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TRANSONIC CONV-DIVERGING NOZZLE GRID
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Fig. 1¢ Convergence of velocity profiles at the nozzle throat: 80 x 80
mesh.
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Fig. 2 Pressure along the nozzle wall on 20x20, 40x40, and
80 x 80 mesh.

in 16 iterations. The numerical results for convergence are
shown in Figs. 2 and 3 for the pressure along the nozzle wall
and the u component of velocity at the nozzle throat, respec-
tively. They indicate that convergence of the numerical pro-
cedure is independent of grid size.

Conclusion

The line Gauss-Seidel relaxation procedures for solving the
compressible Navier-Stokes equations show very promising
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Fig. 3 u component velocity profiles at the nozzle throat on
20X 20, 40 <40, and 80 X 80 mesh.

numerical efficiency. The effect of grid size on convergence
of the method is tested. The results show that the method is
independent of grid size.
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Spacing of Streamwise
Vortices on Concave Walls

Jerry D. Swearingen* and Ron F. Blackweldert
University of Southern California
Los Angeles, California

Introduction

HE stability of streamwise vortices generated on a con-
cave wall by the Gortler mechanism is governed by the
parameter

Géo=(U.0/v) [O/R]*
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where O is the momentum thickness and R is the radius of cur-
vature. Hammerlin! and Smith? have shown that for
Gog >0.3, streamwise vortices are unstable and grow in the
downstream direction. According to linearized theory, the
streamwise vortices can assume any spanwise disturbance
wave number within a broad range available for amplifica-
tion. The existing experimental data tends to show, however,
that some preferred wave number disturbance is selected in-
itially from those unstable ones and is amplified with increas-
ing Gog while following lines of constant

A= (U,R/v)[N/R]*?

This gives rise to a number of questions; in particular, what
factors affect the initial selection of a preferred disturbance,
and can the selection be controlled in some way? The follow-
ing investigation was undertaken to explore these particular
points.

Previous experimental evidence on spanwise wavelength
selection for a boundary layer growing on a concave wall con-
sists primarily of the work of Tani,? Tani and Sakagami,* and
Bippes.® Tani found the spanwise wave number to be indepen-
dent of the streamwise location, freestream velocity, and the
spanwise test section dimension. This led to his conjecture that
the observed wave number is an inherent feature of the test
configuration, provided it is in the unstable regime. Bippes
found the spanwise spacing of streamwise vortices to be
dependent on the nature of the disturbance field, and that the
most amplified wavelength predicted by the theory could be
observed experimentally if the disturbances in the freestream
were made as isotropic as possible. The theoretical work of
Floryan and Saric® showed that the selection mechanism is
easily affected by deviations from ideal flow conditions. For
example, inhomogeneities in the mean flowfield, such as
residual streamwise vorticity, may result in spanwise
wavelengths different from the most amplified ones.

Evidence also exists that flat-plate boundary layers have a
preferential selection mechanism. A number of experimen-
talists have noted spanwise irregularities in mean flow proper-
ties within the boundary layer that can best be described by the
presence of streamwise vortices. An example of this is the
study of Anders and Blackwelder” who found spanwise varia-
tions associated with the vorticity to be independent of screen
properties, freestream velocity, and leading-edge geometry.
Using a perturbation analysis, Crow® found that a laminar
boundary layer is extremely sensitive to small spanwise veloc-
ity variations, which can result in a boundary layer having a
‘““‘wavy’’ character in the spanwise direction. The overall con-
clusion to be drawn from the previous work is that in-
homogeneities in the conditions upstream of the boundary
layer can lead to preferential selection of a spanwise wave
number associated with the appearance of streamwise
vortices.

Apparatus and Tests

The experiments were performed in a low-speed wind tunnel
specially designed so that the laminar boundary layer
generated on the concave working surface would become
unstable to the Gortler instability earlier than to the Tollmien-
Schlichting instability. The tunnel is an open return type in
which a variable speed 10,000 cfm axial blower produces the
required velocity in the test section. A small angle diffuser
(Y2angle< 3 deg) connects the blower with a 122 X 122 cm
settling chamber. The upstream portion of the settling
chamber consists of five removable frames, each having in-
terior dimensions of 122 x 122 X 15 cm, constructed to pro-
vide smooth interior walls. The upstream frame contains a
honeycomb section with cells 1 cm in diameter and 10 cm long.
Four fine mesh screens are attached to the remaining frames.
Downstream, a fifth-order polynomial contraction reduces the
flow area to 122 X 18 cm at its exit. The sidewall boundary
layers at the exit of the contraction are removed by auxiliary
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blowers through a 1.5 cm suction slot concentric with the test
section leading edge. The suction slot is perpendicular to the
mean flow and reduces the cross-sectional areato 119 X 15cm
at the beginning of the test section. This provides a distinct
origin for the boundary layer at the leading edge of the curved
plate, which is 240 cm long and has a 320 cm radius of cur-
vature. The concave working surface has a rounded leading
edge coinciding with the origin of the streamwise coordinate x.

