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SUMMARY

The possibility of obtaining two-dimensional
turbulent jet flow from a series of closely-spaced uni-
form holes in line has been investigated both theoretically
and experimentally. The case studied was that of a jet
discharging into still fluid of similar density at
incompressible speeds. Such a quasi two-dimensional
jet is a particular example of a multiple-interfering
jet group.

Reichardt's hypothesis for the turbulent
shear stress in a free Jet linearizes the equation of
motion for the mean square downstream velocity and thus
enables the superposition of this parameter for multiple-
interfering jets. As a result, the start of the two-
dimensional flow and the location of the hypothetical
origin of the quasi two-dimensional jet may be predicted.
At sufficiently large Reynolds Numbers, these positions,
expressed non-dimensionally in terms of hole diameter,
are a function of the non-dimensional hole spacing only.
Fully merged two-dimensional flow occurs at approximately
twelve hole spacings downstream of the exit plane and
the downstream momentum remains effectively constant.

The hypothetical origin is generally located a short
distance downstream of the exit plane provided that the

hole spacing-to~diameter ratio is greater than one. The
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theoretical predictions agree reasonably well with
experiment even to the extent of predicting the mean
velocity profiles before two-dimensionality is reached.

A brief experimental investigation has
also been made of the Coanda deflection of the quasi two-
dimensional jet by adjacent boundaries. The quasi two-
dimensional Jjet separates from an adjacent circular
cylinder at a somewhat smaller angular distance than does
an equivalent two-dimensional jet. Surprisingly, the
quasi two-dimensional Jjet readily reattaches to an inclined
flat plate although it does so further downstream for
each plate inclination than does its two-dimensional

counterpart.
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NOTATION

radius of circular cylinder for Coanda deflection

discharge area of a single hole

slot width or the width of the free Jet as in
Equation 9

discharge area per unit span or equivalent two-
dimensional slot width

constant of proportionality in Equation 27
constant of proportionality in Equation 12

hole diameter

base of the natural logarithm

'function of'

downstream momentum obtained by numerical
integration of mean velocity profiles

Jet momentum efflux per unit span, neglecting the
internal boundary layers (=2(pgy- Dy)b.)

momentum efflux in the plane of the flow discharge

constant as in Equation 11
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D length of inclined flat plate for Coanda deflection
n numbered order of Jjets from the origin at n=0,
as in the above figure
p static pressure
Pg supply pressure
Pg static pressure on the surface of the face-block
pressure of the still surroundings
pg pressure measured by the round Pitot tube during
pitch and yaw calibration

r,yY,X cylindrical polar coordinates with the origin at

n=2~0
Re Reynolds Number
s distance between adjacent holes
u mean velocity in the longitudinal direction x

Un maximum mean longitudinal velocity in the Jjet
at any X

Uy minimum mean longitudinal velocity in the center-

il

plane y O at any x in the Jet

u, discharge velocity (=v(% (po-gn) )
u' turbulent fluctuating component of velocity in
the longitudinal direction x
U instantaneous velocity in the longitudinal
direction x
\% instantaneous velocity in the transverse direction r
X,y,2 Cartesian coordinates with origin at n = 0, as
shown in the above figure
distance of the hypothetical origin from the

discharge plane
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identifies the start of the two-dimensional
region of the quasi two-dimensional jet

distance of the reattachment point from the
discharge plane for the inclined plate
transformed variable replacing the time variable
in the two-dimensional diffusion equation

(= Cp x° / 1)

value of y for which u = %;

angle between the inclined plate and the axis

of the undeflected jet

density of both the emerging and the surrounding
fluid

kinematic viscosity

momentum transfer length, defined in Equation 9
angular position on the surface of the circular
cylinder

angular position of separation on the circular
cylinder

constant as in Equation 28

pltch or yaw angle of the Pitot tube during

calibration

amplitude of undulating mean velocity profile,
as defined by Equation 23

vector operator, del



1. INTRODUCTION

The fluid flow emanating from a series of
closely-spaced uniform holes in line has been studied
both experimentally and theoretically to determine whether
or not it tends to become effectively two-dimensional
downstream. The case considered is that when the
surrounding fluid is of similar density and at rest.

The Coanda deflection of such a quasi two-dimensional Jjet
by adjacent boundaries has also been studied experimentally
in a similar fashion to the two situations examined by
Bourque and Newman(g)’ (7) for a two-dimensional jet.

The speeds involved were sufficiently low for the flow

to be effectively incompressible.

The quasi two-dimensional jet may be used
for jet-flapped wings(8), thrust augmentors, and generally
in the field of boundary layer control by blowing. For
such applications it is structurally preferable to emit
the jet from a series of holes rather than from a
continuous uniform slot and it may be desirable to attain
two-dimensionality at a reasonable distance downstream
without too great a loss in the velocity of the merged
flow. As a result, emphasis is placed on predicting the
distance downstream of the Jjet exit at which the flow
becomes effectively two-dimensional, that is, where the
merging axisymmetric jets lose their individual identities

and behave as a single two-dimensional jet.



