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ABSTRACT' 

An analysis has been made of the viscous damping in roll of two 
capsule configurations during planetary entry. The analysis extends the 
incompressihle soliltion of flow over a rotating flat disk to the region 
behind the bow shock of both a blunt and a hemisphere-cone forebody. 
The results of a simplified example show the damping to be about 7%, 
independent of the initial roll rate. A method of integrating the results 
into the six-degree of freedom program has been developed. 

1. INTRODUCTION 

The reduction of capsule roll rate due to viscosity in 
the boundary layer is an aerodynamic effect not presently 
included in the six-degree of freedom planetary entry 
program. This effect may indirectly play a significant part 
in the dynamic behavior of the pitch and yaw degrees of 
freedom. Additionally, a point could be reached where 

the roll rate becomes equal to the transverse oscillation 
frequency leading to an uneven distribution of heat input 
on the heat shield. This memorandum presents a sum- 
mary of an analytical investigation into some aspects of 
the problem along with the results of a simplified example 
to indicate the magnitude of the effect. 

.. 
11. ANALYSIS 

In Ref. 1 3  Schlichting and Truckenbrodt investigated 
the problem of rotational damping due to an incompres- 
sible flow over a rotating flat disk. This analysis extends 
their results to the subsonic region behind a normal bow 
shock produced by a blunt body during an entry trajec- 
ivry. h arldiiiionai extension, to a power approxhaiioii, 
is made to the essentially conical flow around a blunted 
conical shape. The configurations under discussion are 
shown in Fig. 1. The results apply strictly to zero angle 
of attack and aerodynamically smooth surfaces. In ac- 

cordance with a statement by Schlichting (Ref. 4) that 
regions of separated flow contribute little to the damping 
torque, only the forebody is considered effective in damp- 
ing the roll rate. Although Schlichting and Truckenbrodt 
presented results for both laminar and turbulent bound- 
aiy layers, iio attempt to piedict tiamition oii the nose 
was made. The boundary layer was conservatively as- 
sumed turbulent throughout the entry trajectory in the 
example. The laminar equations are included for refer- 
ence purposes. 
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ENTRY TIME, sec 

Fig. 1. Variation of viscous damping moment with 
entry time for blunt body and blunted cone 

In Ref. 2 Truckenbrodt gives as the equation for damp- 
ing moment coefficient on a flat disk with a turbulent 
boundary layer 

0.079 U O.' 

C T  = pp-r!(&-J 
The roll rate is p ,  R the disk radius, U the free stream 
velocity (here the velocity behind the shock) and 
Re = R 2 p j v  where v is the kinematic viscosity. Equating 
the postshock velocity to the free stream velocity of Ref. 2 
is an approximation made in the interests of simplicity. It 
is not inconsistent with the overall degree of approxima- 
tion of the analysis. The equivalent expression for the 
laminar boundary layer case, as given in Ref. 3 by 
Schlichting and Truckenbrodt, is 

Knowing this coefficient, the damping moment on a rotat- 
ing disk can be calculated from 

(3) 

The functional dependence of the damping moment on the 
flow variables for the turbulent and laminar cases is 

where 7 is absolute viscosity and, p is density-both evalu- 
ated behind the shock wave. 

In the numerical calculations, the atmospheric param- 
eters were taken from a trajectory computed by Peter 
Feitis on August 21, 1964 for the following entry condi- 
tions 

Planet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Mars 

Atmosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  M69-2 

Entry angle . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - 90 deg 

Entry velocity . . . . . . . . . . . . . . . . . . . . .  .24,OOO ft/sec 

Entry latitude . . . . . . . . . . . . . . . . . . . . .  .O (equatorial) 

Capsule ballistic coefficient . . .  M / C D A  = 0.2 slug/ft2 

Trajectory program . . . . . . . . . . . . .  .3 deg of freedom 

The procedure in making the computation was to as- 
sume a roll rate and moment of inertia about the roll axis, 
and calculate the damping moment using Eq. 1 and 3 or 
6 at a series of points along the trajectory. The at- 
mospheric parameters from the three-degree of freedom 
program were used to obtain flow conditions behind the 
bow shock for the normal shock case or at the body sur- 
face for the conical flow case. These values of the flow 
parameters were substituted into Eq. (1) for the roll 
damping coefficient. The resulting value of C, was then 
used to obtain the damping moment. As a first approxi- 
mation the roll rate used in these computations was 
assumed constant; although if damping occurs, the value 
used at each succeeding point will decrease. It is shown 
below that this approximation does not substantially 
affect the magnitude of the effect. 

