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DEPARTMENT OF THE ARMY
HARRY DIAMCND LABORATOR!ES
WASHINGTON, D.C 20438

IN JzPLY RLFER TO

AMXDO-TS 1 September 1985
TO : Recipients of Fluid Amplification Symposium, Volume I,
October 1975
FROM . Technical Reports Group
SUBJECT: Errata in 'New Comprehensive Studies on Sudder. Enlargements,”

by K. P. H. Frey, N. C. Vasuki, and P. Trask, University
of Delaware (pages 119-137 of Volume I)

Fifth page, linc 10 should read-

"This behaviol ~reates three-dimensional flow, 3. A high degree of
turbulence is associated with that flow type. The Coanda effect is...."

Seventh page, line 2 should read:

s

...the cross section is at the minimum static pressure. Until the
final analysis 1s conducted, the approximate assumption may be used
that a velocity distribution similar to that at the inlet prevails at
that crosc section. This means that the change of static pressure is
assumed to be due to vortex generation and turbulence., If ons uses
this location us...."



DEPARTMENT OF THE ARMY

HARRY DIAMOND LABORATORIES
WASHINGTON. D.C. 20438 Mr. Kirshner/cg/7556

IN REPLY REFER TO:

AMXDO-RCA 1 wov mes

T0 : Recipients of Fluid Amplification Symposium Proceedings
Volume |, Octcber 1965

FROM : Chief, Fluid Systems Branch, HDL

SUBJECT: Errata in "A Definition of the Mechanical Potential Necessary

to a Fluid Circuit Theory," by Joseph M. Kirshner, HOL,
(page 248)

Page 248, lines following equation (6) should read:

"...where ds. and ds; are the reversible and irreversible portions of the
entropy change associated with heat and viscous effects, respectively;
since the reversible portion of the entropy is due to the heat flux,

d _
Fr fAl(desr)pv ndA = a

and therefore equation 5 becomes

vi

dp - 11
5 + I—BJ pvendA = 0 (7)....

A [desi +
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THEORETICAL STUDY OF A CONVERGENT NOZZLE

AND FREE JET FLOW

by

J. C. Williams, III
and
F. 0. Smetana
of

North Carolina State Universitv



Theoretical Study of a Convergent Nozzle
and Free Jet Flow

Introduction

In order to improve the effectiveness of a fluid control device,
it is helpful to understand the fluid dynamic phenomena which occur
therein. In many cases these phenomena are extremely complicated in-
volving as they do the interaction of the fluid with solid boundaries
and imposed pressure gradients. Fortunately,howsver, there is an ex-
tensive legacy in fluid dynamics from which one may draw information
and methods of analysis. The flow field within the power jet nozzle
does not seem appreciably differznt from the flow in many fluid meter-
ing devices; the free jet issuing from a control nozzle does not seem
to be extensively different from the free jet issuing from a wind tunnel
or propulsion nozzle; etc. The primary difference between the fluid
flows found in fluid control devices and the '"conventional' fluid flows
seems to be that of scale. Also, there is the additional difference
that geometries often found in fluid control devices for reasons of man-
ufacturing simplicity are seldom seen in larger scale devices because of
poor performance.

In view of the similarity between the flow fields found in fluid
control devices and those studied extensively in larger devices some
qualitative statements can immediately be made regarding the design of
fluid control devices. One would expect long boundary layer runs or
severe adverse pressure gradients to affect performance adversely. Quan-
titative improvementsmust, however, come from analysis (or experiment)
which properly accounts for geometry and scalz,

The present paper is an outgrowth of a study, for the Corning &lass
Works, to determine the extent to which the flow fields in & small con-
trol device could be predicted analytically, and to determine the ex-
tent of the losses in the power jet nozzle of such a device. An analy-
sis was made of the flow field in an essentially two-dimensional (width
to nozzle height ratio of 50) power jet nozzle consisting of a plenum
chamber, contraction region and constant area nozzle. The analysis in-
cludes the calculation of the boundary layer growth in the throat, the
discharge coefficient, the velocity profiles in the jet, the spreading
of the jet and the pressure recovery in a receiver placed in the jet.
The results of this analysis are compared, in a companion paper, with
an experimental investigation of the flow fields in an identical power
jet nozzle and jet., This comparison indicates that the analysis pre-
dicts, with reasonable accuracy, both the flow field and the losses
in a small power jet nozzle,



The Power Nozzle and Free Jet

In order to make a valid comparison between the analytical and
tihe cxperimental investigations it was necessary, at the outset, to
decide on a configuration which was both amenable to analysis and rep
resemtatove of current fluid amplifier design., The configuration
chosen is shown in Figure 1.* In order to simplify the analysis, a
high aspect ratio (width to height) configuration was chosen so that
end effects would be small and one could logically assume that the
flow was essentially two-dimensional.

