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INVESTIGATION OF THE BEHAVIOR OF PARALLEL
TWO--DIMENSIONaL AIR JEIS

By Stanley Corrsin..
SUMMARY

An investigation was made of the flow downstream from a
Htwo~dimensional® grid, formed of parallel rods., The two-
dimensional character of the flow was iasured by end plates
normal to the rods and covering the entire flow field.

The jets issuing from between the rods were found to be
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v
unstable for the grid density used (A = g
\ total arca /

and possible methods of stabilizing the flow were investigateda
Stability was achieved by two methods: (1) by the installation

of a high-resistance, fine-mesh damping screcén downstream from

the rods within a certain range 60f positions; (2) by means of a
large lateral contraction immediately dovmstream from the rodse
Doubling of the initial turbulence in -the jets coming frem between
the rods had no noticeable effect on the flowe k

The nature of the flow was determined primarily by means of
total-head measurements. Provision was made for heating the rods.
and temperature distributions were measured in the unstable and
the screen—stabilized configurations, Turbulence level distridbu-
tions were also measured in the latter case,

Preliminary tests were made in both the closed—duct and the
open, two-dimensional configurations; but it was found that the
same phenomenon occurred in both cases; so no side walls were
used in the setup for the final measurementse
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INTRODUCTION

It is known that under certain conditions, Hot yet established
quantitatively, the flow downstream from a grid is unstable. The
instability results in a rapid amalgamation of adjacent jets is-
suing from the open parts of the grid.

In order to simplify the investigation of this phenomenon,
a field of parallel tvo~-dimensional jets was used rather than a
field of three-dimensional Jjets, such as would occur bchind a con-
ventional square mesh gride

There is, of course, no basic difference between a field of
parallel two-dimensional jets and a field of parallel two-dimen-
sional wakes. It is the usual convention, when the flow field
in question has been set up by a grid made of one row of parallel
rods in an air stream, to describe this field as composed of jets
if the grid density is high, and of wakes if the grid density is
lows The grid density, or solidity, is defined as the ratio of
blocked area to total area.

Apparently the first published systematic measurements behind

.2 row of rods were made by R, Gran Olsson (referecnce 1) in 1936,

However, his grid densities were small (Apax =0025) and in addi-

tion, his mean flow was not kept two-dimensional since there were
no end plates normal to the rods to prevent inflow parallel to
the rods. The maximum jet aspect ratio was 33, Thus, he found
no instability, and, in fact, he was concerned only with the
problem of mixing in fully developed turbulent flowe ‘

Gs Cordes (reference 2) investigated essentially the same
problem as Gran Olsson, and met with no instability for the same
two reasonse

Both of these investigators presented theoretical solutions
for the (stablc) fully turbulent flow behind parallel rods, based
on the momentum transfer theory, with Prandtlfs suggested extended
assumption for the exchange coefficient {(refercnce 3), involving
the use of two mixing lengths,. Later, T, Okaya and M, Hasegawa
(reference 4) elaborated somewhat on the Gran Olsson and Cordes
theoretical analyses,

As far as can be determined, experimental evidence of the
occurrence of instability behind, effectively, a row of rods, was
first published by D, C. MacPhail (reference 5) in 1939. HacPhail
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was concerned with obtaining uniform flow in a duct which followed
a simultancous 90° bend and sudden expansion, He found that the
use of corner vanes alone resulted in chaotic flow dovmstreanm

when the vanes were relatively close togethere Then he observed
that the introduction of a fine-mesh, high-resistance screen down-
strecam from the vanes resulted in considerably improved flows
However, MacPhail apparently did not intcrpret the phenomcnon as

a stability problem,

In 1940, J. Ge von Bohl (recference 6) published the rcsults
of measurements in the flow behind rod grids in a closed duct,
He was specifically concerned with the stability of the flow and,
by sufficient variation of the grid demsity, succeeded in obtaining
both stoble and unstable casess He made no attempt to stabilize
the normally unstable flowe In the same papecr, he presented an
analysis based on the small perturbation method, which gave quali-
tatively the correct result, that is, that the degree of stability
decreases with incrcasing grid density.

