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Fig. 5 Mach number effect on location of separation.

Mach number range of 1.75-3.5. Base separation always occurred
between the trailing edge corner and the pressure minimum
indicating that the radially outward recirculating flow encounters
an adverse pressure gradient and then separates. The base
pressure gradients near the corner are opposite in sign to those
reported by Hama'; he interpreted his results as an over-
expansion of the flow which turned the corner, encountered an
adverse pressure gradient moving away from the corner, and then
separated. BRL results at Mach 4.0 and 4.5 showed that base
pressure gradients diminished and separation appeared to revert
to the corner. For laminar flow, no significant pressure gradients
were found to exist (Fig. 3) and oil flow tests indicated separa-
tion at the corner. Of the references cited, only the results of
Hong and Childs® were qualitatively similar to the BRL results.
Pitot traverses of Fig. 4 do not show evidence of the shear layer
originating from the base; since the oil flow pictures clearly
show a base separation, it is concluded that only a slight portion
of the boundary-layer flow turns the corner. In contrast,
Donaldson’s pitot measurements indicate the origin of the
separated shear layer is on the base.> Attempts at correlating
parameters such as Reynolds number and boundary-layer
thickness with position of separation were generally not
successful ; however, the position of separation did appear to be
dependent on Mach number as seen in Fig. 5.

Conclusions

1) Separation occurred on the base for turbulent flow and the
position of separation is dependent on Mach number. 2) Separa-
tion always occurred between the pressure minimum and the
trailing edge corner. 3) Separation for laminar flow is at the
corner or sufficiently near the corner that the distance cannot
be detected by the oil flow method. 4) Theoretical predictions
of base separation attribute such phenomena to laminar flows
and predict stronger Reynolds number dependence than
observed in the present tests.
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Effect of Stress on the Directions of
Stiffness Extrema

A. A. G. COOPER*
Babcock & Wilcox Company, Alliance, Ohio

Nomenclature
S;* = component of compliance tensor referred to x, y axes
U = 2x elastic energy stored in unit element

V,, V3 = see Appendix

P = Vall—sy[Vall +5)]
s = 0p/0, —1 S5 =1
x,y = principal stress directions
0 = orientation of 1(2) axis with respect to x(y) axis
6,0, = principal stresses, |0,] = |0}
1,2 = axes of material symmetry
Introduction

N some orthotropic materials the directions of maximum and

minimum stiffness for a given state of stress depend not only
on the elastic constants of the material but also on the applied
stresses.’ 2

This Note is a summary of an analysis of this behavior. The
analysis is based on the use of stored elastic energy as a measure
of stiffness. It is similar to but more detailed than the analysis
given in Ref. 2 which resulted from the derivation of an optimality
condition for reinforcement patterns in fiber reinforced com-
posite structural components.

Analysis

Let a two-dimensional orthotropic unit element be subjected
to a state of stress which is represented by its principal stresses
g, and o, acting in the principal stress directions x and y, respec-
tively. Let the 1 and 2 axes be the major and minor axis,
respectively, of material symmetry. The orientation of the 1(2)
axis with respect to the x(y) axis is 8. The elastic properties are
assumed to be the same in tension and compression.

The elastic stress energy stored in the unit element is adopted
as a measure of the stiffness. With the stresses given, maximum
(minimum) stiffness corresponds with minimum (maximum)
elastic stress energy. (For a given uniaxial state of stress,
stiffness and elastic stress energy are inversely proportional.)

The elastic stress energy stored in the unit element is given by

U/2=o’aZ[Sl,*+2S512*+S2322*]/2 (l)

To find the orientations for which the elastic energy attains
an extremum, the first derivative of U with respect to 0 is set
equal to zero. The nature of the extremum is then determined
from the sign of the second, third, and fourth derivatives at
those values of 0 for which the first derivative is zero.