The power jet nozzle consists of a parallel wall plenum chamber,

a quarter round contraction and a long parallel wall throat. It was
necessary to have plenum chamber larce enough to insure low velocity

at all pressures and to damp out all entrance disturbances. Thus, the
plenum chamber height was taken to be 5 times the throat height. The
quarter round contraction was chosen so that the flow would remain at-
tached t¢ the wall at the entrance to the throat, i.e. there will be

no vena contractsin the throat. The throat length was taken to be 10
times the throat height. Thus, the throat length can be systematically
cut back to study the effect of throat length on the velocity distribu-
tion and on the losses in the throat (although this was not done in the
experimental study). The area downstream on the throat is free of chan-
nel walls so that the analysis considers only a free jet devoid of any
attachment effects,

In the analysis of the fluid flow in the power jet nozzle, the
actual nozzle scale does not appear explicitly but is reflected in the
flow Reynolds number. A typical Reynolds number for the present analy=-
sis was taken to be 2000 which corresponds to a throat height of 0.010
inches and a stagnation pressure of about two atmospheres in &ir. If
the free jet is laminar, the scale is again reflected implicitly in the
Reynolds number; the Reynolds numbers were taken consistent with that
used in the power jet nozzle. In the turbulent jet the Reynolds number
is not important since the viscous effects are small compared with the
turbulent mixing phenomenon., The scale is given implicitly in a scal-
ing factor related to the turbulent mixing. Values of this scaling
factor were again taken consistent with the Reynolds number range as=-
sumed for the power jet nozzle,

Velocity Distribution, Pressure Distribution
and Mass Flow in the Nozzle

(a) Velocity Distribution. For simplicity one usually assumes that
the flow in a nozzle is one-dimensional, thac is, the velocity is

*Figures appear on pages 25 through 28.



uniform across the channel. Two-dimensional effects and viscous effect
are then lumped together in an experimentally - determined ''discharge
coefficient" which is a measure of the difference between the actual
flow end that calculated from the measured pressures, areas, and tem-—
peratureassuming one-dimensional flow. However, since the exact velo-
city distribution across the nozzle at its exit is very influential in
determining the characteristics of the free jet, it is instructive to
study the effect of the nozzle geometry on the velocity distribution
throughout the nozzle.

In the plenum chamber, that is the region upstream of the con-
traction, the average flow velocity is limited to about 130 feet per
second by the five to one contraction ratio. With a larger contraction
ratio, the average plenum chamber velocity would be even lower. This
value (5) is sufficiently large that the density variations across the
plenum channel are less than 1%. The low velocity and the 5 to one con=-
traction also serve to damp out most of the velocity variations present
in the flow injected into the plenum, provided the plenum channel is
longer than about 10 channel heights. As a result of this choice of
geometry, it is reasonable to assume that the flow approaching the con-
traction is uniform,

The effect of the contraction on the velocity distribution across
the channel is twofold: first, a boundary layer of reduced flow velo-
city builds up along the walls because of the retarding action of the
wall friction; and second, the flow near the walls is accelerated by
centrifugal forces associated with the curved walls. As a result of
the second phenomenon, the flow velocity near the wall tends to be
greater than at the center of the channel; the first phenomenon leads
to the opposite effect. In general, the smaller the radius of the con=-
traction, the smaller the boundary layer growth and the larger the cen-
trifugal effect. When the contraction radius is less than about 0,25
throat heights, the flow separates from the wall. It then requires a
run of several throat heights in order for the flow to reattach to the
wall, 1If the throat is too short, reattachment will not occur and the
flow velocity at the exit of the nozzle will be very non-uniform.