The quasi two-dimensional jet is a parti-
cular example of a multiple-interfering Jjet group and a
theoretical study of such jet groups is, in general,
difficult. Even the simplest classical two-dimensional
and axisymmetric jets have not been completely analysed
although they have been investigated quite extensively
in the light of the available hypotheses for free turbulent
flow. Thus, some knowledge of their behavior is available
and an attempt can be made to study the multiplé-inter-
fering jets in terms of the two simpler cases.

Tollmien(lB) attempted the initial theore-
tical treatment of both the two-dimensional and the
axisymmetric jets on the basis of Prandtl's mixing length
hypothesis(le). Ggrtler(u) carried out a somewhat simpler
treatment using Prandtl's modification of Boussinesq's
concept for a turbulent eddy viscosity. Prandtl assumed
that the eddy viscosity is constant across the flow at
each downstream position and thus is proportional to
the product of the maximum velocity and the width of the
Jet there.

In the foregoing analyses the flow is
assumed to originate with a certain momentum from an
infinitesimal slot or hole. The analyses are applicable
to the flow from a finite slot or hole sufficiently far
downstream when a suitable hypothetical origin is chosen.

This origin is the position of the infinitesimal slot or

hole from which flow with the same momentum would produce



the same velocity profiles far downstream. In practice,

the flow emerges as a uniform laminar jet and mixes with

the surroundings so that the width of the central core of
uniform velocity gradually diminishes. The Jjet becomes
fully mixed and turbulent only a certain number of diameters
or slot widths downstream of the exit(lu).

It is mathematically difficult to extend
the mixing length theories to complex situations involving
multiple-interfering jet groups. However, the inductive
theory of free turbulence introduced by Reichardt(9) may
be extended to such cases because the equation of motion
in the downstream direction is linearized(l). This
theory is based on a critical examination of experimental
results for free turbulent flow in which it was noted
that the experimental data for mean velocity are well
represented by an error function.

In all the above theories, it is assumed
that both the variations in the static pressure across
the jet and the longitudinal normal stresses are negligible
compared with the central dynamic pressure and thus the
mean Jjet momentum is conserved. Miller and Comings(5),
by means of meticulous experimental investigation, showed
that the variations in static pressure across a two-
dimensional jet are of the same order of magnitude as the

variations of the normal turbulent stresses, but of

opposite sign. As a result, there exists a near-



cancellation of these variations in the region of turbulence
even though the individual magnitudes are significant.

There is relatively 1little information
available on multiple-interfering free jets. Miller and
Comings(6) investigated experimentally the flow from two
parallel, two-dimensional air jets mixing in otherwise
still air. Entrainment in the confined region between
the Jets produces pronounced negative pressures there.
This effect causes the Jjet streamlines to be deflected
inwards so that the flows merge with backflow at the
point of meeting and the establishment of two counter-
rotating vortices in the confined region. On the average,
the flow is symmetrical about the centerplane and the
conditions on one side resemble those for a Jjet issuing
parallel to an offset from a flat plate for which
theories are given by Bourque and Newman(g) and by
Sawyer(lo). Another consequence of the negative
pressure in the confined region is that the momentum of
the merged flow is less than the combined momentum of
the flow emerging from the two slots. Downstream, the
merged jets lose their individual identities and behave
as a single two-dimensional Jjet with subsequent con-
servation of the remaining momentum.

Alexander, Baron and Comings(l) have
investigated the mixing of two parallel axisymmetric
air Jets discharging into still air. Predictions on

the basis of Reichardt's inductive theory are in fair



agreement with their measurements of the distribution of
downstream momentum flux. The flow round the jets is now
vented to the surroundings so that the jets are only
slightly deflected toward one another and the downstream
momentum is very nearly equal to that emerging from the
holes,

In the present investigation, Reichardt's
inductive theory is used in the analysis to predict the
start of the two-dimensional region and the location of
the hypothetical origin of the quasi two-dimensional jet.
The theoretical predictions are compared with experimental
measurements for three values of hole spacing. Brief
studies of the Coanda deflection of the quasi two-
dimensional jet by adjacent boundaries were also under-
taken and are compared with the measurements of a similarly
deflected two-dimensional jet made by Bourque and Newman(2)’(72

A circular cylinder and an inclined flat plate were used

as the jet deflecting boundaries.