Bohl's analysis began with a sinusoidal velocity distribu-
tion in the main flow, and a small superimposed sinusoidal dis-
turbance of wave length considerably longer than thc original.,
Working with the first two equations of motion, he effectively

assumed the exchange coefficient € ~ i and used thc extcnded
Prandtl form of € (refcrence 3)o After scveral coordinate trans-
formations' he obtained an ordinary diffcrential equation of fourth
order for the amplitude of the disturbance functions This could
be solved by a series which unfortunately diverged in the neighbor-
hood of the grid.s Therefore, he divided the x-axis into a series
of sections, taking the coefficients of the equation constant over
each section, and obtained exponential solutions for each scction.
He then carried out the theoretical calculations for two of the
grids tested, and got a qualitative check betwecn theory and
experiment,

Although the physical justifications for some of Bohl's
simplifications arc not clear, the analysis is worthy of notice
as the first onc published on this problem, and because the results
are indicative at lcast of a possible method of attacke.

The matter of flow stability bechind a grid is of importance
in scveral practical problemss The applicability to heat exchanger:
is obviouse Corncr vanes in ducts or wind tunnels, especially with
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simultaneous turning and cxpansion, may cause instability, as
illustrated in MacPhaills experiments, Furthermorec, the flow
behind slatted dive brakes on an airplane may also be subject to
this type of instability, and may be associated with scvere aileron
or tail buffeting.

The present investigation, conducted at the California
Institute of Technology, was sponsored by, and conducted with
financial assistance from, the National Advisory Committee for
Aeronauticse The work wns carried out under the general super-
vision of Dr, Th, von Karman and Dre Ce Be Millikan, whose inter-
cst is gratefully acknowledged. Particular thanks are due to
Dr. Hans We ILiepmann for his invaluable advice throughout the
rosearch,

-

SYMBOLS

x distance in direction of tunnel axis, measured from plane
of rod faces

¥y  lateral distance parallel to rod faces and perpendicular
to slots, measured from tunnel center line

2 lateral distance in slot direction
U axial component of mean velocity (with respect to time)

u axial component of instantaneous velocity fluctuation

/
'8
u'=/4

%% turbulence level

H total head

A grid density = 3overed arca

» total area

T temperature, °C
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EQUIPMENT

Acrodynanic Setup

The wind tunnel used in this investigation is essentially
the same unit as wos used in previous tests on a single axially
symietrical jet (reference 7)s Figure 1 is a schematic diagranm,
approximately to scale, of the tunnel as medified, The principal
difference is the installation of the new ‘nozzle plate" to give
a row of seven parallcl two-dimensional jets. 4&n enlarged cross-
sectional view of thc nozzle plate, which is constructed of a rew
of brass rods, is given in the samc figurec, as wcll as a dimen-
sioned cross section of a single rod: Although thc aspcect ratio
of the slots is 40 (8 by 0.2 in), it was found that end plates
(dotted in figs 1) over the ficld of flow were nevecrtheloess
necessary for maintcnance of the two-dimensional charactoer of
the mean flows The two-dimensicnality was checked in both stable
and unstable cases by a comparison of traverscs made at different
y-positions, Figures 2 and 3 show the unmounted nozzle plate
photographed from the upstream side. Figure 4 is an over-all
vicw of the tunnel from the downstream end, showing the end plates,
the motor-driven traversing screw (details in roference 7), and the
damping screen near the nozzle plate, Figure 5 is a close-up show-
ing the scrcen mounting more clearly, as well as thc end plates
and the fine total-hcad tube. The nozzle plate can be seen through
the screen; which is at x = 1% ‘inches in this figure. The rubber
tubing on the right carries the tunnel reference static pressure.