Measurements of the streamwise static pressure distribution
show C, deviation along the test section center line to be less
than 5% for freestream velocities in the range 2.5-10 m/s.
Spanwise traverses of the freestream velocity show deviation
of less than 0.5% across the test section exclusive of top and
bottom wall boundary layers. Freestream turbulence level in
the working section was measured to be less than 0.07% U,
for all test velocities.

During these experiments, the freestream velocity varied
in the range of 2-12 m/s vyielding 3 <Gég<10, and
10°<Re,<5x10° for the streamwise locations explored.
Since the system of vortices produced by the Gortler instability
has no temporal variation of the streamwise velocity, the flow-
field was primarily studied by continuously traversing a single
hot-wire probe over a large spanwise distance. The probe was
mounted on a streamlined sled riding on the working surface
in order to maintain a constant y/§, position at all spanwise
locations and was used at a number of streamwise locations.

Results and Discussion

Initial results show that a system of streamwise vortices
fixed in space is found on the test wall as evidenced by a
periodic variation of the streamwise component of mean
velocity as in Fig. la. The observed spanwise wavelength is
roughly 2.3 cm independent of downstream location and cor-
responds to A~670. This information is in good agreement
with stability analyses of the Gortler problem and the ex-
perimental results of Tani® and Tani and Sakagami.*

Among the factors considered potentially important in the
selection of a preferred spanwise wavelength, those affecting
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Fig. 1 Spanwise distributions of mean streamwise velocity for
various freestream conditions at fixed y/6; =0.25 with x=82.5 cm
and U_, =5m/s. a) 24 mesh, 72% open screens, b) 40 mesh, 72% open
screens, ¢) 40 mesh screens but with the last screen having 44% open
area, d) three 40 mesh screens with blank insertion in last screen posi-
tion, e) 40 mesh screens with honeycomb removed.
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Fig. 2 Spanwise distributions of mean streamwise velocity at U =35
m/s, x=382.5 cm, and y/6; =0.25 for various perturbation schemes
(four 40 mesh, 72% open stilling section screens in place). a) no per-
turbation used, b) cellophane tape spacers 3.0 cm apart (the locations
of the tape spacers are indicated by the horizontal bars), c¢) tape
spacers 1.0 cm apart, d) 0.01 cm diam cylinders upstream of leading
edge at Re; ~ 7.0 with spanwise spacing of 4.0 em (tick marks indicate
the cylinder positions), €) cylinders 1.0 cm apart, f) 10 mesh, 56%
open screen in front of leading edge at Re, ~ 60.

the freestream properties were investigated most thoroughly.
A reference condition of U, =5m/s, x=82.5 c¢m, and
y/6; =0.25 was chosen for comparison of spanwise traverses
to detect the periodic variation of the streamwise velocity com-
ponent where §, is the nominal Blasius boundary layer
thickness. Figures 1a and 1b show results taken with two dif-
ferent sets of settling chamber screens having 24 and 40 mesh
sizes but with the same open area of 72%. It is obvious that
the details of the peak and valley structure change substan-
tially between the two; however, it is difficult to discern a
significant difference in the spanwise wavelength. This typical-
ly occurred every time the last screen was changed, i.e., the
pattern changed notably but the average wavelength remained
constant. Figure 1c shows a traverse with the 40 mesh screens
but with the downstream screen replaced with one having 44%
open area. Again, the spanwise wavelength remains essentially
unchanged. The effects of several other changes are also noted
in the figure. Removing the third screen, moving the last 40
mesh screen upstream, and inserting an empty frame in the
last position increased the effective damping length for the
residual turbulence by 300 mesh lengths. Figure 1d indicates
that there is no difference in the observed spanwise structure.
Similarly, Fig. le indicates that removal of the honeycomb
section upstream of the screens did not alter the spanwise
wavelength although a substantial increase in freestream tur-
bulence level was noted.

The effects of freestream velocity and test section transverse
dimension on the spanwise wavelength also were tested.
Although not shown, a change in velocity over the range
2.5-10 m/s appeared not to change the spanwise wavelength
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substantially. Likewise, by inserting false walls, a reduction by
a factor of 2 in the spanwise test section dimension did not
alter the wavelength or spanwise pattern.