2. DIMENSIONAL ANALYSIS

The flow in the quasi two-dimensional Jjet is

illustrated in Figure 1. It 1s assumed to be effectively

incompressible.
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The relevant parameters which suffice to
define the flow are
Py = P, the supply pressure relative to the surroundings
P the fluid density
N the kinemaéic fluid viscosity
d the diameter of the discharge holes
S the distance between adjacent holes
The relevant non-dimensional criteria of

similarity may be written as

1/2

S (Po - p) .2 /
a 7
pY

d

The downstream distance Xop) of the point
where the flow becomes effectively two-dimensional can be

expressed in terms of these non-dimensional criteria as

( )
Xop _ . s [ (Po-Dn) o] Y/2
= -~ 93¢ > d > el (1)

\ J
Similarly, the location x4 of the hypo-

thetical origin of this merged two-dimensional flow can

be expressed as

XO _ f<S (po "_Lpoo) d2 1/2 S (2)
'a_ a‘: p¢Y2 e o0 00

For sufficiently high Reynolds Numbers transition
in the mixing layers occurs close to the slot and the
effect of variations in fluid viscosity in the subsequent

turbulent flow can be assumed to be confined to the



smallest eddies. The mean flow or the structure of the
large scale eddles can be assumed to be insensitive to
these variations, that is, insensitive to changes 1n

Reynolds Number(lu). In view of this simplification
X2D _ (8
-_d-—— f(a') c o o (3)

2 =18 e (B)



5. THEORETICAL ANALYSIS

The momentum equation for the time-averages
of velocity for incompressible turbulent flow in a single
axisymmetric jet discharging freely can be written in

cylindrical coordinates as

%(%+E§)+%-§;(r_)=0 ees (5)

where U and V are the instantaneous velocities in the
directions x and r

P is the static pressure
and the Reynolds Number is assumed to be sufficiently
high for the viscous terms to be unimportant.

The effect of variations in the downstream
static pressure may be neglected in the light of the
conclusions drawn by Miller and Comings(5) for the two-
dimensional jet if Gg'were replaced by the square of the

mean velocity u?

.  However, Qé? is generally small (1- 2%)
u

so that within the accuracy of the present theory it is

justifiable to neglect the effects of the longitudinal

fluctuating component u'=0U-u.

Since the pressure is everywhere ambient

éfbuz 27r dr = the Jjet momentum, J ... (6)

and equation (5) can be rewritten

2 —
22, 13 (x77) = 0 eeen (T)
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On the basis of Reichardt's inductive

theory of free turbulence

—_ U2
UV—- Er_ s 000 00 (8)
where
b db
A=.-2-ﬁ- e © ® o o o o (9)

and b is a function of x only.

Equation (7) can be rearranged as

u= b db d 32
3x ~ 2r dx or (r.i%?) =0 cesees (10)

and solved to give

2
ue = EQ e=(r/b)
be

From equations (6) and (11) it is clear

that
b e<x
or b = Cyx cees (12)
and that K, =_J
TP
2
us~ A
or Kg = —2 ceeee. (13)
T
since J = puo2 A, for an axisymmetric jet,

Equation (11) can be rewritten as

2
2 A -
—uE- = ————g——é‘ e (r/cmX) o o 0 0 o (l}'l')
U, TCph %
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Equation (10) can be rearranged with the

aid of equation (12) to give

2
Bug cm X b 2

By putting Cp 2x2 = iy gives

St -Fe (2 o cere. (16)

Equation (16) is the two-dimensional

diffusion equation

du?
V) - 5

where X is positive and replaces the time variable.

As noted by Alexander, Baron and Comings(l),
equation (15) i1s then a linear partial differential
equation whose solution for the axisymmetric Jet is given
by equation (14). It is invariant to the position of
the origin and the orientation of the axes y and =z.
Equation (14) represents the momentum flux within an
axisymmetric jet with hypothetical origin at x=0. The
summation of individual particular solutions of a linear
and invariant differential equation is itself a solution
and this important result permits an extension of the
theory to the quasi two-dimensional jet. The momentum
flux at any point in the quasi two-dimensional jet can
be considered as the net summation of the momentum flux
contributions from individual axisymmetric Jjets spaced

at a distance s apart. The central Jjet can be considered



- 12 -

to emanate from the origin of a cylindrical coordinate
system (r, Y, x) and the others to extend symmetrically

in both directions along the z axis.

| ;
e S .S 1. S|, S. S LS Sl S l
- —+ ( 4 e 1 -—
: —_— 4O
—_ OO0 —t——— i
n=-4 n=-3 N=-2 N=-/ n=/ n=2 n=3 N=4
n=0

In terms of the coordinate system (r, v, x)
and the numbered order n of the holes from the origin, the
square of the mean velocity in the quasi two-dimensional

jet can be expressed mathematically as follows:

_{%2+(ns)2-2rnscosY]
Cp=X? |
e .. (17)

2 A +eo
u= o s

uo2 - 1rCm2x2 n=-oo

On the centerplane y = o this becomes

> [r-ns}g
‘ 4 - r’f
u:!'. = T_AO s e m* ... (18)
U.O y:o TTCm X2 =00
[ ns 12
2 A +o T 1 TCx J
uc (0] m
s = =57 I e A
u02 ’H'Cm2X NnN=-c ( 9)
> _<2n~1)_§_.2
u, Ay +oo 2 /CpX
—F = 5 2.2 2 e c.e.. (20)
Ug m n=-oo 5
5 oo _[ns 2 _EEn-l)s
Uc um2 A me é CmX

o
57 T B TG e 0
° ceee. (21)
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Examination of equation (21) reveals that
it 1s a measure of the amplitude of the undulating mean
velocity profiie in the plane y = 0, A minimum amplitude €
can be prescribed at which the undulation could be con-
sidered as having effectively vanished. This can be
taken as the start of the fully merged two-dimensional
flow whose downstream location can be designated by Xope