The brass rods can be heated electrically to permit a com-
parison of downstreanm temperature distributions in the unstable
and the stabilized casess

Onc method of stabilizing the flow was the introduction of a
high-rosistonce, finc-mcsh (65 per in.) damping screcn a small
distance away from the face of the nozzle plate (fiey 5)s Tho
screen extends latcerally well into the region of stationary air
on both sides of thc jet systems The screen is made of rayon, and
its degrec of rcgularity can be judged from the center of figure
18A: lens aberration has distortcd the cdges of the field appre-
ciablys, The thread diameter-averages 0,004 inch, giving a screcn
density of 0052, The closcd-duct resistance coefficient, computed

&p

from the results of Eckert and Pfluger (reference 8), is == = 3,0.
qQ
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This coefficient is the ratio of the pressure drop in the air
passing through a section of the screcn stretched across a closed
duct, divided by the dynamic pressure of the flows In a free Jet,
with essentially the samc static pressure at some distance on both
sides of the screcn, the loss of dynamic pressure through the
screen was about 90 percent of the initial dynamic pressure, at
least in the low-specd range used in this investigation,

In the case of a single free circular jet passing through
the damping screen placed about in the planc of the vertex of the
potential cone, where the jet begins to approach the "fully
developed" condition, the incrcase in width was on tho order of
60 percent; the characteristic lateral dimension chosen was the
diamcter of the cirele on which the velocity was half the maximum
value at the secctions However, with the screen placed at a scc-
tion well into the potential cone (c.gs, at x = r, the radius
of the nozzle mouth) the spread was only about 20 percent,

Provision was made for the installation of straight vertical
sidc walls betweon the end plates, but preliminary runs showed
that the flow phenomena were identical in the closed-duct con-
figuration and the two-dimensional free Jjet configuration; there-
fore all final tests werc run with the latter, more convenient,
arrangcment .,

4 typical section of the downstrcam contraction uscd to
stabilize the flow is sketched in figure lo Thc two rigidly
curved walls, circular arcs of 11§-inch radius, were hinged at
the cdges of the nozzle plate to permit free adjustment of throat
S1l2ZeC,

Measuring Equipment

Total-head measuremcnts werc the principal means of investi-
gating the behavior of the flowes Both total head and temperature
were photographically rccorded, using a hypodermic ncedle total-
head tube and a copper-constantan thermocouple, rcspectively. The
auxiliary equipment, including automatic traversing unit, is des-
cribed in reference 7, The average traversing time was 20 minutes,

.In many of the total-head distributions, negative readings
are rccorded. These are, of course, regions of lateral or of
reversed flow, the former being of more froquent occurrcnce.
Figure 6 is a directional calibration of the total-head tubes
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The lovel of the turbulence in the mean-flow direction alse
was recorded by the continuous photographic method, usin< the
1izht bean reflected from a wall galvanometer to the :oving son-
sitized papers The hot-wire anemometry equipment is described in
reference Te

Since each turbulcncc level traverse was run continuously,
it was necessary to use an average of the corrcct values of
resistance in the compensation circuit of the amplifier. In
order to get a measure of the error introduced by this method,
one segment of a turbulence-level distribution was also run with
the conventional point-by-point procedurc. The rosults of the
two mothods, given in figure 7, show surprisingly littlc divergences
Phis is bocause the hot wire was run at the relatively low average
temperature difference of about 75° C above room tempcrature,

Some preliminary measurcments of flow dircction were nade;
the instrument cmployed was a small rotatable unit carrying a
heated wire, and a thermocouple comnocted to a gnlvanomctcer
(fige 8)e At each test point in the flow, this unit is rotated
until the position of maximum galvanometer deflection is rcached,
corresponding to a thormocuple position in the center of the heated
wirc wakee. The angle is measured electrically with the help of a
amall rhoostat mounted directly on the instrumente Howeover, no
extensive dircction surveys werc carried out since the results did
not justify the time neccessary for such measurcmentse

