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Fig. 5. Combined heat loss characteristics for wire up-
stream 0.002 in. at AT = 100°C, film at AT = 275°C.

the film, the wire is uninfluenced by the film, and the non-
interfering behavior shown in Figs. 1-3 is recovered. Again
this is undesirable.

To indicate the sort of sensitivity that can be obtained by
the configuration under discussion we show in Fig. 5 the
performance of a probe with the upstream wire separated by
0.002 in. from the film and operated at 100°C overheat.
The dramatic increase in sensitivity to concentration is
apparent from a comparison of Figs. 3 and 5. We add to
the lines of constant concentration in Fig. 5 isovelocity lines
in order to indicate the concentration-velocity range for
which there can be realized superior sensitivity. We find
from Fig. 5 that for a velocity range with a lower end of
u = 25 cm/sec and an upper end depending on concentra-
tion, Ew

2 c^ a(c) + bEf
2 where 5 is constant so that a simple

means for obtaining c is evident. In addition the film is
found to be unaffected by the wire so that Fig. 2 still applies.
Thus we can readily invert from voltage pairs to u and c
pairs.

Concluding Remarks
In conclusion we note that a probe similar to that resulting

in the data of Fig. 5 but with greater sensitivity to concentra-
tion at high velocities and low concentrations can be obtained
by increasing the film temperature and that a relatively cool
"X-wire" in the thermal field of the film would appear to
provide a means for measuring u, v, and c. We also note
that other interfering configurations can be considered, e.g.,
a relatively cool wire downstream of a film, but the configura-
tion leading to the results of Fig. 5, although perhaps not
unique, does have the great virtue of having nearly orthog-
onal contours of constant concentration and constant veloc-
ity. Other interfering sensors we have tried lead to corre-
sponding contours which are highly skewed and thus to
degraded accuracy in separating c and u.
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Effect of Spin on the Velocity of a
Re-Entry Body

ALI HASAN NAYFEH*
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1. Introduction

THE purpose of the present Note is to derive an approxi-
mate expression for the velocity of a rolling re-entry body

as a function of roll, pitch, and yaw rates as well as the re-
entry angle of attack. The present analysis is an extension
of the analysis of Ref. 1.

In the analysis, the rotational motion is decoupled from
the translational motion. A closed form expression for the
angle of attack is given. This expression for the angle of
attack is then used to calculate the drag of the body, which
is used in turn to determine the variation of the velocity
with altitude. The results of the analysis are in good agree-
ment with six-degree-of-freedom numerical computations.

2. Angle of Attack

SFA number of investigators2"7 determined the angle of
attack allowing for variable velocity, dynamic pressure, and
aerodynamic derivatives. References 6 and 7 allowed also
for small mass and aerodynamic asymmetries as well as roll
accelerations. For a constant roll rate, and for an axisym-
metric body, the complex angle of attack 8 = ft + ia can be
written as6

o = [^/(FoO^le-V01 + [#2/(Fco)1/2]e-AVfi2 (1)

(X zb AX)^ (3)

w - - [(CmaAdV*/2I)p + (/.p/27)2]1/2

X = -(CNa/m - Cmqd*/2I)(AV/4)p
AX = -(CNa/m + C^/ZQAVItp/Sal p

where m is the body mass, A area, d diameter, Ix roll moment
of inertia, / transverse moment of inertia, V velocity, CNO.
normal force derivative, Cma pitching moment coefficient,
and Cmq is pitching or yawing damping coefficient. In this
solution, the angle of attack is assumed small, but the velocity,
dynamic pressure, and aerodynamic derivatives are assumed
to be slowly varying in comparison with the angle-of-attack
oscillations. The complex constants of integration Ri and
Rz are determined from the re-entry initial conditions (de-
noted by e); that is

e)1/2 (4)

(5)

where f« = qe + ire with qe and re the initial pitch and yaw
rates.

For a high-performance re-entry vehicle, the velocity and
trajectory path angle change appreciably only at the lower
altitudes where the angles of attack have converged. Thus,
the velocity and path angle in Eqs. (1-3) will be assumed
constant. In addition, the aerodynamic derivatives are
assumed constant. Assuming an exponential atmosphere;
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p = poe~hlk

leads to

dt = (k/pV siny)dp
With these assumptions, 12Z and A» become

Uc —1a J

ijc r
= ™—;—— — p

IVe sm7 L log; + ap a

P log

Ai,2 = &i(p - pe)

(6)

(7)

(8)

(9)

(10)
where

1/2
J £ = (p + ay)"*

Figure 1 shows good agreement between the angle-of-
attack envelope predicted from the present analysis with
that calculated using a six-degree-of-freedom computer pro-
gram for p = 0, 50, 250 rad/sec. In the calculations, Ve =
20,000 fps, 7 = 30°, \8\ = 36°, CNa = 2.58/rad, C^ =
-0.344/rad, Cmq = 0, p0 = 0.00247 slug/ft3, k = 23,260 ft.
The rest of the body parameters are the same as those used
in Ref. 8.