To facilitate the analysis, a geometry was chosen which would pro-
duce the most aniform profile pcssible at Reynolds numbers within the
range of present interest. This entails selection of an inlet radius
which leads - in so far as possible - to a cancellation of the boundary
layer effect by the centrifugal effect. To determine the centrifugal
effect a simplified form of the inviscid, compressible analysis of
Oswatitsch and Rothstein (Reference 1) was employed. The results of
the simplified analysis were found to agree with wind tunnel measure-
ments to within 1%, the actual variation being somewhat greater than
that predicted by the simple theory. 1In the theory of Oswatitsch and
Rothstein, power series are used to represent the velocity components.
In the simplified analysis only terms through second order are retained
and only the flow at the throat is considered. The mass flow is con-



sidered to be the same as the one-dimensional value. One then obtains
as the expression for the velocity distribution at the throat the egu-
ation

2
W _ _h . )
U | |2_Fi')\j AR (1)

cl

where Uy is the centerline velocity for one-dimensional flow

h is the channel height
R 1is the radius eof curvature of the wall
Y 1is the distance measured from the centeriine

In this case R was chosen as 72 h. Thus

1% SR | .jf:z (2)
£ 0.95823 * e

A table of values of this equation is given below:

U 2Y

Wey h
0.9583 0
0.9595 .1
0.95631 .2
0.9691 .3
0.977% A
0.9883 .5
1.0014 .6
1.0170 .7
1.0350 .8
1.0553 .9
1.0782 1.0

To determine the effect cn the velocity distribution caused by wall
friction, the tollowing approach was employed: Since the Mach number at
the throat can never exceed unity and since the boundary layer for & M =1
flow is not measurably different from that for a M = O flow at the same
Reynolds nuwber, the nozzle flow was assumec to be incompressible.

From the fact that the throat area in this particular case is 1/5
the upstream area, it was assumed that the velocity just outside the
bouncdary 1ayer,xJS, was given by

- 2
u5=bum Sin 95



where ® is the angle of the normal to the surface measured from the up-
stream flow airection. The throat begins at £ = 9¢°
According to the von Rarman momentum integral method, as modified
by Waltz, for this geometry,
¢

Uo 6° i .47 . /\55//72<z5}50’¢

R (us/b(w) /

= 0.0395 for © = 90

R is the radius of curvature of the contraction, © is the momentum thick-
ness and 3 the kinematic viscouity.

Since d“s/dx ——= 0 for the throat and beyond, it was as-
sumed that § * = 2.554 @ in this region. Now R = 2h; the displacement
thickness §* is therefore

S* 3 /.6/5f
Us h
)%

the boundary thickness,é'can be derived from this and can be shown to be

s s 44

—

=

Since the momentum integral method assumes a velocity profile given

by
2 f
ey - 20) < (1)
“, £ 9% £
where Re = us%and y is measured from the wall outward, one can easily

arrive at an expression for the velocity profile at @ = 90" in the bound-
ary layer of the channel under study:

is \ 2 3
WS ONS PeZ(E-Z) - 00/27 Pez(i__\_f)
W h Z h
2 4
+0.0018 Re (1_1’_)
< h (3)
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3
Some typical values for a Reynolds number of 10 are

w 2Y
Usg h
0 1.0
. 543 .9
. 888 .8
1.0 7

By multiplying these results with those obtained previously for two-
dimensional flow at the thrgat one has a good indication of the actual
velocity profile at Re = 107:

. 2Y
Ue T{
0 1.0
0.572 .9
0.919 .8
1.017 .7
1.0014 .6
.9883 .5
.9775 4
.9691 .3
.9631 R
.9583 0

As the flow moves into the constant area section, the centrifugal
effect disappears and only the viscous effect is present. An analysis
was carried out - again using the momentum integral method - to deter-
mine the boundary layer growth in the constant area section. From con-
tinuity considerations and the assumption of incompressible flow, the
velocity outside of the boundary layer is

L hezsT
$ S h-258"

where the subscript (1) refers to conditions at the beginning of the con-
stant area section.