MEASUREMENTS

Unless othorwise described, all measurcnents werc made with
unheated rods and with the two-dimensional open-jct configurations
that is, with end platcs but without side wallse The following
principal measurements arc included in the report:

1. Total-head distributions at a scries of x~positions in the
norrnal unstable flow. Theose show the combining of adjacent jctse

2. Flow-direction traverses at given x-positions in the
unstable flow, which also show the combining of adjacent jetse

3. A sceries of total~head distributions with the end platoes
removed, to illustrate the effect of permitting entrainnont of
air into the "dead air® regions between jetse
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4, A scries of total-head distributions with the stebilizing
screen in different representative positions, to demonstrate its
effects In cach case, traverses were made at a scries of x-stations
downstream from the screen,

5 Simultaneous turbulence-level and total-head distributions
at a series of x-stations in a typical screen-stabilized flowe

6. Total-head distributions at the throats of various side
wall contractions (closed duct arrangement), downstream from the
rods, to show the effcecect of immediate contraction en the stability
of the system,

Te Sinultaneous temperature and total-head distributions at
a series of x-stations in the unstable case with heated rods, to
give a comparison of the spread of heat and of momentun.

8¢ Sinultaneous temperature and total-head distributions at
a series of x-stations in a typical screen-stabilized case with
heated rods, to give a comparison of the spread of heat and of
nonientum, and to contrast with the unstable casecs

RESULTS

In gencral, the experimental results presented in this report
are qualitative rather than quantitative, in that no attempt has
been nade to correct the nunerical values for disturbing effects,
although the measurcncnts have becn nade carcifully. Specifically,
the total-head readings were affected by both turbulence level
and variations in mean-flow direction, and hot-wire readings of
turbulence level probably began to lose accuracy for

1

A greater than about 20 percent (rcference 7, appendix)e.
U

Since this was principally a phenomecnological study, the air
velocities were chosen for convenience of recording. Except where
a different value is specifically given in the text, all runs with-
out demping screen were made with a tunnel reference pressure (up-
strean from the rods) of 0,095 pound per square foot, while all
runs with the screen in place were made at a reference pressure
of 06380 pound per square foot.
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The rods were heated only for runs in which temperaturc
neasurenents were madee A comparison of the total-head traverses
taken with and without heat shows no appreciable difference in
the flowse Also, the resulting air density variations are ap-
parcntly negligible in their effect on the reading of total head.
Turbulence level was neasured with the rods unheated since teon-
perature fluctuations would affcct the hot-wire outpute

The principal experimental result was the observed instability
of the system of two-dimensional jets issuing fronm the slots in a
grid made up of a row of parallel rods, with a grid density of
0683¢ he instability consisted of a grouping togcther of adjacent
Jets immediately after their exit from the slots, resulting in
wildly eddying flowe Adjacent groups then jeined, and at a very
short distance from the nozzle plate, the flow was no longer iden-
tifiable as having originated from a regular row of slots. The
phenonenon was nonstationary in the sense that the sane pairs of
adjacent jets did not always unite first, This fact shows that
the phenomenon was not caused by mechanical imperfections in the
nozzle platec Fortunatcly, a single flow configuration usually
was maintained for a long enough time to permit at least one
traverse, and often for considerably longers

Figure 9 is a series of lateral total~head travcrses at
different downstrean distances, for the same flow configuration
(reference pressure = 0,285 1b/sq ft), In this casc, the flow
started out as seven uniform, cqually spaced jets (for =x =1/2
in., see, for instance, fig. 19). Alnost irmediately, jet 1
combined with jet 2, jet 3 with jet 4, and jets 5 and 6 with jet
T (e, 90}y Then, jet 1 ~ 2 combimed with jet 3 « L (Fize 9D):
and finally, jet 1-2-3-U joined jet 5-6-7 (fige 9F), At x = 10
inches, the flow looked as if it had originated from a single jets

The drawing of the nozzle~plate face is to the samne lateral
scale as the total-head distributions,