Mathematically,

Xop = Xpip for which

Df
u02 um2
s - T 5 = Sa
u 2 2 €, y (22)
. Td?
With A, = = equations (21) and (22)
can be combined and rearranged as 5
_[n S 2 (Qn-l). S
1 +e0 £-C-I;l.. XQD] - QCm X2D
X 2 2 e -€ = €
m \"dq

ceeenl. (23)
Equation (23) is an implicit relation
for x,p in terms of the non-dimensional hole spacing g,
and enables the functional relationship in equation (3)
to be determined. Equation (23) involves the experimental
evaluation of a single arbitrary constant C_. Based on
experiments performed using a single axisymmetric jJet,
a mean value of C, = 0.077 was obtained (Figure 2), which
agrees reasonably well with the value of Cm = 0.075
obtained by Alexander et al(l). Furthermore the

measurements shown in Figure 3 indicate that Xq is
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effectively zero for 3 S8ingle axisymmetric jet as has
been implicitly assumed in the above theory. Although
the relation for Xop given in equation (23) is implicit,
it is of interest té note that the series converges very
rapidly and that the evaluation of the first few terms
generally suffices. Equation (23) can be readily solved
using a minimization routine on a digital computer as
was done in the present investigation.

Beyond x = Xop s the effectively two-
dimensional flow can be thought of as having originated
from an infinitesimal hypothetical slot. For such a

case, equation (19) can be rewritten in integral form as

2
2 -(5=)
u o CpX
-—c—. — __—e'—g' fw e m dZ s 0o 0 (24)

since 1t can be considered that s-—-=dz and ns—-sz for

the infinitesimal hypothetical slot, and that

2 L2
P U Ay T PUo p 8=
where, since momentum is conserved, b, is the area of
the holes per unit span for the quasi two-dimensional

jet, so that

J' = pus p cer. (25)

Equation (24) can be simplified to give

2
u b
S eeer. (26)

uO V/chx
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For the two-dimensional jet

2
uc o< 1
X-XO
a 2
or C C
= o 6 & o o 2
u02 X=Xg ( 7),

According to Newman(7)
c = £0b, where a = 7.7 ... (28)

On the basis of equation (26) and

X =0 and T = 9.75

Although equation (26) does not give a
good prediction for the location X of the hypothefical
origin of the quasi two-dimensional jet, it is significant
in the sense that it gives a theoretical value for
based on measurements in an axisymmetric jet which is
similar to that obtained experimentally for a two-
dimensional Jet. Thus, the constants determining the
rate of growth of a two-dimensional and an axisymmetric

jet have been related.

An alternate expression for X, can be
obtained by recalling that for x = Xops the flow is
effectively two-dimensional and behaves in accordance
with the laws for two-dimenslonal Jjet flow.

In particular, from equation (27)




- 16 -

from which

2
X = Xom = ¢ |20
o 2D {——Q} coes (29)

uc X=X2D

‘Using Newman's result, as in equation (28)

T =3 - 55 |72

Xo _ XpD b [UOQJ
¢ Jx=xpp
Thus using equation (26)

X Xnop b Cm
T =g - 5775 &7 <5 *2p

X X2D
E? = 0.212 T ce.. (30)
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4, DETAIIS OF THE EXPERIMENTAL INVESTIGATION

A detailed description of the experimental
apparatus used in the study of the free and the deflected
quasi two-dimensional Jjet is given in the Appendix. A
comprehensive experimental study of the quasi two-
dimensional jet was made to check the theoretical
predictions for the start of the effectlvely two-
dimensional flow and the location of its hypothetical
origin, Emphasis was placed on determining the effect
of changing the hole spacing in order to verify the
predictions of the dimensional analysis and equations
(23), (26), and (30).

Velocity profiles in the centerplanes y =0
and z = 0 were measured at stations as far downstream
as §-= 80 to determine the jet growth laws and to
evaluate, by numerical integration using Simpson's rule,
the downstream momentum at particular stations. Velocities
were determined from pitot tube measurements assuming
ambient static pressure everywhere. The extremely good
repeatability of the measurements from hole to hole is
worthy of note. Static pressures on the face of the
plane containing the discharge holes were measured to
determine the magnitude of the reduction in pressure
associated with entrainment. All observations for the
quasi two-dimensional jet were made at three hole

spacings with.% = 1.5, 2.0, and 3.0 for a range of

2
—p 5
Reynolds Number Rg =[(p0 % )d } between 2.92x10

pAe
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and 2053x106° Three slot widths with b= 0.245, 0,188,
and 0.123 in., were used to study the flow in a two-
dimensional jet. A knowledge of the behavior of the
latter is required as a basis of comparison for the
quasi two-dimensional jet and the measurements were
undertaken to verify existing theories for the two-
dimensional jet. Downstream mean velocity profiles in

a single axisymmetric Jjet were also measured to determine
its rate of growth and the location of the hypothetical
origin.

