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j (x,y) =A00 +A20x2 +A02y2 +A40'^ +A22x2y2

+A04y2 +A42x4y2 +A24x2y4 ^A44^.y4

2) for modes antisymmetric about the x axis and symmetric
about the y axis:

f3 (xfy) =A10x+A30x3 +A12xy2+A50x5y+A32x3y2

+A14xy4 +A52x5y2 -\-A34x3y4 +A54x5y4 (12)

The actual solution to the buckling problem is the one of
these two expressions which yields lower values for NX and
Ny. Since only the lowest eigenvalue of Eq. (9) that
corresponds to the critical load is of interest, the iterative
collocation least-square scheme is the most appropriate. The
iteration process begins with N=Nx=rNy = Q, where r is the
ratio Nx/Ny and the iteration ceases when

(13)

where Nn_ is the eigenvalue after n cycles of iteration. In all
cases, this accuracy is reached within five iterations.

Results and Conclusions
Results for the buckling of clamped rectangular plates using

this analysis are tabulated in Table 1. Comparisons of results
are made with values obtained by Timoshenko and Gere8 for
the case of biaxial compression and by Levy9 and
Maulbetsch10 for the case of uniaxial compression. As can be
seen in Table 1, the present results are in excellent agreement
with the accurate Fourier series solution reported by Levy.9
The Ritz solutions reported by Maulbetsch10 and Timoshenko
and Gere8 appear to be the upper bound of the maximum
percentage difference between these values and the present
result is less than 2.5%. Figure 2 shows plots of simultaneous
critical buckling loads -Nx and Ny for aspect ratios R — alb
ranging rom 1 to 2. These curves are called interaction curves.
It can be seen from the figure that the point of intersection of
an interaction curve with the x axis gives the critical value of
NX for the case where Ny = 0. The intersection of the same
curve with the y axis gives the critical value of Ny when
Nx=Q. For the case Nx=Ny=N0, the critical buckling load
N0 is determined by the intersection of these curves with the
line which goes through the origin 0 of the coordinate system
and makes an angle of 45 deg with the horizontal axis.

The buckled shape of the plate under a given combination
of NX and -Ny for a particular value of alb is also indicated in
Fig. 2 where m is the number of half-waves in the x direction
and n is the number of half-waves in the y direction.

From the results presented herein, it can be concluded that
the distinct advantage of the least-square augmented
collocation method lies in the fact that it completely
eliminates the need for the tedious process of integration
generally associated with the Galerkin or Ritz type of
solution. Furthermore, in addition to its simplicity in
mathematical formulation, the collocation least-square
method has been demonstrated to yield accurate results that
converge rapidly and such results are independent of the
location and distribution of collocation points.
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Introduction

A LTHOUGH impinging jet flows have been studied
extensively, little information exists on the effects of

applying moderate suction along the surface of the developing
flows.1'2 The imposition of suction along the impingement
surface is an inherent feature of any drying installation
utilizing a combination of impingement and through flow—a
process whereby an impinging hot gas is drawn through the
moist permeable web by means of suction. This work stems
from the need to obtain experimental information on the
flowfield that would be helpful in interpretation of the role of
suction on impingement heat transfer.3

Experimental Facility and Procedures
The room temperature uniform jet issuing from a 20 mm

diam (dn) contoured inlet nozzle impinged concentrically on a
0.97 m diam plate of which the flush-mounted central section,
348 mm diam and 9.5 mm thick, was of porous Tegraglas.
The nozzle, machined according to ASME standards, had
elliptical inlet and square-edged exit sections. Tegraglas
porous (product of 3M Company) plate was chosen because
of its excellent surface smoothness and uniform permeability.
The outer ring of plexiglass served as an extended surface for
jet flow away from the test section. The permeable test plate
was mounted in a suction box with its top surface flush with
the edges of the suction box. The small clearance between the
walls of the suction box and the end of the test plate was filled
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with plasticine. A 19 mm wide strip of transparent Scotch
tape, placed over the plasticine and in contact with both the
edges of the test plate and of the suction box, prevented flow
through this area when suction was applied. Forty-one
miniature flush-mounted pressure taps, 33 of which were
located along the main traverse diameter (x axis) and the
remaining along the y axis, facilitated establishment of flow
symmetry along the test plate. Suction under the test plate was
provided by a centrifugal blower. The flow rate of the air
withdrawn through the test plate was measured with a
calibrated orifice installed in the suction line.

Measurements of mean velocity were made using a DISA
constant-temperature anemometer (55M01), the output of
which was linearized by means of an electronic linearizer
(DISA 55D10). Boundary-layer gold-plated probes (type
55P05) were used. Distances within the inner region adjacent
to the surface were measured in increments of 0.5 mm, but in
coarser intervals in the outer region. The worst possible error
associated with measurement of the distances is no more than
8%. The jet Reynolds number was fixed at 80,000, i.e.,
corresponding to nozzle exit average velocity of 60 m/s.
Additional information on the experimental program is
available in Ref. 1.