The two reccorded alternative flow configurations resulting
fron the instability are compared in figure 10, It is seen that
they were essentially mirror images, one with the two-two-three
initial combination groups and the other with three-two-two. The
third, symnetrical, possibility, two-three-two, was encountered
only once during the investigation, and then only for a part of
onc traverse,
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This prompt joining of adjacent jets naturally involved
considerable deviations of individual jets fron flow in the
dircction of the x~axis, Figure 1l gives the results of the
direction measurenents mentioned previously. The spacing and
length of the vectors have no significance; only flow direction
is representede It should be remarked that the traverse at
x = 2 inches clearly corresponds to the reverse unstable flow
configuration fron figure 9D.

The jets were partially stabilized by the removal of the
end plates, permitting a net flow into the systenm along the third
(z) axis (fige 12). '

Corplete stabilization of the flow was achieved by the in-
troduction of 2 fine-nesh, high-density screen parallcl to the
face of the nozzle platc and anyvherc between 1/4 inch and 1%
inches downstreanm from its The screen characteristics are des-
cribed in the previous section, ZFigures 13 and 14 show a series
of total-hend distributions for screen positions in the stabilizing
range, All traverses are downstream of the screen., The narrow
irregularities that disappcar with incrcasing X arc apparently
the fine-mesh screen jets in the process of combining with each
other. Thus, the screen jet system itsclf secms to be unstable.

As the danping screen was moved farther than 1} inches fron
the nozzle plate or closer than 1/4 inch, the stabilizing effoc<
tivencss decreased. Figure 15 is a sct of total-head distributions
bchind the screen placed at x = 2% inchese ' The first traverse
was run very close to the damping screen so that the individual
screen jets are still distinct,. '

Setting the screen at x =0, against the face of the rods,
had no stabilizing influence on the flows The principal effect
of this arranzcnent was nerely to increase the turbulence level
of the jets prior to mixinge The same effcct was achieved by
introducing a coarse grid (1/8-in, mesh, 1/16-in, wires) into the
tunnel 2 inches upstrecan of the leading cdges of the rodse This
arrangencnt also had no noticeable stabilizing infiuencee Due to
the high contraction of the flow passing between the rods, this
l/S—inch grid only doubled the initial turbulence level in the
Jjet potential cones; raising it from 0,30 to 0¢55 percente

The sccond successful method of stabilizing the fiecld of
jets was the installation of a lateral contraction immediately
downstream from the rodse The total-hcad distributions in figure
16 werc measured at the throats of threce contractions, with area
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ratios of 2,051, 2,731, and 6.7:l. It can be seen that with the
highest contraction ratio the center nminimun has disappeared,
apparently indicating a completely stabilized flows

In the screcn-stabilized flow, the turbulence-level distribu-
tion becomes uniform as rapidly as the velocity distribution. The
illustrative curves of figure 17 arc measurecnents of the square of
the turbulence level, which is the quantity registored by the ther-
nocouple and wall galvanometer combination at the output of the
amplificr, Physically, this is a mecasure at each point of the
ratio of fluctuating kinetic encergy in the ncan~-flow dircction,
to nean-flow kinetic cnorgye. As was to be expected, at snall
values of x, where the scparate jets werc still distinguishablo,
the turbulence maxima coincided with the velocity mininma, which
werey, of course, thc mixing rcgions betweon jetss The reason for
the decreased turbulence lovel in the mixing regions between jets
1l and 2 and jets 6 and 7 is not evidents

o turbulence-levcl ncasurements were made for the free
(unstable) jots, since the wildly eddying flow resulting from
the instability cannot bc rcgarded as developed randon turbulences