The Coanda deflection of the quasi two-
dimensional jet by a circular cylinder and an inclined
flat plate was also briefly investigated at a hole
spacing §ﬁ=l°5. Measurements of the angular position
of separation and the velocity profile near separation
are presented for the circular cylinder. Values of the
reattachment distance xp at various angles of plate
inclination a are also presented.

All measurements were made at incompressible

speeds with _Ef?_ 51.05.
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5. DISCUSSION OF EXPERIMENTAL RESULTS AND COMPARISON
WITH THEORY

5.1 The Two-Dimensional Jet Discharggnngreeyz

The flow in a two-dimensional Jjet was

studied at three slot widths with b= 0.245, 0.188 and

1/2
0.123 in. for a range of Reynolds Number Re = Eg%iéégbé]

between 2.,O><104 and l.2><106 to verify the previous
determinations of the location of the hypothetical
origin and the jet growth. The flow was satisfactorily
two-dimensional (Figure 4) and this is attributed to the
uniformity of the supply pressure along the span, the
sharpness of the slot lips (absence of Coanda effect)
and to the close tolerance (X 0.001 in.) on the width
of the slot.

It is well established that for a two-
dimensional jet the inverse square of the mean center-
line velocity decays in proportion to the downstream
distance. In Figure 5, the plot of the inverse square
of the mean centerline velocity, expressed non-dimension-

ally as l/u02 , against the downstream distance %.gives

ug?

a universally linear curve for the three slot widths
considered. The universal curve has a slope of 00,1722
and compares well with the conventional slope 0.1730
(Equations 27 and 28). A universal hypothetical origin
is also obtained whose location %? is the point at which
the centerline mean Velocity hypothetically approaches
infinity as the slot width becomes infinitesimally thin

but‘mfrebgfopucgb’=J' as explained by Newman(7). The
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value of é?.is approximately - 1.0,

- Similarity of downstream velocity profiles
is a well accepted property of the two-dimensional jet
(Figure 6) and the jet expands linearly (Figures 7 and 8).
The linearity of growth can be evidenced by choosing
a point Yc/é in the downstream mean velocity profiles
as the value of y where u==%§u Extrapolation of this

straight line %g/é to yc/é = 0 gives more accurately

an average value _XBQ_ - -1.5 which is in fair agreement
with the value of %9: -1.57 as obtained by Miller and

Comings(‘rj-x‘°

The static pressure variations, measured
on the face of the exit plane of the slot differ from
the surrounding pressure by less than 1/2% of (pg-Dp,)
as shown in Figure 9. - The downstream momentum was
evaluated by numerically integrating, using Simpson's
rule, the square of the mean velocity profiles at
particular downstream stations. It is seen 1in
Figure 10 that momentum is very nearly conserved and
that it is effectively independent of x although it
differs from the value emanating from the holes on the
assumption that the internal boundary layers are thin.
The corrections in the momentum arising from the consider-

ation of the boundary layers and the face static pressure

are also given in Figure 10.
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5.2 The Quasi Two-Dimensional Jet Discharging Freely

The main interest in the experimental in-

vestigation of the free quasi two-dimensional Jjet is

the determination of the parameters f%g.and X9 for

various values of hole spacing §'° On the basis of

the well-established conclusions for free turbulence,

the flow in the quasi two-dimensional jet is assumed to

be insensitive to changes in Reynolds Number, provided

the latter is large enough for fully turbulent flow to

exist a short distance downstream from the exit plane

of the holes, Experimentally, this was verified only

in a limited sense because the Reynolds Number =

1/2
Po ~ Pa) |
F Op ém dz} could only be varied within a narrow
Y
range. In all cases investigated, d=21 in. so that

2
(Po - Py, ) Sets an upper limit to the Reynolds Number if

the flow is to remain effectively incompressible. There
is likewise a lower limit to the Reynolds Number below
which the flow in the jet becomes senslitive to external
draughts. The flow in the quasi two-dimenslional jet
was investigated for a range of Reynolds Number between

6

2.92x10° and 2.53x10° and within that range it was

insensitive to changes in Reynolds Number, (Figures 10,
11).

The downstream mean velocity profiles
along the centerplane y =0 of the quasi two-dimensional
jet (Figures 12 and 13) provide a means of determining

ng for various hole spacings g.. Thus Xop can be
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determined as the downstream distance at which the
amplitude of the undulating velocity profile has decreased
to the. point where it can be considered effectively
two-dimensional in the centerplane y =o. For two hole
spacings with §.= 1.5 and 3.0 experimental mean velocity
profiles in the centerplane y=o (Figures 12 and 13)

are compared with their corresponding theoretical
counterparts (Figures 14 and 15) which were determined
from equation (18). The agreement is fairly reasonable
although equation (18) does not predict velocity
profiles closer than eight diameters away from the exit

plane (Figures 14 and 15). The mean velocity profiles

for §.= 3,0 in three dimensions are shown photographically
in Figures 16 and 17 at values of £ = 6, 10 and 20. The

d

dark sections represent the theoretical mean velocity
profiles in three dimensions as obtained from equation(17)
and the light sections represent the measured experi-
mental mean velocity profiles. The trend towards two-
dimensionally is clearly shown.