From Eq. (1) and the transformation of S;;* (see Appendix),
the condition that the first derivative U’ be zero gives

U = —80,2sin 20)[Va(1— s>+ V(1 —sP2cos (20)] =0 (2)
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and hence
sin(20) =0 3)
and, if
s# +1, cos(20)= —1/p 4
From Eq. (3) it follows 6 = 0, +7/2, = which is the trivial case
of the 1,2 axes coinciding with the x, y or y, x axes. For s # +1
the nontrivial case of an intermediate orientation (40;+7) is
given by Eq. (4). An intermediate orientation is possible if in
Eq @ p=lorp=—1butifp= 11 Eq. (4) is equivalent to
Eq. (3) and therefore an intermediate orientation requires p > |
orp< —1.
The second, third, and fourth derivatives of U with respect to
0 are readily found from Eq. (2) and given by Eqgs. (5-7)

U” = =160, Vy(1 + s)[ pcos(40)+ cos (20)] (5
U" = 326,2V,(1 +5)[ 2p sin (40) + sin (20)] (6)
U™ = 646,2V,(1 + s)[4p cos (40) + cos (20)] 7
From Egs. (2, 3, 5-7) it follows
if p=—1, U@ =0,7n isminimum (8)
if p=<1, U= +n/2) ismaximum 9

Thatis: —1 <p <1 relates to the trivial case of the 1,2 axes
coinciding with the x, y or y, x axes.
From Egs. (2, 4, and 5} it follows that

if p>1, Ul = +6;+n) ismaximum (10)
if p<—1 U= +6,+n) isminimum (1)

From Eq. (1) and the transformations given in the Appendix
it can be found that

U(+0:+ 1)~ U0, 1) = — 20, VoL +5) (p+1)*/p
and
U(20;£m)—U(£7/2) = = 26,2 Va1 +5)(p—1)/p
With these expressions or with Egs. (5, 6, and 7) it can be shown
that the extrema given by Egs. (10) and (11) are absolute.

For s = 0 (uniaxial tension or compression), 0; is independent

of the stress and Eq. (4) reduces to
cos(20) = = V/V3 (12)

Writing Eq. (12) in terms of engineering constants (see
Appendix) and substituting into Eqs. (8~11) give the conditions
for orientations of modulus extrema of orthotropic materials
derived in Refs. 3 and 4.

For s=1, U is independent of 6. This case represents a
hydrostatic state of stress. In the hydrostatic state of stress there
is an infinite number of principal stress directions and therefore
6 has no meaning. Likewise, if the material is isotropic
(V, =0, V3 = 0) there is an infinite number of axes of material
symmetry and ¢ is meaningless.

If s = — 1 (pure shear at +45°), Eq. (2) reduces to

U = —166,2V; sin(406) (13)
and the second derivative is
U" = —646,2V; cos (46) (14)

From Egs. (13) and (14) it follows that for s= —~1, U is
maximum and therefore the stiffness is minimum at ¢ =0,
+n2,n if V3>0 or at 6 =(+rfd+n) if V3<0. And U is
minimum and therefore the stiffness is maximum at 6 =0,
tn/2,nif V3 <Ooratf = (L£r/d+mn)if V3> 0.

Figure 1 shows 0; as a function of s for unidirectional
Boron/Epoxy (B/Ep), curve A4, and for the B/Ep laminate men-
tioned by Chu,* curve B. In Chu's laminate, 40% of the fibers
is in the l-direction and 609, is at +45° with respect to the
I-direction; the layup is here assumed to be balanced. The
properties of the B/Ep were taken from Ref. 5 Table 12.1-1,
and those of Chu’s laminate from Ref. 5, Figures 1.2.2-6, -8, and
-9.

For the 0; interval shown in Fig. 1 for unidirectional B/Ep
the stiffness is minimum, since p > 1. For maximum stiffness
0 = 0, n; the directions of the (absolute) stiffness minimum and
the stiffness maximum are not orthogonal in this interval. In the
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Fig. 1 0; as function of s for minimum (A) and maximum (B)
stiffness.