Results and Discussipn
A brief comment prior to discussion of the figures concerns

variations in the suction velocity Vw along the test plate. Since
through flow is achieved by maintaining a uniform reduced
pressure on the suction side of the test plate, it is unavoidable
that, because the impingement surface pressure decreases
radially from its maximum at the stagnation point, local
through flow must also vary in a similar manner. It is known
that small surface pressure variations can produce local in-
flows and outflows.4 Preliminary tests1 revealed no inflows,
probably because of the low permeability and the large
thickness of the test plate.

Figure 1 shows plots of the velocity distribution obtained at
two radial locations, r=80 and 120 mm, measured from the
stagnation point for Zn/dn = l2. Of the several trends that
may be noted on this figure, one that is readily predictable
intuitively is that suction reduces the boundary-layer thickness
[i.e., distance from plate O = 0) to the location of Um] and
correspondingly increases the velocity gradient near the wall.
The trend that is not so directly predictable is that Um is in-
creased in every case. Both of these effects combine to in-
crease the wall shear stress. Another feature is that the
velocity profiles with suction cross those without. This
consequence of continuity is not altogether surprising for it
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can be argued that, even if the total radial volumetric flow
rate were unchanged, any modification causing the velocity to
be increased near the wall must be compensated by a
reduction far from the wall. All of the characteristics noted
above were in clear evidence at all spacings and radial
locations studied.

Figures 2 and 3 are dimensionless plots of velocities ob-
tained at two radial locations for H=3 and 8, respectively.
The abscissa on each plot represents the height y above the
impingement surface measured in terms of d,/2, where
U(d1/2)-Y2Um and Um is the maximum velocity. The
theoretical curve of Glauert5 (for a =1.3) is shown on each
plot, while the experimental profiles at the 4 dn distance from
the stagnation point (Fig. 3a) are compared with the
r/Zn =0.18 results of Bradshaw and Love.6 It is useful to note
that the r=80 and 120 mm locations may be stated, respec-
tively, as r/Z^l.33 and 2 for Zn/dn = l (Fig. 2), and as
r/Zn = 0.5 and 0.75 for Zn/dn = 8 (Fig. 3).

Figure 2 establishes that, except very close to the im-
pingement surface, the no-suction results are adequately
represented by Glauert's profile for y/51/2 <1.2, in line with
the results of Poreh et al.,7 which showed that for r/Zn >0.75
profiles obtained at all radial locations collapsed into a single
curve. The present Vw = 0 results together with those of Ref. 6
provide justification for the conclusion that, for Q<y/5I/2 < 1,
the lower the r/Zn value, the larger the deviation of the ex-
perimental profile from Glauert's theoretical curve. The
consequence of applying moderate suction is clearly evident
and, in fact, the results follow two distinct trends, one for
r/Zn > 1.33 (Fig. 2) and the other for r/Zn <0.75 (Fig. 3). For
r/Zrt>1.33 the dimensionless profiles are not only in-
dependent of both the suction velocity and radial location, but
also exhibit little departure from Glauert's theoretical curve
for Q<y/dJ/2 <1. In the latter case, since the Kw = 0 profiles
for r/Zn <0.75 vary with radial location, it is not surprising
that the profiles show mild dependence on location and
suction velocity. Further, the profiles with suction deviate
from those without suction.

Figure 4 provides additional information on the effects of
varying Vw on Um (in m/s) and 81/2 (in mm). The horizontal
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axis r is in millimeters. The numercial values of the exponent
quoted on these plots correspond to the least square estimated
inclination of a straight line through the points for Kw = 0.

Figure 4a shows that the absolute increase in Um does not vary
greatly with r. It is of some interest to note that, for im-
pingement on an impermeable surface, Glauert's theoretical
prediction gave Umoc r~LM, while the experimental studies of
Refs. 8 and 9 resulted in exponents on r of -1.12 and
-1.122, respectively, all of which are close to the present
value of -1.17.

From Fig. 4b it may be noted that the suction reduces 51/2 by
roughly a constant amount, in sharp contrast with the trend
tabulated on Fig. 3 for Zn/dn = S. In general, for a given
radial location and suction velocity, the magnitude of the
reduction in 51/2 was found to increase with increasing spacing,
indicating a more intense effect of suction at large spacings.
This trend was also reflected in heat transfer results reported
in Ref. 3. For 1̂  = 0, 61/2 was found to be essentially in-
dependent of Zn/dn over the range of radial locations
(4<r/dn<1.5) studied. For instance, at r/dn=6 and for
Zn/dn = 3, 8, and 12, 51/2 values are (in the same order) 11.28,
10.78, and 11.25 mm. It is also of some interest to note that,
for VW = Q, d1/2<x rn (where « = 1.05), which is close to
Glauert's value of 1.02 for a = 1.3.

Baines and Keffer2 investigated the effect of suction on the
boundary-layer characteristics due to normal impingement of
a slot jet on a stationary surface. Their results do not modify
the conclusions of the present study. Specifically, application
of suction equivalent to 0.29% of the nozzle exit average
velocity displaced the boundary layer closer to the im-
pingement surface and caused about a 4% increase in Um at
about 15 slot widths downstream from the stagnation point.

Conclusion
Suction creates a larger volume of flow toward the im-

pingement surface, reduces the momentum boundary-layer
thickness and the wall jet half-width, and increases velocity
gradient near the surface and hence the wall shear stress. For
r/Zn>1.33, the dimensionless velocity profiles are in-
dependent of both suction velocity and radial location.
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