3. Velocity

In determining the velocity history, the drag coefficient is
assumed to be

CD = (11)
where C.DO is the drag coefficient at zero angle of attack. The
drag coefficient is composed of a slowly altitude varying
term, and a fast varying oscillatory term. The effect of the
oscillatory term can be neglected because its effect approxi-
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Fig. 1 Comparison of the analytic result with 6-DOF
computations for the angle-of-attack envelope.
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ALTITUDE, Kft

Fig. 2 Comparison of the total velocity obtained from
the present analysis with that calculated using a 6-DOF

program.

mately averages out. Hence, CD is taken as

rCKa

The velocity is given by

mdV/dt = -

If.
hp

,-2Ai

D + mg siny

(12)

(13)

Assuming an exponential atmosphere, and changing vari-
ables in Eq. (13) give

dVz/dp = -(AkCD/m si 2gk/p (14)

For a straight line trajectory (i.e., 7 = const), Eq. (14)
can be integrated to give

72 =

where

(fp) =

. /* p n
> +2k I y-e~-

i/ pe p

M - f'Cndp
J Pe

(15)

(16)

sin7)(p — pe) + (AkCNa/m sin7) X
01/2 exp(26lpe + 261a2p2 + s2) X

+ s) - erf(re + «)] +
- s) - erf(r. - 5)]} (17)

Substituting for CD from Eq. (12) into Eq. (16), and per-
forming the integration gives

/(p) =

where r2 = 26i(p + a2p2), and a =
Figure 2 shows the good agreement between the velocity

calculated from Eqs. (15) and (17) with that calculated using
a six-degree-of-freedom computer program for p — 50 rad/sec.
The calculations were done for the same body and trajectory
parameters given at the end of the previous section.

4. Summary

An expression is given for the angle of attack of a high-
performance entry body. This expression is shown to agree
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with six-degree-of-freedom numerical solutions for widely
varying roll rates. The angle-of-attack expression is used to
calculate the drag, and the drag in turn is used to obtain an
expression for the body velocity. The approximate solution
for the velocity is in good agreement with a six-degree-of-
freedom numerical solution.
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Ignition Catalysts for Furfuryl Alcohol
—Red Fuming Nitric Acid Bipropellant

N. L. MUNJAL*
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Introduction

THE hypergolicity of liquid propellants is a desirable
characteristic because it eliminates the need for complex

mechanical and electrical starting devices in rocket motors.
It is not enough that the bipropellant be self-igniting; it is
essential that it should have short ignition delay with smooth
burning. This is necessary in order to prevent accumulation
of dangerous quantities of unburned propellants in the com-
bustion chamber. From this point of view, many investiga-
tions1*2 have been made to discover catalysts which could re-
duce the ignition delay of hypergolic propellants and im-
prove the ignitability. The importance of discovery of
catalysts is quite well known; sometimes the ignition of
nonhypergolic propellants has been accomplished in the pres-
ence of certain catalysts.3"5

With these points in view, studies have been carried out to
discover catalysts which could reduce the ignition delay of
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furfuryl alcohol—red fuming nitric acid hypergolic bipropel-
lant.

Materials

Red fuming nitric acid containing 16% water by volume
was used as oxidant. Chemically pure furfuryl alcohol was
used as such without any further purification. The following
catalysts were used: a) soluble: potassium chromate, sodium
nitroprusside, ferric chloride, zinc oxide, copper chromate,
and magnesium powder; b) insoluble: ammonium meta-
vanadate, sodium metavanadate, cuprous oxide, potassium
dichromate, potassium ferrocyanide, cupric oxide, and
potassium permanganate.

Measurement of ignition delay

The ignition delay (I.D.) was measured by cup test ex-
periments, as described earlier.1 First the catalyst was added
in red fuming nitric acid containing 16% water by volume.
The purpose of diluting red fuming nitric acid with water
was to increase the ignition delay of furfuryl alcohol and the
red fuming nitric acid (RFNA) system, otherwise the effect of
catalysts would not have become apparent because the igni-
tion of furfuryl alcohol with concentrated RFNA is almost
instantaneous. It may also be mentioned here that NH4V03
and Cu20 which are known to be soluble catalysts1 in RFNA,
become insoluble in diluted red fuming nitric acid. Ignition
delay was always measured by reacting 0.45 mliters of furfuryl
alcohol and 0.60 mliters of the oxidant. The concentration of
catalyst was 3 g in 100 cm3 of RFNA. In certain cases, when
the catalyst was insoluble in RFNA, the solution (RFNA +
catalyst) was thoroughly shaken before use. The experiments
were done at room temperature (28 ± 1°C).

Results and Discussion

The experimental results are given in Tables 1 and 2.
From a practical view point and for convenience, soluble cat-
alysts are preferred in injection, hence greater emphasis was
placed on discovering these catalysts. Out of the soluble
catalysts tried, potassium chromate, sodium nitroprusside,
ferric chloride, zinc oxide, and copper chromate have been
found to reduce the ignition delay of furfuryl alcohol-RFNA
bipropellant (Table 1). But potassium chromate and copper
chromate are the most effective in reducing the ignition
delay and in both these cases very vigorous, smooth and
elongated flames were observed. Of all the insoluble catalysts
studied, ammonium and sodium metavanadates, cuprous
oxide, potassium dichromate, potassium ferrocyanide, cupric
oxide, and potassium permanganate reduce the ignition delay
(Table 2). But it is noteworthy that sodium metavanadate,
potassium dichromate, potassium ferrocyanide, and potas-
sium permanganate reduce the ignition delay enormously
and in case of these catalysts, very vigorous flames were ob-
served. It may be mentioned here that in case of KMn04
catalyst, the fresh solution is always to be used otherwise
it would lose its activity. The cause of this behavior has
already been investigated by Rastogi and co-workers.5

The chemical rate processes occurring either during ignition
or during steady-state combustion are not understood well
enough to provide a complete explanation for the role of
catalysts during ignition. The search for a suitable catalyst

Table 1 Average ignition delay in case of soluble catalysts

Catalyst I.D., sec

None
Zinc oxide
Magnesium powder
Ferric chloride
Sodium nitroprusside
Potassium chromate
Copper chromate

1.8
1.1
1.1
0.8
0.7
0.4
0.35


