
MARCH 1984 TECHNICAL NOTES 441

The method is described as follows. A flow of air emerging
from a convergent nozzle (Fig. 2a) can be divided into two
regions: a large region of inviscid flow represented by the
central streamline AA' and a thin viscous region near the wall
represented by streamline BB'. A fluid particle which moves
from A to A' undergoes isentropic changes, while a particle
traveling along BB' undergoes nonisentropic changes. If the
reservoir temperature is uniform, i.e., TA = TB, then the
temperature at B' is higher than that at A' and the density at
B' is lower than that at A'. The temperature at A', TA., can
be determined using the isentropic relation

TA,=T0[l+(y-l)/2.M2
e]- (1)

where T0 is the reservoir temperature, Me the jet exit Mach
number, and 7 the specific heat ratio. Since Me is greater than
zero, TA, is always less than T0. In most aerodynamic ex-
periments, the reservoir temperature is kept the same as the
ambient temperature (Ta), i.e., T0 — Ta. Therefore, TA, is
less than Ta. As a result, the density at A', p A > , is greater than
the ambient density pa because the static pressure at the jet
exit is equal to the ambient pressure. The variations of density
and density gradient across the jet exit are sketched in Fig. 2b.
The density gradient profile represents the contrast in the
schlieren picture (Fig. la). The present method is to adjust T0
according to Eq. (1) so that TA> is equal to Ta and then pA, is
also equal to pa. However, the temperature at B' is still higher
than TV and the density at B' is lower than p A > . The resulting
density and its gradient across the jet exit are sketched in Fig.
2c. Comparing the two density gradient profiles (Figs. 2b and
2c), it is seen that the present method (Fig. 2c) produces a
larger variation of density gradient in the shear layer, which
results in a sharper image. It is noted that the density gradient
shown in Fig. 2c is similar to the second derivative of the
density profile in Fig. 2b, which gives the greater visual ap-
peal of the shadow effect. However, the schlieren method is
known to be superior to the shadowgraph due to its higher
sensitivity and better focusing ability. Therefore, the
enhancement obtained with the method described is that it
makes use of the best features of both the shadow and
schlieren methods.

This method has been used successfully to obtain schlieren
photographs of the jet at exit Mach numbers of 0.1-0.5 (see
Fig. 3). The particular reservoir temperatures required for
these conditions are 0.6-15 °C above ambient. The
corresponding density changes are less than 5% of the
reservoir air density. Due to the small changes in temperature
and density required by the method, it is expected that no
significant effects of heating on flow properties, such as the
jet velocity distribution, spreading rate, and heating of the
ambient air, would be encountered.
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Introduction

SECONDARY combustion is an undesirable signature of
both gun and rocket plumes. While the latter are generally

steady exhausts from two-dimensional, supersonic nozzles
with moderate underexpansion, gun plumes1 are transient and
issue sonically at high pressure from the weapon muzzle. In
addition, cannon frequently employ three-dimensional
nozzles, called muzzle brakes, to reduce recoil. This Note
examines the influence of both transient and three-
dimensional flow on the probability of ignition in gun plumes.

Potential sources of ignition include viscous heating in
lateral shear layers, hot particles, burning propellant grains,
or tracers in the base of the projectile; however, experiments
by Carfagno2 point out the importance of the propellant gas
recompression through the large Mach disks typical of gun
plumes. Based upon his results, Carfagno proposes a model
that assumes a one-dimensional expansion through a normal
shock to ambient pressure followed by steady mixing with the
surrounding air. The properties of the propellant gas/air
mixture are assumed to be a uniform function of the mass of
air entrained in the plume, permitting the mixture tem-
perature to be defined as

-d-r)2u2
J/2]/[rCp

r=m<x/(m00+m])

(D

(2)

Carfagno makes no attempt to evaluate the details of the
mixing process, but assumes that all values of r between zero
and one are permissible. Ignition occurs when the local
mixture temperature, f, exceeds certain limits. The limits are
established in shock tube experiments using various com-
binations of air and combustion products as test gases1. The
ignition temperature limits are relatively insensitive to
propellant composition and mixture ratio for 0.2<r<0.8;
however, significant changes are associated with the addition
of relatively small amounts of flash suppressants, such as
potassium sulfate or nitrate (Fig. 1).

Yousefian3 uses finite difference computations to analyze
the mixing and chemistry in the gun plume downstream of the
Mach disk. To obtain initial conditions, empirical
correlations define the inviscid shock structure of the plume.
The axial location of the Mach disk is that given by

= 0.69(yp*/p0 (3)

Using a relation derived from core flow computations, the
shock Mach number is obtained by interpolation of

(4)+ [2yM2-(y-l)]
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which permits determination of the flow properties behind the
shock based upon the known muzzle exit conditions.
Presuming a spherically symmetric core flow and using lateral

Table 1 Muzzle exit property variation for 155 mm firing at zone 8S

t, ms u*, m/s

Mach disk dimensions
through this shock is

from experiment,1 the mass flow

(5)

Finally, Yousefian postulates that behind the Mach disk
there is a spatially uniform jet at atmospheric pressure having
properties determined by mass averaging the flow through the
Mach disk and intercepting shocks, assumed to be weak,
isentropic waves.

Yousefian provides the most realistic model of muzzle flash
to date, but does not treat the influence of the basic unsteady
nature of gun exhaust nor the effect of muzzle devices
common to large caliber gun systems. In the current Note,
these effects are examined using a methodology which simply
combines the near muzzle flow description of Yousefian with
the ignition analysis of Carfagno.

