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Fig. 4 Variation of half-velocity widths along vertex and side planes
for polygonal jets at Mach number 1.0: solid symbols, side planes, and
open symbols, vertex planes.

variation along the vertex plane in Fig. 4). Spread is maximum at
locations corresponding to the midpoint of a flat side, clearly indi-
cating the action of the large-scale structures rolling up from the
flat edges. Also notice that this increased spread along the flat side
direction is more pronouncedin lower-order polygons. Because for
polygonsof equal area the length of a side of a lower-order polygon
is higher than that of a higher-order polygon, it may be concluded
that the length of a flat side determines the amount of spread. The
area enclosed by the outermost contour (0.1U,) may be taken as a
measure of the size of the jet at a particular location. It is seen that
the size of the lower-order polygons are larger than those of higher
orders.

The half-width growths of the polygonal jets are compared in
Fig. 4 for Mach number 1.0. An initial decrease in half width
along the vertex planes can be seen from this plot. Observe that
the hexagon, being closer to the circle, attains axisymmetry more
quickly, compared to the rest of the polygons. This tendency de-
creases with decrease in the number of sides of the polygon. Thus,
the triangular jet shows a lot of variation in its spread along ver-
tex and side planes. The spread along side and vertex planes are
different, even at 25 diameters, for triangular and pentagonal jets.

Summary

In polygonal jets, mixing processes continue to be active even in
the far field. These results indicate that polygonal jets, particularly
those of lower orders, may be favorably consideredforusein mixing
and propulsive systems.
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Marching Distance Functions for
Smooth Control of Hyperbolic Grids

Gokhan Durmus* and Mehmet Serif Kavsaoglu®
Middle East Technical University, 06531 Ankara, Turkey

Nomenclature
C = airfoil chord length
CSI = grid control parameter in & direction: when <1,
clustering; when >1, rarefying
c = grid point chord length
i, j = gridindices, related to & and n directions, respectively
i,j = unit vectors along x and y directions
i = i level to be controlled for grid control in & direction
J = Jacobian
Jn = j level to be controlled for grid control in 1 direction
e = j level to be controlled for grid control in & direction

= position vector
= grid spacing in n direction; marching distance

Sy = specified value of the marching distance at j,, for grid
control in 7 direction

S = initial grid spacing in 1 direction from the surface

s* = exponential grid spacing function, for grid control
in n direction from the surface

s = grid spacing function for grid control in 71 direction
at a specified j level

14 = cell volume or inverse Jacobian

x,y = Cartesian coordinates

Ai: = interval of i levels for grid control in & direction

Aj, = intervalof j levels for grid control in 1 direction

Aj: = interval of j levels for grid control in & direction

g, &* = grid control parameter in 7 direction; ratio of the change
in grid spacing to grid spacing in 7 direction, As/s

&, n = curvilinear coordinates

Introduction

HE hyperbolicgrid generationmethods have the advantagesof
goodorthogonality,ease of clustering,and efficiency in compu-
tation time. Their fundamental principles and recent developments
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are available in the literature.! ™ In general, the clustering is ap-
plied at the surface and in the 1 direction, which is normal to the
surface. Here, a new method is presented that makes it possible to
cluster or rarefy the grid lines smoothly in the & and/or 1 directions
at arbitrary locations. The hyperbolic equations are obtained by the
orthogonality condition and the cell volume specification. In the
two-dimensional space, they are given as

rery =Xxex, + yey, =0
-1
Fe Xy =Xeyp —Xpye =V =J M

These equationsare solved by marching in the 1 direction. The local
cell volume is defined as

Vi = Ci jSij 2)

-
The grid point chord length ¢;; is given by
Ci,j=%(|ri,j_ri—l,j|+|ri+1,j_ri,j|) (3)

The marching distance s;; can be expressed as a function for the
grid control. In the present work, the derivative expressions of the
linearized hyperbolic equations are approximated by the second-
order central differences in the & direction and by the first-order
backward differences in the n direction. Artificial dissipation terms
are added to control the oscillations and the smoothness 2

Grid Control

A. Grid Control in 7 Direction from Surface
One of the ways of controlling the grids at the surface is to use
an exponential function for the marching distance? s°(jj):

sS(H)=s511+¢) 7! 4)

where s; and ¢ are the required parameters. The local marching
distance is given by

(i, J) =s"()) ®)

B. Grid Control in 1 Direction at a Specified j Level

The interior grids may be controlled by the same method. An
exponential function can also be used as a control tool. The value
of the grid control parameter is recalculated and renamed £* at the
interval of control (A, in Fig. 1) as

2/Ajy
&t = $*(jn = Ajn/2)

Sm

where

SA;-(jn _ A],,/Z) — Sl(l + 8)(]71 —Ajg/2-1) (7)
and the marching function is redefined as
jn - A]n/z S] Sjn

jn 5] sjn + Aj,,/2
(8)

gy = |t H e for
§5,(1+ &%) ~in for

and gives controllabilityin the 1 direction over the entire perimeter
of the grid. In Fig. 1, both the surface clustering and the additional
clustering in 77 is shown. There is a nonsmooth connection, which
does not significantly affectthe grid quality. It could also be changed
with a smooth one. For the interval of control, the local marching
distance is obtained from

s(i, j) =s"()) ©)
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Fig.1 Variation of marching distance function s” along n direction.
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Fig.2 Variation of marching distance s(i, j) along £ direction.