In the blunt body case the values of density, tempera- 
ture, and velocity immediately behind the normal shock 
were used in the calculation for simplicity although stag- 
nation values of the flow paraneters exist at the center of 
the nose and vary radially. Trial calculations using stag- 
nation values as a limiting case produced insufficient in- 
crease in damping moment to warrant an approximation 
of the radial temperature and density distribution. 

Kopal's tables (Ref. 5 )  were used to obtain surface 
values for density and temperature on the blunted cone. 
The temperature ratio across the shock was estimated as 
the value behind a normal shock using the Mach number 
component normal to the oblique shock as the upstream 
Mach number. In addition to the altered flow around the 
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conical shape, as compared to the disk, it was necessary 
to account for the increased surface area of a cone over 
a disk of the same radius. This was simply accomplished 
by modifying Eq. 3 as shown below 

To simplify the integration in the example, the cone curve 
of Fig. 1 was approximated by linear segments as shown 
in Fig. 2. The functional dependence of the damping 
moment on time for the curve of Fig. 2 can be written as 

where Q is the cone apex half-angle. 

The results of the calculations are shown in Fig. 1 where 
the damping moment is plotted against time (since at- 
mospheric entry at 800,OOO ft) for both disk and cone 
cases. The figure shows that the damping moment of the 
cone is somewhat greater than the disk but that both have 
the same general shape. The damping moments for the 
disk, as computed using stagnation density and tempera- 
tures, fell between the two curves shown in Fig. 1. Here 
the disk case, as previously described, was based on flow 
parameters behind the normal shock. Maximum damping 
moments occurred at quite high altitudes because the 
compression ratio across the shock (increasing Mach num- 
ber) increases with altitude. This more than compensates 
for the decrease of atmospheric density with altitude up 
to 80,OOO ft. 

T ( t )  = T + K t  (9) 

where K is the slope of the curve in Fig. 2. Substitution 
of Eq. (9) in Eq. (8) yields 

dp  - T + K t  
dt Z 
--- 

which, on integration, produces 

p = p ,  -f[Tt+5t'] K 

This is the required relationship between roll velocity 
and time. 

Knowing the variation of damping moment with time, 
the damping of the roll rate can be obtained by inte- 
gration of the rotary equation of motion, 

T =  -1- dP 
dt (7) 

I is the moment of inertia about the roll axis and t the 
elapsed time. The negative relationship occurs because 
the damping moment always has a sense opposite to 
dS/dt = p where e is the angle of roll. 

ENTRY TIME. sec 

Fig. 2. Linearized viscous damping moment versus 
entry time curve for blunted cone (8) 

d p - - -  T - _  
dt 1 
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111. RESULTS 

Using an initial roll rate of 100 rpm ( p i  = 10.49 rad/sec) 
and I = 76 slug/ft', the following values for p at the 
points indicated in Fig. 2 are obtained for the cone case. 

Table 1. Roll rate at selected points on entry trajectory 

Since the kinetic energy of a rotating body is 

the energy lost due to skin friction during entry is 

Point 
sec ' I  I K ,  P. 

ft-lb/sec I radlsec 

0 0 - 10.49 1 .ooo 
1 22 0.0682 10.27 0.979 
2 25 -0.0472 9.97 0.950 

3 (impact) 48 0 9.77 0.931 

In other words, the roll rate of the cone case is reduced 
about 7% due to viscous damping during the entry, and 
the assumption of constant p in computing the p vs. t 
curve was approximately correct. Variation in the initial 
roll rate produces proportional variation in subsequent 
roll rates so the ratio to the initial value remains as given 
in Table 1. This follows from Eq. (4) or (5) which shows 
the damping moment to be proportional to the roll rate 
and from the fact that the roll rate at any time is the 
integral of the damping moment curve over that time 
period. 

IV. APPLICATION 

In order to apply the results of this analysis to computer 
programs, such as the Ames six-degree of freedom pro- 
gram, it is necessary to convert to standard stability 
notation in which the rolling moment 

When this is equated to Eq. (4) or (5), expressions for 
C2 in terms of the flow and geometric variables are ob- 
tained for the turbulent and laminar cases respectively as 

AE = E,, - E, 

= 554ft-lb 

for the values of p ,  and I used above. The subscripts 0 
and 3 indicate beginning of entry and impact, respec- 
tively. This represents about 13% of the original rotary 
kinetic energy. The term within the square brackets in 
Eq. (13) is independent of the initial roll rate; so the 
energy loss is proportional to the square of the initial roll 
rate. For example, an initial roll rate of 10 rpm would 
result in a loss of rotational energy of 1.3% of the original 
value. 