0, interval shown for Chu’s laminate, the stiffness is maximum
since p < — 1. For minimum stiffness 6 = +n/2; the directions
of the (absolute) stiffness maximum and the stiffness minimum
are not orthogonal in this interval.

If 9, is the orientation of the principal stress directions (with
respect to the axes of material symmetry) the shear strain
associated with the principal stresses is zero; thus the principal
strain directions coincide with the principal stress directions.

An analysis of the effect of strain on the stiffness directions
can be made similar to the present analysis, using the strain
energy rather than the stress energy as a measure of the stiffness.

Conclusion

In some orthotropic materials the directions of maximum and
minimum stiffness for a given state of stress depend on the
elastic constants of the material and also on the applied stresses.
The orientation of the axes of material symmetry with respect to
the principal stress directions can be expressed in terms of the
elastic constants and the ratio of the principal stresses. From
this expression, conditions have been derived for maximum and
minimum stiffness directions. One of the two directions always
coincides with one of the axes of material symmetry. The
directions of minimum and maximum stiffness, which are
principal stress directions, are also principal strain directions.

Appendix

The following transformations of §,* S,,* and S,,* were
taken from Ref. 6 with some changes in notation.
Sy ¥ = Vi +4V; cos (20)+ V; cos (40)

Sy2* = Vi — 4V, cos (20)+ V; cos (40)
S]z* = V4'— V3 cos (40)

Vi=(3811+3522+2812+S66)/8 =
(3/Ey+3/Ey—2v12/E1 +1/Gy,)/8
Vo =(S11—522)/8 = (I/E, — 1/E;)/8
Vs = (S11+822—281,—S66)/8 =
(1/E\+ 1/Ey+2vi5/E; — 1/G15)/8
Va=(S114+822+6512—566)/8 =
(1/E1 +1/E;—6v12/E; —1/G,)/8
Ei, E;, vi5, and Gy, respectively, are the elastic moduli,
Poisson’s ratio and the shear modulus, respectively, referred to
the axes of material symmetry which are assigned such that
E, > Ez‘
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Hypergolic Ignition of Rocket
Propellants with Nitric Acid Containing
Dissolved Nitrogen Tetroxide

U. C. DurGgAPAL* AND V. K. VENUGOPALTY
Birla Institute of Technology, Ranchi, India

Introduction

OW ignition delay in hypergolic bipropellants is a great

advantage in the design of liquid rocket engines as it helps
to eliminate undesirable pressure peaks. Red fuming nitric acid
(RFNA) is hypergolic with a number of fuels and many investi-
gations have been carried out to determine the manner in which
the ignition delay is influenced by added catalysts, water content
of the acid, temperature of the propellants, etc.! * However,
no data has been reported on the effect of concentration of
dissolved nitrogen tetroxide (N,0,) on the ignition delay. The
present investigation was carried out mainly for that purpose.
Results presented herein show that increase in the concentration
of dissolved N,Qy, in nitric acid invariably results in a decrease
in ignition delay. The magnitude of the effect depends on the
chemical nature of the fuel which determines the mechanism of
preignition reactions.

Materials

The fuels selected for study were an aromatic amine xylidine
(mixed isomers), an aliphatic amine triethylamine (TEA) and a
hydrazine derivative, unsymmetrical dimethyl hydrazine
(UDMH). Chemically pure samples of these fuels were used.
Commercial nitric acid containing 1.97%, by weight of dissolved
N,O, was used as such as oxidizer. N,O,-free oxidizer was
prepared by heating the commercial acid in an open dish at
60°C for half an hour. Oxidizer containing higher percentage of
N,O, was prepared by bubbling dry N,O, through chilled
commercial acid, the dry N,0O, being obtained by heating

Received May 13, 1974. This work formed part of the M.Sc. (Eng.)
Thesis submitted by V. K. Venugopal to Ranchi University in 1973.
Thanks are due to the Government of India, Ministry of Defence,
for the award of a fellowship for the duration of the work.