In the two-dimensional region of the
quasi two-dimensional jet, the velocity profiles are
similar (Figure 18) and, to the accuracy of the measure-
ments,>momentum;isconserved (Figure lO) although it
differs from the value emanating from the holes when
it is assumed that the internal boundary layers are
negligibly thin and that the face pressure is ambient.

Furthermore the inverse square of the mean centerline
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veloclity decays in proportion to the downstream distance

(Equation 27) as for a two-dimensional jet. 1In

Figures 5 and 11, the inverse squares of the centerplane

e 1/u.? 1/u. 2
velocities /ﬁc and /;m_ are plotted against the
u 2 U2

downstream dis%ance g.or %., where u, is the maximum
mean longitudinal Velocityein the Jet at any x and Uy
is the minimum mean longitudinal velocity in the center-
pléne Yy =0, Thus Xxop can be determined as the down-
stream distance where the two curves blend together and
continue on thereafter as a single linear curve. The

mean flow beyond the point x=X is indistinguishable

2D
from that emanating from a two-dimensional slot. Extra-
polation of the linear portion of the curve to the

: 1 uc? : .
point /28 _—+ 0 determines the location x

o of the
u, =
hypothetical origin, as previously explained. The curves
2
of 1/EQ§ VS %.(Figure 11) are used to determine xop
u_°

the stirt of the two-dimensional flow as well as x, the
location of its hypothetical origin at three hole
spacings with §.= 1.5, 2.0 and 3.0. The values of Xoj
as obtained in this way are plotted in Figure 19,
together with those obtained from Figures 12 and 13

and are compared with the predicted values using
equation (23) and €==%” %.and g%- A similar plot of
the inverse square of the centerplane velocity l/EQ;
against downstream distance g% is also shown in Ho

Figure 5 for the three hole spacings mentioned as well

as for the three slot widths b= 0.245, 0.188 and 0.123 in.
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for the two-dimensional jet. It 1s interesting to
note that in Figure 5 the linear portions of the curves
for the quasi two-dimensional jet run parallel to the
universal linear curve of the two-dimensional jet but
displaced from it, the degree of displacement being a
function of the hole spaeing gu This displacement of
curves can be attributed to a shift in the hypothetical
origin of the quasi two-dimensional jet as predicted by
equation (30). The experimental values of x, for the
quasli two-dimensional jet can be obtained from Figures
5 and 11. The flow in the two-dimensional region also
expands linearly (Figures 20 and 21) and extrapolation
of the straight line %5/2 to Ye/p = 0 in Figures 20 and
21 gives a second value for the location x4 of the
hypothetical origin. These values are compared with
the theory in Figure 19, and it 1s interesting to note
that they lie between the values given by equation (30)
and Xo =0 as predicted directly from the theory.

The static pressure variations, measured
on the face of the exit plane of the holes along a
line midway between two holes, are shown in Figure 22.
It is noted that they differ from the surrounding
pressure by less than 1/2% of (py-Pp,). This serves
to confirm the absence of any pronounced low pressure
regions between the holes. The pressure variations,
though small on the average, pOSSesSS certain interesting

trends which depend on hole spacing g.and on the offset
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distance y. For example, the static pressure is not
least for small y but decreases with increasing y for
a certain range and finally increases again gradually
to the ambient pressure. This phenomenon may possibly
be attributed to the final slowing down of the entrained

flow near the jet exit. The variations decrease with

increasing %.,

5.3 »The Deflection of the Quasi Two-Dimensional
Jet by Adjacent Boundaries

The position of angular separation on
the circular cylinder of radius a=6.5 in., estimated
by means of goose down tufts attached to the surface

occurred at © 200° at a Reynolds Number

( ) T'Ef/e
\Po ~ P - 4 b

b.a = 5.5x10" and _&
[ - el 5.5 nd — 0.04, The mean

-~

velocity profile measured at 6 = 180° is shown in
Figure 23 and indicates that the flow is close to
separation. The Reynolds Number is defined in this
way to provide a basis of comparison with observations
made by Newman(7) on the Coanda deflection of a two-

dimensional jet. He found that for Re>)4><104

and 2

. a
ranging from 0.02 to 0.04, the angular position of
separation 6gep= 240°, It would seem that separation
occurs somewhat earlier for the quasi two-dimensional

jet than for the two-dimensional Jjet under similar
conditions. Indeed for this particular spacing §.= 1.5,

the point of separation more closely corresponds to

that for a two-dimensional jet if the diameter d of
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the holes is used in place of the equivalent slot width
b,. For this case %.= 0.078 and the point of separation
for a two-dimensional jet with the same §.= 0.078 1is

e = 217°. It is pertinent to note that when the
individual circular jets flow round the cylinder, the
reverse curvature at the edge of the Jjets will cause

the flow to merge more slowly.