c,,,,,, = 0.808- p R O Y  
u1.5 

The roll damping coefficient CrI, is defined as 

dC I GI, = ___ 
a($) 

and it is in this form that the damping moment enters the 
six-degree of freedom program. In the aerodynamic 
moment equation about the x-body axis as given in section 
5, page 17, of Ref. 11, thc equation is modificd by the 
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addition of the damping term to read (in program nota- 
tion of Ref. 11) 

=-force and y-forre and 

This term differs from pitch (or yaw) damping by reason 
of the tact that the eifect here is due to the action of vis- 
cosity. Therefore, as shown by Eq. (15) and (16), CI and 

C,,# are functions of both Mach number and viscasity 
(altitude). In the turbulent case, the viscosity effect causes 
a change during entry of about 515% in the value of Cl 
from a mean value while in the laminar case the change 
is about twice that amount. With some prior information 
of the trajectory (such as a three-degree of freedom tra- 
jectory) the relationship between Mach number and alti- 
tude may be considered sufficiently well known to 
tabulate required density and viscosity and velocity values 
behind the bow shock as functions of Mach number alone. 
Tnese tables can then be entered as iqmts ill CUlllpUthg 
CI = f ( M )  for use in the main program. 

V. DISCUSSION 

Aerodynamic flow tables and tables of gas properties 
for gas mixtures similar to the Martian atmosphere are 
quite limited, especially at hypersonic Mach numbers 
and for conical flow. Those tables and curves available 
(Ref. 5-9) were used as best they could be in approximat- 
ing the flow conditions. Where possible the 9% C0,- 
91% N ,  tables of Ref. 5 were used, but for the conic flow 
Kopal's tables for y = 1.405 were, of necessity, used. In 
some instances it was possible to make comparisons be- 
tween values calculated by various means, and in those 
cases the resulting differences did not seriously affect the 
final results. For example, a comparison of density and 
temperature ratios between y = 1.405 and y = 1.67 for 
which limited tables are given in Kopal showed a 6% 
increase in torque for the laminar case and a 3% decrease 
in the turbulent case for y = 1.67. This variation is within 
the accuracy of the calculation itself, and the applicable 
specific heat ratio for the planetary atmosphere ( y  = 1.38) 
is considerably closer to y = 1.405 than was the compari- 
son value so that the variation of torque will be even less. 
The quantity known to the least accuracy was probably 
the viscosity in the hypersonic regime, but fortunately 
this term occurs in the moment equation [Eq. (4)] to the 
0.2 power. The controlling term among the flow variables 
appeared to be the density. 

The approximation of conical flow around the blunted 
cone was considered quite reasonable in spite of the fact 
that this shape has a blunt nose which produces a normal 
bow wave in the vicinity of the axis of rotation. This is 
true because the greater part of damping moment lies in 

the region where the bow wave is much nearer to the 
conical configuration than to a normal shock. 

As mentioned earlier, this analysis was made for bodies 
with detached flow behind the forebody. If a configura- 
tion on which the flow remains attached behind the fore- 
body is to be investigated, the contribution of such an 
afterbody will have to be considered. There appear to be 
no difficulties in extending this analysis to those configura- 
tions by computing the afterbody contribution separately 
from the nose and adding the two to obtain the net effect. 
In fact, experimental work, principally at NOL, has been 
done on slender bodies at low supersonic Mach numbers. 

Pitching oscillations of small amplitude will probably 
not greatly change the damping moment until they reach 
the point where the flow over the nose separates on the 
downstream side. Under those conditions, experimental 
measurements would be required. Increasing roughness 
on the nose of the body will certainly increase the damp- 
ing moment. Slight increases in surface roughness might 
require no more than an experimentally determined 
change in the value of the constant in Eq. (1) or perhaps 
a change in the exponents of the other terms of that equa- 
tion. The general approach of this analysis should remain 
applicable with increasing roughness, but changes in the 
parameters of the governing equation may have to be 
determined experimentally. The results of systematic ex- 
periments on the effect of roughness of skin friction 
coefficient have been published by F. Goddard and others. 
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VI. CONCLUSIONS 

An order of magnitude analysis of the reduction of roll 
rate due to viscous effects produced a reduction of 7% as 
a maximum ( a 13% decrease in roll kinetic energy) during 
entry in the M 69-2 atmosphere. In view of the approxi- 
mations of flow conditions behind the shock it may not be 

warranted to include a 7% effect in the six-degree of free- 
dom program until such a time as flow tables for C0,-N2 
atmospheres into the hypersonic regime are available. 
Further work on roll damping with roughness would be 
justified if said roughness can be sufficiently characterized. 
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