In the course of the investigation it was found that the col-
leocting of dust particles on tlhic damping screen decreased the degree
of stability of thc downstrean flow. The dust was nainly carried
in the wind tunnel air strcam, and thereforc was concentrated on
the damping screen in seven narrow strips where the air from the
scven slots impinged upon ite Figurc 18 shows the effect of screen
dust upon the total-head and turbulence distributionse The micro-
photograph of the dusty screen indicates that the total blocking
areca of the dust particles was not large. hus the instability
was probably due to the irrcgularity of the resistance rather than
to any increcase in the magnitude of the resistances

Heating thec brass rods gave the opportunity for a comparison
of tcmperaturc distributions corresponding to unstable and stabilizced
flow, as well as furnishing a comparison of total-head and tempora-
turc distribution in each of the two casese Figurcs 19 and 20 arc
traverses in the unstable and the screen-stabilized case, respec-
tivelys The rod temperature was lower in the latter case due to
higher air velocity, with identical clectrical heating in thc rodse
Since these were cases with cool air blowing past Meated rods, the
temperature ninima coincide with the vclocity naxima, In the frece
Jet tests it was possiblc to get sufficicntly closc to the nozzle
plate to record the tenperature naxima in the air that had been in
the boundary layers of the rods (fige 194). It should be remarked
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that the unstable configuration in figures 194 and 19D is opposite
to that recorded in 19B and 19C, The tomperature distributions

in the stable and unstablc cases show considerably lecss contrast
than do the corresponding velocity distributionse

Far downstrcam, measurements in both stable and unstable
cascs checked the known result, that in a region of turbulent
nixing, with temperaturc differences, the heat sprecads more
rapidly than the nomentun (rcferences 7 and 9)s

DISCUSSION

The physical nechanism of this instability of rultiple jot
systems seons to hinge on the entrainment of air by the individual
jets from the dead air regions between thems An hypothesis is as
follows: the entrainnent reduces thc static pressurc between jets,
tending to forcc them together. As a jet sprcads out downstream,
it bchaves like a diffuscr, so that its center-line static pres-
surc increases downstreari. The preossure differcence betwecn the
jots and the air between then is balanced by divergent curvature
of thc jet streamliness Thus, for given air jets, wider spacing
requires a reclatively greator diffusion angle of the individual
jets before adjacent oncs touch; and when the spacing is suffi-
ciently great (iece, for great cnough grid density), the necessary
sngle is prohibitively large, resulting in a breakdown of the flowe

Sone very rough static pressurc neasurcnonts by Bohl indicatoe
a distribution sinilar to that described.

The presont investigation gives no indication of the critical
value of grid density, A,ny and of its possible variations with

changes in initial or boundary conditionse Bohl found Acr be-

tween 0.37 and 0.4b, the densitics for his stable case and nininum-
density unstable case, rcspectively, His grids were made up of
flat, sharp-ecdge wooden slats sct normal to the nir stream, and

Aer mDay be a function of rod shape, and also a function of rod

Reynolds number,

The liniting casc of A = O corresponds to a uniform flow
with no obstruction, and is, of course, stablc, The other linit,
A-=1,0, can bc approached either by decreasing the spacing of
given rods or by increasing thc spacing between given jetse Th i
the jet welocity is fixed as A approaches unity; presumably well
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above Agp; the system would probably remain basically unstable

in both cases, although a long timc would be rcquired for the
entrainnent of sufficient air to cause thc necessary pressurc
reduction between the jetse The single two-dimensional jet in
an infinite stationary field is;, of course, stablce

This type of instability is also to be expected in the field
of jets behind a conventional square nesh grid of sufficient den-
sitye As pointed out previously, the total-head distributions
behind the danping screen clearly show the joining of the small
jetse In the flow behind square mesh grids, then, it is to be
anticipatod that at a given number of mesh lengths dowmstreanm the
turbulence level should be appreciably higher after an unstable
jet system than after a stable systeme

A scries of ncasurenents of the decay of turbulence behind
several grids in a wind tunnel was made several years ago by
Se Atsuni at the GALCIT, The mesh sizes varied from 1/8 inch to
1% inches, and densitioes from about 0s3 to Oe7e The following

}
table gives the values of SR 75 mesh lengths downstream fron

the grids, The readings have been correctcd approxzinately for
the finite length of the hot wire.