C. Grid Control in £ Direction at a Specified i, j Level

The grid control in the & directionis obtainedin a similar fashion.
A gradual variation of the marching distance, along the & direction,
indirectly affects the grid point chord length distribution of the next
n level. A smoother and more parametric function is needed for the
marching distance. Because it uses only a portion of the marching
level, any discontinuity at that level affects the quality of the overall
grid. A sinusoidal function may be a good choice for clustering, as
shown in Fig. 2. In this case, the local marching distance will be
calculated from the following:

i, J i i —iz+ Aig/2
s@, ) =0~5Sn(])|:1 + CSI + CScos(n;>i|

Aig/2
(10)
for the specified intervals of control
Je—AJjel2<j <j:+Aj:/2
ie —Aie/2 <i <i:+ Aig/2
where
j — Je+ Ajel2
€S = (1 - CSI) sin(ﬁM) (11
Aje
for
ie —Aig/4 <i <i:+ Ai:/4
and
CS =(1-CSI) (12)
for

lE—Alg/2Sl < lg —Alg/4

ic+ Aicld < i <iz+ Aig/2
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Fig. 3 Sample grid
around NLR-7301 airfoil.

Fig. 4 Comparison of two
grids generated around a cav-
ity without (X <0.0) and with
(X >0.0) using the present
marching distance functions.

Results

To present the new method developed here, a sample grid was
generated around the National Aerospace Laboratory- (NLR-) 7301
airfoil as shown in Fig. 3. For this grid, the surface clustering was
applied by using s,/ C =0.01 and &€ =0.1. The applications of the
grid control for the interior domain are also presented.In Fig. 3, the
additionally clustered lines in the 7 direction, the clustered lines in
the & direction above the front-half of the airfoil, and the rarefied
lines in the & direction above the trailing edge can all be easily
observed.

In Fig. 4, two grids developed around a cavity are compared. The
grid at the left side of the symmetry line (X =0.0) was obtained
without using the marching distance functions. For this grid, grid
lines crossed after the 19th n level. The grid at the right side of
the symmetry line was produced by using multiple controls in the
& direction. The grid line crossings were eliminated, and a con-
trolled interior point distribution was obtained. For both grids, all of
the other parameters were exactly the same. For these cavity cases,
some local imperfections were removed by applying a simple al-
gebraic smoothing procedure after completion of the hyperbolic
grids.

Conclusions

The marching distance functions, as presented here, can be used
when there is a need for interior domain grid control, such as in
problems with shocks or in problems with cavities where the gen-
eration of grids is relatively more difficult. They can also be useful
for the solution adaptive grid generation procedures.
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Ignition Mechanisms of Jet-A Fuel
Vapor in a Confined Environment
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Introduction

GNITION mechanisms of jet-A fuel vapor are of interest for

safety reasons during storage in aircraft fuel tanks. Fuel vapor is
present in the ullage (air space above the remaining fuel) of all fuel
tanks. Fuel vapor can accumulate in fuel tanks as fuel consumption
increases the empty volume in the tank. Under certain flight and
ground conditions, the fuel vapor mixed with the available air in the
tank is within flammable limits. Some recent work has been done
by Shepherdetal.,! but current data on ignition characteristicsof jet
fuels are far from complete. In addition, the ignition mechanismsin
confined environments with realistic probability of occurrenceneed
to be identified correctly and eliminated.

The necessitytoobtaindataonignitionmechanismsand so-called
minimum ignition energy of jet-A fuel vapor has recently been
reemphasized due to the highly publicizedincidentinvolving TWA
flight 800. Whereas the frequency of such an incidentis very small,
these events are unpredictable and catastrophic in nature. Also,
any measure that is taken to minimize an ignition event in aircraft
fuel tanks should be based on quantitative data on jet-A fuel vapor
flammability, as well as on an understanding of the origin of these
ignition events.

Ignition is a much explored area in combustion science, and nu-
merous studies have been devoted to characterizingignition of gas-
and liquid-phase fuels (see Refs. 2-7 as examples). However, stud-
ies of jet-A fuel vapor for applicationsin fuel tank safety have been
relatively few, uncorrelated with one another, and at times with in-
sufficiently defined test conditions. Only in the recent past have
more careful reports summarizing jet-A fuel vapor flammability
been published.!® Both the reports by Hill® and Shepherd et al.! in-
clude a review of the previous historical measurements’™!! of jet-A
fuel vapor flammability limits. Some of the factors that make the
use of the previous data on jet-A fuel vapor flammability difficult
are 1) undefined fuel batch flashpoint or other fuel characteristics,
2) variations in the criterion for fuel vapor ignition, 3) variationsin
the electrode configurations and spark deposition modes (spark du-
ration, etc.), 4) differences in the test chamber scale/geometry and,
therefore, fuel thermal conditions, and 5) undefined fuel loading or
variations thereof.

Recent data reported by Shepherd et al.! and Naegeli and
Childress'? offer more information on the jet-A fuel vapor ignition
limits under well-defined conditions. However, because the focus of
the report by Shepherd et al.! was on determination of the cause
of the TWA 800 accident, it did not necessarily include a coverage
of conditions generally applicable for all of the phases of a flight.
The work by Naegeli and Childress'? mostly involves a comparison
of different jet fuels and correlation with their chemical contents.

Here, we reporton ignitionlimits of jet-A fuel vaporas a function
of the fuel loading using conventional electrical sparks. In addition,
we present a much more relevantignition mechanism for accidental
ignition events involving electrical contact sparks and demonstrate
its capability to ignite fuel-air mixtures at very low voltage and
power settings.

Experimental Methods
Combustion Chamber
The combustion chamber consisted of a three-port, stainless-steel
chamber for atmospheric to vacuum operations. The chamber had
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