Different perturbation schemes were investigated to deter-
mine their effect on the selection of a preferred spanwise
wavelength. Figure 2 shows the results of these various
schemes using a reference condition of U, =5 m/s, x=282.5
cm, and y/6, =0.25. For comparison, Fig. 2a gives a traverse
using no perturbations. Figures 2b and 2c¢ utilize the technique
of Klebanoff et al.® of placing cellophane tape strips on the
solid surface to position the boundary layer’s spanwise varia-
tion. Strips of 0.008 cm thick tape 0.5 cm wide by 1.9 cm long
were installed on the concave plate surface 1.0 cm downstream
of the leading edge for various spanwise spacings. This x loca-
tion yielded a Gortler parameter of approximately 0.25, which
is near the minimum value needed for instability. With the
tapes spaced 3.0 cm apart, i.e., greater than the measured
natural wavelength, Fig. 2b shows very little change in the
observed pattern. Note, however, that a small amount of addi-
tional structure appears to be added. In contrast, a spanwise
perturbation having a wavelength less than the natural
wavelength affects the spanwise structure substantially. In
Fig. 2c, the measured wavelength is approximately 1.0 cm,
which is the same as the tape spacing. Disturbances in the
upstream flowfield were obtained by placing 0.01 cm diameter
cylinders at selectable spanwise locations upstream of the test
plate in the contraction. The Reynolds number based on
cylinder diameter was ~7.0. This novel technique produces
streamwise vortices when the vortical wakes of the cylinders
intersect the leading edge and are stretched by the boundary
layer. A cylinder spacing of 4.0 cm, i.e., greater than the
natural wavelength, does not substantially alter the overall
spanwise structure as seen in Fig. 2d. However, the additional
streamwise vorticity imposed by the cylinder wakes is clearly
visible as they form narrow regions of low-speed fluid
superimposed on the naturally occurring structure. On the
other hand, a spanwise spacing of 1.0 cm gives a fairly
uniform periodic variation in Fig. 2e approximately cor-
responding to the cylinder spacing.

One additional means of controlling the spanwise wave-
length was investigated. Earlier results of Bippes® showed that
a disturbance wavelength close to the most amplified one
could be forced in the boundary layer using screens placed
upstream of the plate’s leading edge to create an isotropic
disturbance field. Schubauer et al.!® showed that screen
disturbances are damped below a critical Reynolds number
depending on the screen solidity ratio. This effect was studied
by placing a 10 mesh, 56% open area screen in the contraction
upstream of the test plate at two locations, one above and one
below the calculated Re, =50. Figure 2f shows the spanwise
pattern found for Re>Re.;. The measured spanwise
wavelength approximately corresponds to the value predicted
by linear theory as the most amplified disturbance. Similar
results for the subcritical case suggest that the screen’s
Reynolds number is not an important parameter. The screen
results are in good qualitative agreement with the findings of
Bippes.

Conclusion

Various conditions affecting the selection of a preferred
spanwise wavelength in the establishment of streamwise vor-
tices by the Gortler instability mechanism on a concave wall
were studied. The principal results are: 1) A system of stream-
wise vortices fixed in space evolves on the test wall roughly in-
dependent of Reynolds and Gortler numbers. 2) The spanwise
wavelength appears to be independent of screen geometry, test
section spanwise dimension, effective turbulence damping
length after the last stilling screen, or the presence of
honeycomb in the stilling chamber. The measured spanwise
pattern does, however, depend strongly on the last settling
chamber screen. 3) Perturbations of the freestream properties
can affect the observed spanwise wavelength to a certain ex-
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tent. The boundary layer appears to be most responsive to
disturbances close to the most amplified ones.
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Formulas for Venting or Charging Gas
from a Single Volume

H. T. Yang*
Hughes Aircraft Company, Canoga Park, California

Nomenclature
_[ 2 <k+1> k+1]'/z
R (S T N R |

Ay =throat area
Cp, =discharge coefficient

[k( 2 >(k+1)/(k—l):|'/z
@ Tl e

k =ratio of specific heats
P =tank pressure
P, =final tank pressure
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P;  =initial tank pressure
P, =pressure upstream of nozzle
P, =pressure downstream of nozzle
R = gas constant
T, =final tank temperature
T, =initial tank temperature
T, =temperature upstream of nozzle
t =time
V  =tark volume
Introduction

N working on problem 4.28 in Ref. | and later on the

nitrogen leakage from an inertial sensor assembly (ISA)
and the helium flow in a pneumatic actuator system (PAS),
the author developed formulas for the pressure in a venting
gas tank as a function of time. The formulas are simple for
choked flow, but rather complicated for the unchoked case.
However, it is stated in Ref. 2 that ‘“for subcritical (un-
choked) flow the equations cannot be solved as easily but
can be evaluated by graphical integration.”” The purpose of
this Note is to present analytical expressions for the integrals
appearing in Table 3.10.5a of Ref. 2, which was adapted
from Ref. 3.

Integrals in Time-Pressure Equations
Based on the energy balance of the isentropic charging a

perfect gas into a given volume, the time required for critical
flow as given in Ref. 2 (based on Ref. 3) is

- 1% (Pf P,) @
T kRC,CprANT, \ P, P,

P 2\ K (k=1)
05—5( )
P, k+1

and for subcritical flow is

at

fom ¥ 1 S‘Pf/’)l [( P)Z/k
e kRC,CpANT, a PPy ?1

(P (k+l)/k:|-‘/zd< P
“\B ﬂol ' @

at
Q/k+DME-V<p/P <1
The corresponding times for isothermal charging are
WT, (P, P
G (7 ) @

VT, 1 Spf/Pl [( P )2/k

C,CLART, a P,

_(%)(k+l)/k]—%d<%> @

To carry out the integration in Eqgs. (3) and (4), we let

Ly =
PP,

x=(P/P))~ k=
the integral simplifies to

. k Sxf dx
T k—1dx X -1