Index categories: Fuels and Propellants, Properties of; Liquid
Rocket Engines.

* Visiting  Professor,
Rocketry.

t Research Fellow, Department of Space Engineering and Rocketry ;
presently Senior Scientific Officer, Defence Research and Development
Laboratory, Hyderabad, India.

Department of Space Engineering and

TECHNICAL NOTES

1611

concentrated nitric acid with copper turnings in a flask and
passing the gas produced in the reaction over phosphorous
pentoxide. Different concentrations of dissolved N,O, were
obtained by passing the gas for different lengths of time
through the chilled acid. The concentration of N,O, n the acid
samples was determined by a method described by Welcher.®

Ignition Delay Measurements

A simplified form of the modified open cup tester described
by Ladanyi and Miller® was used for these experiments. All
testing was done at room temperature (21°+2°C) and therefore
the cooling arrangement was not provided. The fuel was loaded
in the test tube and the oxidizer was kept in the ampule; the
advantage being that once the ampule was flame sealed there
was no possibility of escape of N,0, and consequent change in
compostition of the oxidizer. To ensure uniformity, as soon as
a particular sample of acid was prepared, a large number of
ampules were filled up and sealed. Some of these were used
for chemical analysis to determine the concentration of dissolved
N,O, and the rest were used for ignition delay experiments.
Ignition delay was measured using a photocell and oscilloscope
arrangement. The starting signal was obtained at the instant of
contact by impact of the drop weight on the head of crush rod.
The fore end of the drop weight carried a metal pin which made
contact in a mercury well provided on the head of the crush rod
to ensure stable electrical contact. It was found that in the absence
of such an arrangement the oscilloscope trace was unsteady and
difficult to read due to vibrations accompanying the impact.

Results and Discussion

The experimental results are given in Table 1. In case of
xylidine a slow uniform decrease in ignition delay is observed
with an increase in concentration of N,O, in the oxidizer. It
was also observed that ignition was preceded by the evolution
of a lot of smoke. A large carbonaceous residue was left which
decreased with increase in concentration of N,O,. In case of TEA,
the presence of a small amount of N,O, in nitric acid brings
down the ignition delay enormously and a further increase in
concentration of N,O, does not have any effect. In the case of
UDMH, though the ignition delay was reduced but the effect was
not at all significant. The ignition in the case of UDMH was
accompanied by aloud report, like the sound of a small explosion,
the intensity of this sound increasing noticeably with an increase
in concentration of N,O,. This may be similar to the popping
phenomena’ observed in case of N,0,-Hydrazine system due to
extreme reactivity of the propellants and may be significant from
the point of view of injector design in practical systems using
UDMH-RFNA combination.

The cause for the different effects on the ignition delay in
the three cases most probably lies in the difference in the manner
in which N,O, influences the mechanism of the preignition
processes. It would therefore be interesting to analyse the relative
importance of nitric acid and N,O, in these processes.

Table 1 Ignition delay data

Average Ignition Delay*

Concentration of N,O, Xylidine® TEA UDMH
dissolved in nitric acid, F/O =15 F/0=4 F/0 =025
wt % sec m sec m sec
0 2.1 68.66 4.83
1.97 2.0 24.66 1.76
8.35 1.5 23.66 +.70
15.23 1.33 23.52 4.40
21.30 1.17 2333 4.20
“In all cases 1 ml of oxidizer was taken in the ampule. The fuel to oxidizer ratios
(F/0) used are those which gave minimum ignition delay in diagnostic measurctients with
acid containing 1.97°, N,O,.
PIn case of Xylidine a stop walch was used for measurement, because of long time
intervals involved and because of the fact that a large amount of smoke was evolved prior o
ignition, Touling the inner wall of the test tube and rendering the signal 10 photocell very

weak.