TR R Turbulence
level !
i Mesh | Rod 3 X
i length, | diameter, | Density, o 5
i M d A nl
U
(percent)
| 0450 0,08l 00308 1o 33
) 2105 0376 1,36
i 1000 025 ! 9)4-38 1333
I 3 :
[ LaBD 50 2 0556 178
' |
| 125 <05 | 677 Todd
| |
: 250 023 ; - 708 ; 3632

e« ¢ e s 8 4 % e ot e




14 NACA ACR No, U4H2U4

This set of values seems to confirm the existence of at least
a critical region of A for the flow behind squarec nesh grids,
betwcon perhaps 0.5 and 006, This is somewhat higher than the
range found by Bohl for his particular arrangement of rod grids,
but there is no reason to anticipate quantitative agreement be-
tween the two casese

The hypothesis that the individual jets act like diffusers
is furthor supported by thec experimentally proved possibility of
stabilization by ncans of a downstream damping screen, However,
the detailed mechanisn of this stabilization is not irmediately
evidento*

MacPhail (reference 5) also found that it was nocessary to
install the damping scrcen a finite distance downstream from the
corner vanes in order to get the most uniform resulting flow.

He suggested that this gap between vanes and screen was nccessary
to permit lateral flow for rcarrangencnt of the (supposecdly) irrcg-
ular flow before the screen. However, his velocity neasurcments
indicate greater regularity upstrcam of the screcn than cxisted

at the same region with no screen in the flowe This was also
definitely found to bc¢ the case in the present investigatione.

It should be renarked that MacPhaill's sct of corner vanes,
although nade of shect met2l, acted as a high-density grid because
they were stalledo

In connecction with the attainment of stable flow by means
of a contraction, it is intcresting to note that for the measurcd
stable case (fig, 16C) the throat arca is very nesrly equal to
the sun of the arcas of the soven initial jotss Possibly the
amount of contraction necessary to achicve stability is related
to the net effective diffusion in going from the sum of the initial
jet arcas to the throat aren,

The fact that an increasc of frce-stream turbulence level in
the jets had no noticeable effect on the stability is not surpris-
ing since, in general, turbulent mixing has been found to be inde-
pendent of the initial turbulence (reference 10, ps 20); and the
turbulent mixing at the edges of the jets controls the entrainment
of aire

*¥It has been suggested by members of the NACA technical staff
that the stabilizing effect of the damping screen may perhaps be
attributed to an effective decrease in A due to forced spreading
of the individual jetse
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Removal of the end plates did not stabilize the flow com-
nletcly because of the high asnect ratio of the jets, which tends
to keecp the flow to=dimensional at the center. In figure 12,
although the jet system shows increased over-all regularity as
contrasted with the completely unstable case; there exist smaller
scale irrecgularities that were not present in the latter flow.
These irregularities arise with the removal of the end nlates,
and arc apparently due to the semistable nature of the flows
They arc obviously not random turbulence; the treverses of figure
17, for example, show that the total=head tube does not follow
the ropid fluctuations of fully developed turbulent mixing. Thus,
these irregularities are actual changes in local mean veclocity,
nrobably due to intermittent existence of the stable and the un-
stable flow configurations. With lower jet aspect ratios, the
average flow pattern would probably annroach more closely to the
cormpletely stable casc, while higher jet aspect ratios would lead
to a flow morec nearly like the completely unstable case of figure 9.