Analysis
The ignition in the exhaust plume of the 155 mm Ml 09 self-

propelled howitzer is considered. To reduce the recoil im-
pulse, propellant gas flow is deflected rearward using a double
baffle, muzzle brake. Examination of high-speed photo-
graphs shows that with the brake installed, emissions in-
dicative of secondary combustion occur throughout the
plume; however, when it is removed, luminosity is seen only
very early in the emptying cycle and is soon extinguished. This
behavior is examined by calculating mixture temperatures for
each case.

The exhaust is assumed to be steady with muzzle conditions
computed at the time of shot ejection. For the M203 charge,
the exit Mach number is sonic and u* = 872 m/s, p*/p00 = 630,
and T* = 1918 K. The flow internal to the brake is taken as a
series of shock-expansion processes. Impingement of the
propellant gas jet on baffle surfaces, located 1.7 and 4.0
diameters from the muzzle, forms a normal shock followed by
expansion to sonic conditions in the projectile passageway.
The variations in temperature with mixture ratio for cases
with and without the brake are compared in Fig. 2. With a
bare muzzle, the temperature remains well below the ignition
limit for all mixture ratios. When the muzzle brake is in place,
ignition is predicted to occur. The increased mixture tem-
peratures are directly associated with the presence of strong
normal shocks in the brake flow. Another factor to be in-
vestigated is the influence of flow transience.

The gun exhaust is characterized by two levels of temporal
variation: first, the growth of the plume is grossly unsteady
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and, second, the muzzle properties change continuously as the
weapon empties. While the present model cannot treat the
actual flow, estimates are possible of the global influence of
these effects. For the M109A1 howitzer, the decay in exit
properties is given in Table 1.

The growth and decay of the inviscid core are approximated
using a one-dimensional, time-dependent calculation4 to
describe the flow along the axis of symmetry coupled to
experimental results1 to define the off-axis shock structure.
The data describe the trajectory of the triple point marking
the junction of the intercepting shock and Mach disk, Fig. 3.
Superimposed on this figure are computed contours of
relative mass flux showing that during the initial growth of
the plume nearly all of the exhaust mass is processed through
the Mach disk; whereas, later in the emptying cycle, the in-
fluence of the Mach disk is greatly diminished.

Using the computed Mach disk velocity, a relative flow
Mach number and shock jump conditions are evaluated. For
each time considered, the mixture temperatures are deter-
mined. The maximum value of this parameter over the in-
terval 0.2<r<0.8 is shown in Fig. 4. At the beginning, the
temperature is very high due to the large mass flow through
the Mach disk. As the growth of the plume continues, the
mixture temperatures monotonically decay and at later times
are dominated by the muzzle exit properties and decreasing
mass flow through the Mach disk. The calculation predicts
highest probability of ignition early in the exhaust cycle; a
conclusion supported in part by observations of actual firings
showing ignition soon after shot ejection.

Summary and Conclusions
A simple model of ignition in gun exhaust plumes is

presented. While it treats the gasdynamics and chemistry in an
approximate fashion, the technique can be easily coupled to
existing inviscid analyses of muzzle flow and used to point out
qualitative variations in flash processes. Calculations clearly
display the strong influence of muzzle devices and time
dependence upon the ignition process.
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Introduction

IN recent years, considerable attention has been paid to the
problem of adhesive bonded joints, as a result of growing

interest in the damage-tolerant design of aircraft structures.
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Composite materials, due to their high strength-to-weight
ratio, are being widely used in aircraft structures with
adhesive bonded joints. Structural reliability is one of the
main concerns of analytical and experimental research.

Several studies have been made on the problem of
adhesively bonded structures.1"6 Keer et al.1 solved the
problem of a cracked plate by using Fourier transform
techniques and reduced it to a solution by integral equation.
Arin and Erdogan2"4 used a complex variable formulation to
equations. Ko5 analyzed an orthotropic sandwich plate
containing a part-through crack subjected to in-plane mixed
mode tractions. He formulated the problem and reduced it to
a set of integral equations, but did not obtain the numerical
solution of the equations. Ratwani6 outlined finite element
and mathematical methods of analysis for a two-isotropic-
ply, adhesively bonded structure. The purpose of this Note is
to extend Ratwani's isotropic structure solution to adhesive
bonded orthotropic structures with a part-through crack.
Some numerical results for stress intensity factors are
presented for various values of crack length and adhesive
thickness.

Formulation of the Problem
The orthotropic plate with a crack and a sound orthotropic

plate are of the same width, and are assumed infintely wide.
Consider the adhesively bonded structure of Fig. la, con-
sisting of two plates with thickness h1 and h2, respectively,
and bonded through an adhesive layer of constant thickness
ha. The plate is subjected to forces Tx and Ty per unit length
of the plate. Plate 1 is assumed to have a through-crack and a
debond in the adhesive around the crack.

In Fig. la, the size of the debond is shown to be the same as
the length of the crack. If the initial debonding size in the
adhesive is large, it is possible that the crack length will be
shorter than the debond. However, this problem can still be
formulated in a similar manner. The analysis of the
adhesively bonded structure in Fig. la will be based on the
following assumptions. The plate and the adhesive layer are
homogeneous and linearly elastic. The thickness of the
adhesive is small compared to the thickness of the adherends;

(a) Geometry of adhesively bonded plate with debonding
cracK i

(b) Bonded
ha-
hi —*

K +

plates with only debond and no crack in plate

(c) Perturbation problem

Fig. 1 Superposition technique for an adhesively bonded plate with a
debonding area.