When the cylinder is replaced by an
inclined plate, the flow is still deflected despite the
fact that the low pressure near the surface must be
increased by the venting to atmosphere between the
individual jets. The position of reattachment plotted
as ;P.and as %5 against the angle of plate inclination a
is shown in Fizure 24 for the quasi two-dimensional jet
with §-= 1.5. The results are compared with those of
Bourque and Newman(z), for the two-dimensional jet.

It is found that the quasi two-dimensional Jjet reattaches
further along the inclined plate than does an equivalent
two-dimensional Jet. Presumably, as for the circular
cylinder, the attachment characteristics of the quasi
two-dimensional jet depend on the hole spacing gn The

maximum angle for reattached flow was ag ., = 55° as

compared to the two-dimensional apgx = 65° for an

,é 200. As in the two-dimensional case, the flow

e
exhibits a hysteresis phenomenon. There is a range

of a for which the quasi two-dimensional Jjet is either

reattached or fully separated depending on how it 1s
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started. If originally reattached, it can be easily
separated by obstructing it instantaneously. On the
other hand, a separated jet can easily be reattached
within this range of a by deflecting it toward the
inclined flat plate. For the present case, the maximum
value of a for which the flow spontaneously reattaches
is 50° which is in very good agreement with the value

for a two-dimensional jet at the same ,54. .

e
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6. CONCLUSIONS

The quasi two-dimensional jet becomes
effectively two-dimensional approximately twelve hole
Spacings downstream of the holes, The actual distance
%2 and the position of the hypothetical origin _’.‘%
are both functions of the hole spacing £ as shown in
Figure 19, For the range of hole spacgngs investigated,
the location %F.of the hypothetical origin was positive
and varied with %.. The theoretical prediction. of
these values, based on Reichardt's theory, is fairly
satisfactory, particularly for f%gu It 18 of interest
to note that the hypothetical origin for a single
axisymmetric jet was found to be located in the discharge
plane of the hole.

It is useful to note that at any
particular position the downstream velocity is higher
for the quasi two-dimensional jet than for the equivalent
two-dimensional Jet. The velocity 1increases with
the hole spacing g.and this is due to the associated
downstream movement of the hypothetical origin.

The static pressures on the face of
the exit plane of the holes are less than 1/2% of
(P, = Pw) for both the quasi two-dimensional and the
two-dimensional Jets. Thus the downstream momentum,
which is conserved, very nearly equals the momentum

at the exit plane when allowance is made for internal

boundary layer growth.
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At high Reynolds Numbers, the quasi
two-dimensional jet separates from an adjacent circular
cylinder of large radius %.at about 200° as compared
with 240° for a thin two-dimensional jet. It also
reattaches to an adjacent inclined flat plate farther
downstream than does its two-dimensional counterpart
for the same plate inclination. The maximum angle of
inclination is less, being 55° instead of 65° at .Bi= 200,
although the maximum angle for spontaneous reattacﬁment
of an already-separated jet is similar.

The investigation of the quasi two-
dimensional Jjet could be usefully extended in the
following areas:

(1) A more exhaustive experimental study of the details
of the flow, in particular near the holes.

(11) An extensive theoretical and experimental investi-
gation of the Coanda deflection of the quasi two-
dimensional jet by adjacent and offset boundaries.

(11i) A study of the quasi two-dimensional jet in
streaming flow as a contribution to the design
of jet-flapped wings and to the general field of

boundary layer control by blowing.

(iv) An extenslon to compressible flow.
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APPENDIX

APPARATUS AND EXPERIMENTAL PROCEDURE

The apparatus used is shown both
schematically and photographically in Figures 25, 26
27 and 28, By means of it, incompressible, turbulent
Jet flow from a seriés of closely spaced holes in line
was achieved.

The air was supplied by a centrifugal
compressor powered by a 10 H.P., constant speed, 3-phase
induction motor, The air was filtered at the intake
and the outlet of 6 in. I.D. was connected to the 6 in.
diameter pipes which extend about 40 ft. from the
compressor room to the Aerodynamics Laboratory above.
Immediately on entering the Laboratory, the air flow
was controlled by a butterfly valve with a perforated
peripheral housing for bleeding off excess air. This
arrangement permitted infinitely variable Jet speed
control from 10 to 375 ft/sec. For the lowest speeds,
the butterfly valve was nearly closed, the majority of
the flow then emanating through the bleed holes. On
the other hand, for the higher speeds, the butterfly
valve was fully opened and the bleed holes were blocked
off by a sliding sleeve located around the outer periphery

of the valve, Any intermediate speeds could be obtained

by partial bleeding and partial opening of the valve.
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From the valve the flow proceeded through
a 6 in. dia. corrugated flexible duct to a 40° expansion,
which flared out from a 6 in., 0.D. circular section to
a 6 in. x 24 1in. rectangular section. The expansion
itself was constructed in two parts, one being of 1/16 in.
sheet steel in which the circular section gradually
blended into a rectangular one of 6 in. x 18 in. cross
section, A curved perforated plate was here placed
approximately normal to the flow to reduce the adverse
pressure gradient created by the expanding flow and
prevent separation of the flow from the walls of the
expansion, The second part of the expansion, downstream
of the perforated plate, had plywood and plexiglass walls.
A 1/2 in. thick sheet of plexiglaés formed the upper
wall to permit flow visualizaftion within the expansion
as indicated by wool tufts attached to the walls.