The flow behind slatted airplane dive brakes nay be of the
type of figure 12 whon the slats are built parallel to the wing
surface and therefore set up jets of high aspcct ratios Aileron
or horizontal tail buffeting appears to be rnost serious for this
arrangenent, which is reasonable in view of the orientation of
the two-dimensional eddies or vortices arising from the flow
instability. This difficulty has becn at least partially solved
in actual proctice by two methods: (1) by the use of a "picket
fonce" type of slatted dive brake, with the slats perpendicular
to the wing surfacc; this not only rotates the axes of the vortices
to a lecss dangerous oricntation, but also pormits a decereasc in
the aspect ratio of the slots betwcen the slats; and (2) by the
use of a squarc mesh grid as a dive broke, thus eliminating the
two=-dimensional naturc of the cddiecs. The nesh size should be as
anall os possible in order to give rapid decay of the downstrean
turbulence developing out of thesc instability cddies.

Pluctuations downstream of a brake could be reduced by
decroasing the solidity to a value below the critical, but high
cnergy losses arc desirable; so a corbination of high-deonsity
grid and downstrean damping screen would offer possibilities.
Howover, it is obvious that considerable structurnl difficulty
would be encountered in such an installation. Of course, in
heat exchangers and corner-vanc installations, on the other hand,
it is desirablc to keccp the losses to a minirmun,.
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It is possible that stabilization by means of a contraction
followed by a well~designed diffuser; would involve less total
energy loss than an adequate damping screens In any case, from
structural considerations it is evident that the former is more
conveniently applicable to dive brakes and to installations wherec
there is a limited available duct lengthe

Since the present investigation has been principally qualita~-
tive, in connection with both the instability phenomenon and the
two successful methods of stabilization, there is a great deal of
quantitative work to be donee

In generaly, most of the necessary data would consist of total-
head measurements, These can he carried out very conveniently by
an autcmatic traversing and recording arrangement similar to the
one used in this investigation, This was set up by Mr, C. Thiele
for preliminary measurcmecnts in the single axially symmetrical
jet (reference 7)o

For the stability problem itself, it is suggested that measure-
ments be made with a considerably larger number of parallel jets,
and a wide rangec of grid densities, Also, the possible effect of
rod Reynolds number upon the value of the critical grid density
should be investigatede

In the matter of screen stabilization, it is of intcrest to
find out the effect of mesh size relative to jet dimensions, as
well as the range of damping screen densities which give satis-
factory stabilization, with a determination of the optimum den-
sity, which, according to results of MacPhail, does exist,

For the method of stabilization by means of a contraction,
investigations should be made of the effect of variations in the
fundamental geometrical parameters: rate of contraction and total
contraction ratio; relative to grid density.

Possible guantitative differences in behavior of three-
dimensional and two-dimensional jet fields could be investigated,
as well as possible quantitative differences for the latter in
the closed-duct and the open-sided cases.

' Finally, the range of over-all efficiencies for the two
methods of flow stabilization should be determineds
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CONCLUSIONS

1, The field of parallel two-dimensional air jets downstream
Ifrom a grid made up of parallel rods is unstable for a grid den-
sity of 0,83, The results of previous investigators show the
existence of a critical range of grid density below which the
downstream fiow is stable and above which it is unstable, The
same phenomenon occurs in both two- and three~dimensional jet
fields.

2o The flow can be completely stabilized by the introducticn
of a fine-mesh damying screen parallel to the grid plane and within
a. definite range of positions downstream from the gride

%o The flow can be completely stabilized by means of an
adequate lateral contraction beginning immediately after the grid,

4, The flow cen be at least partially stabilized by the
"ventilation™ of the spaces between jets, permitting air to flow
into the system in the third dimension, parallel to the rod axes.

50 Doubling of the initial turbulence lcvel in the jets has
no noticeable effect on the stabilitye.

California Institute of Technology,
Pasadena, Calif,, August 19U,
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Figure 2.- Nozzle plate;

Figure 3.- Nozzle plate;

upstream side.

upstream side.

Figs.

2,3
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Figure 4.- Tunnel and traversing equipment.

4,5

Figure 5.- Flow region; damping screen 1-1/4" downstream

of  silots . Total head tube in flow.
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Pigure 17.— Damping screen in stabilizing position (X = 1-1/4"). lateral turbulence
level and total-head distributions.
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