos A,y
maintaining a subsonic lcading edge until M cos Az = | A third potential contributor to
wing drag is the base drag duc to flow separation on the afi surface of the wing
However. for a thin wing with a sharp tralling edge. there is ncgligible Now scparation
and neghigible basc drag,

23 Skin frictions drag {body and wing/fin alone)

Van Dricst il method. Most of the tactical rockets have a majority of flow
consisting of about 10 to 20% laminar flow followed by 80 1o 90% turbulent flow
For turbulent boundary laver skin 7 coelficient. Crris calculated by using Van
Driest method. |12] It assumes zero pressure gradicnt and Prandtl number equal to |
The solution can be found by numerically solving the cquation below:

02424 7, 2 S - 1+2n 7 20
TR m G asin 'Oy = o, (Ry Cy ) ~( 2 )]“g"‘ff’ @n
where.

G s
(4 +44%)
guLEr=DIRM,
7l 7;
R ab.t @2n
“,
—j—;n(u)"—}' £ 22)
23)

Ci A
2T
where n = power in the power viscosity law. 0.76 for air

For laminar flow, skin friction drag. C,

C.= ) [1 328-0023@/ -mxmsl;"()m)0343/f~854xlu‘.\«/j] (23)
C.

e

Hence the skin friction drag is simply the mean skin friction coc(ficient
multiplied by the ratio of wetted arca 10 reference area.

C o ('

Claues ), 24
T

Ay

For body alone: cq 24 must be ltiplied by 1.14 and for wing
surfaces no factor is needed

friction given by cquation 25 and 26, but this method is determining the
friction drag for turbulent boundary layer only

Coo o, srion = 0033 (//d Y | M/ (¢ 1))

=
[
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ConwimgFnenon = D § 0.0133 [M /1 g € 1°% 1 (2 S/ Ser) (26)
2.4 Body base drag (body alone)

Improved cmpirical method Basc drag arises at the basc of the rocket or a

rear of the blunt trailing edge of a fin duc 10 scparation flow Equations 27-33 below
show the summan of the empirical method of the Ref 13

A Body Alone

Cady. =), i+0014]) (27)
where £ = Body Alonc. ¢« = Effects

B. Body with Tail Fins

1. Deflection and Thickness Effects

(€n) s =U+0015)C, ), L +001A ) (28)
where 4 - le+ 6] cffects

£ = Addiuonal effects due to thickness
2. Fin Location Effects when /... o

Codsa, =€)y, vo0ilac,), 122

(% Power On

ac,, Due to Power-On by Modificd Brazzel Method Added to Above Values of [

D. Boar 1ail

Cop ==Cpldsfd,, } (30)
E Flare

Cop = Chldafdy Gh

For Mach number above 4.3 an empinical equation for basc pressure coefficient. Cep

4 -
ﬂ‘%“-oma A3, <lo (32

=0 M, 16

The power on base pressure cocfficient 1s

5 2
(€000 = m(f’, L =)

i NAPCOL 2004

Simplificd method. Body base drag can be a major contributor to the total drag during
coasting flight. duc to the low pressure in the base. For a high fincness nose. the base
drag can be larger than the wave drag. It can be divided into two tvpes | 11]. Bodv
base drag for coasting flight and powered flight During powered flight the basc drag
1s reduced by the factor (1 - AJ/Sy.p)

The base drag cquation for coasting Might at supersonic Mach number (M=1) is

Con com = 0.25/M (34a)
Coopascpowered = ( 1 = A/ Sper ) (0.25/ M) (34b)
For coasting flight at subsonic Mach number.

Coms cons = 012 +0,13M° {(3%a)
Congase paverea = ( 1 = Ac/ Sper ) *

(0.12+0.13M?) (35b)

If the nozzle exit arca is nearly as large as the rockel basc arca. the base drag
may be negligible during powered flight

5% CONCLUSION

Selection of rocket's acrodynamic drags prediction method usually based on
the accuracy of the method. ease to use and simple. This paper 1s only the summan
of the methods in order to give gencral understanding for rocket acrodynamic mainly
rocket drag. The objective of this paper is to predict the aerodynamics drag at a
various Mach number to optimize the rocket range and it also can be used as an initial
guidelines and a quick reference for approximate aerodynamic drag method in
general.

NUMENCLATURE

M = Mach number

D = Drag force (N)

T = Temperature (° R)

q = Dynamics pressure

2 = Pressure (N)

Cp = Drag force coefficient

5 = Area of the section

J :

R.r

!

C)‘

C, xial Force coefficient

Cy = Normal force coefficient

Cu = Moment pitching cocfficient

¥ = Specific heat ratio

x.re = Polar or cylindrical coordinate with x along body axis. r along
radius and ¢ around body

] = Reynolds Number

Ac = Nozzle exit area

M = Mach angle. =sin”! (1/M)

C 30 Body.wane = body zero-lifl wave drag coefficient

Co base = body base drag coefficient,
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Conpody. ¥retion = DOY skin friction drag cocfficient
Cpo oy = body zero-lift drag coefficient
Subscript
Ref = Reference
vis = Viscous
4 = Free strcam
0 = Stagnation point
N.n = Rocket's noose
B.b = Rockel’s body
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