The expansion terminated in a rectangular 6 in. x 24 in.
section containing a 4:1 deep cell honeycomb and a
final contraction.

The coﬁtraction was carried out in two
stages. Two contoured hardwood fairings ensured
smooth two-dimensional converging flow in the initial
contraction from a section of 6 in. X 24 in. to one
of 2 in. X 24 in. Thereafter, the final stage of
contraction was included in the interchangeable face-
blocks for each slot or hole arrangement (Figure 26).

To prevent influx, adequate end-plates were provided

as shown in Figure 27.
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The study of the flow in the quasi two-
dimensional jet involved an investigation at three hole
spacings with §.= 1.5, 2.0, and 3.0 for a hole diameter
d = 1/2 in. in all cases., Two 1 1/2 in. thick plexi-
glass face-blocks, 6 1/2 in. x 24 in., were machined
to give hole spacings of £=1.5 and 2.0 and every

d
alternate hole in the 5=1,5 face block was sealed off

d
to give the §:=3°O hole spacing. The process of
machining involved pre-drilling the plexiglass plates
undersize to the desired hole spacing for subsequent.
finishing with a 1/2 in. dia. reamer. A specially
contoured tool, shown photographically in Figure 29
was used to machine the contraction contours to ensure
a uniform distribution of the flow among the individual
jets. The final 1/2 in. length of each hole was
straight, without contraction, to ensure that the flow
emerged as a series of straight and uniform axisymmetric
Jets.

For the study of the two-dimensional jet,
new contoured face-blocks were provided, as shown
schematically in Figure 26. These blocks consisted
of two 1/2 in. thick plates of steel 3 in. x 24 in.
and 3 1/2 in. x 24 in. and attached to each was a
contoured hardﬁood fairing which matched the permanently
installed fairings of the initial contraction. The

steel surfaces from which the flow emanated were

surface ground to a tolerance of X 0,001 in. and a

* Note Figure 29 is on the same page as Figures 16 & 17.
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sharp lip was maintained to ensure that the flow
emerged as a straight, uniform two-dimensional Jet

(no Coanda deflection). The smaller face-block

(l/é in. X 3 in. x 24 in.) was aligned to the lower
fairing of the initial contraction to serve as the
lower lip of the two-dimensional jet. The slot width
was set by resting the ground surface of the larger
face-block on the proper-sized gauge blocks which in
turn rested on the ground surface of the lower face-
block. The upper face-block was then fixed into place
and the gauge blocks removed to leave a slot width
with a tolerance of approximately * 0,001 in.

Two boundary configurations were used to
study the Coanda deflection of the quasi two-dimensional
Jjet. The circular cylinder was made of a 13 in. O0.D.
cardboard tube 1/4 in. thick with a sector cut out so
as to allow one edge to abut against the face-block
above and in line with the top tips of the series of
holeé. The flow emerged from the holes and proceeded
on to the c&iinder tangentially. The surface of the
cylinder was hardened by a resin coating which was
subsequently polished to provide a smooth surface
extending over 300°. The point of separation of the
flow from the surface of the cylinder was determined
by means of goose down tufts attached to the surface.
The inclined flat plate was made of 3/8 in. thick
plywood 4 ft. long x 2 ft. wide. The leading edge
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was chamfered at 45° so that it could abut against the
face-block at the top of the holes. The boundary
edges and sharp corners were sealed off at the face-
block by a coating of heavy grease. The position of
reattachment of the jet was determined by using small
flexible tissue paper flags fixed to the surface with
hinge lines perpendicular to the direction of mean flow
as described by Bourque and Newman(g).

The velocity profiles downstream of the
face-blocks were measured with a round Pitot tube
with internally sharpened lips and an external diameter
of 0,028 in., whose calibration curve in pitch and
yaw is given in Figure 30. The velocity profiles at
the slots or holes were measured with a flattened
Pitot tube with internally sharpened lips and an
external width of 0.007 in. A traversing gear,
incorporating rails and a double-ended dial guage,
was used to permit accurate location of the measuring
devices.

To determine the velocity profiles, the
Pitot pressures were referenced to atmosphere and
measured to an estimated accuracy of one percent by
means of a large vertical alcohol manometer or an
inclined alcohol manometer depending on the speed of
flow. The face static pressures along the surface
of the face blocks were measured with a precision

alcohol manometer which could be inclined to give an
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amplification of 25:1. The box pressure was measured

from one of three pressure taps spaced 6 in. apart as
shown in Figure 28. . The three guage pressures thus

obtained were equal, within the accuracy of measurement.
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