Since the boundary layer grows as x increases, continuity requires
that the pressure fall with increasing x. With such a pressure gradient,
S*/8 is approximately constant. It is taken here as 2.4. The momentum
integral equation can then be integrated to give

11
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EC__ < 0,0235 = _% -+ (%)
h I?e[:-a?;-] 24 )
’ h

- 6 iy =

02 /ck /rz(/ ¢8;)+0/3 Y /
A ﬁ/
nl,

5?/ = value of © at the beginning of constant area section, From
h

1

these results, figures 2 and 3 have been prepared. A Reynolds number

of 2000 is assumed. Since § = 3.33 8* one can readily determine ¢

from these figures; and from § %, u/u8using the relationship given

previously. It will be seen that for a throat 15h long and a Reynolds
number of 2000, the boundary layer will completely fill the downstream
end of the thrcat and the velocity profile is virtually parabolic.

(b) Pressure Distribution. From the distribution of velocity and a
knowledge of the dissipation one can, of course, alwavs calculate the
pressure distribution. There are, however, some general observations
which may be made from which one may obtain quite a reliable indication
of the pressure distribution. First, for Reynolds numbers above 2000,
the flow consists of a isentropic core and a boundary layer. Thus, ex=-
cept for persurbations caused by the boundary layer and the centrifugal
effects near the contraction, the flow can be treated by isentropic one-
dimensional theory. The existeace of a boundary layer does not affect
the pressure distribution except to the extent that the increasing dis-
placement thickness as the flow moves downstream tends to delay the at-
tainment of the maximum velocity (minimum pressure) until the downstream
end of the nozzle. Second, two-dimensional effects - at least in the
nozzle under discussion - are relatively small. At the beginning of

the throat where the effect is greatest, the pressure varies from about
107% over the one-dimensional value at the centerline to about 107 under
at the wall,

A good estimate of the pressure distribution can, therefore, be
arrived at by first calculating the centerline Mach number at the throat
exit corresponding to the overall pressure ratio. Then, from a knowledge
of § * vs x and working upstream from the exit, calculate the pressure
corresponding to the area (h=2§*) b where b is the width of the throat
(in this case 50h). For example, if the overall pressure ratio is 1.896
the exit centerline Mach number should be approximately 1.0. Assuming a
Reynolds number of about 2000, 8* at x/h = 10 is 0.124. 1-2 §*/h is

h
0.752. At x/h =8, 1-2§%/h is 0.776. The ratio of areas is 1.032. The
corresponding ratio of pressures is 1.225. At x/h = 0, the ratio of
areas is 1.236 and the corresponding pressure ratio (Px/Pexit) is 1.53.

Compared with the upstream pressure, the pressure at the beginning of the

)
b



of the throat is 0.806 while at x/h = 8 it is 0.646. The authors have
found that simple calculations of this type give reasonably good agree=~
ment with the measurements made on axisymmetric channels at comparable
Reynolds numbers.

(¢) Mass Flow. As indicated previously, one usually expresses the mass
flow by the one-dimensional mass flow times a discharge coefficient. It
is convenient to consider that, in the absence of significant centrifugal
effects, the flow consists of a central core of uniform velocity -ontain-
ing all the mass of the system. The dimensions of the core are theretfore
h-28* and the mass flow is P Ug (h-28") The idenl mass flow for
the same pressures is‘f%tASH so that

Cd = )Osu.s(h-ZS ):: /—Z.S_f (3)
joé(,céh h

It was also found that this expression would agree with measurement
over a wider range of conditions if it is written in the form

/
C =
d !+2§.
h

It was shown previously that at x/h = 10

g [ &7

h ﬁ;

(2]
vhere Re = m

Since C = —_— one can solve for m readily

3e
3

in terms of ﬁi =
o _ m
z.+65/4_b[/ 1//“———‘—

52.5/»45

(6)
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B is the upstream pressure

P, is the exit pressure

Ay = 5bh (for the present nozzle)

Az = bh
Y = ratio of specific heats
R = gas constant

Ts = stagnation temperature

One would expect these relationships to be valid for Reynolds
aumbers above that for which the boundary layers merge and below that
for which_the flowébecomes turbulent i.e. generally over the range
from 2x10” to 2x10°.

The Free Jet

The free jet may be completely laminar, completely turbulent or
transitional (transition from laminar to turbulent flow in the jet).
In each of these types of flow the jet may be divided into three separate
regions (see Figure 4). Region I is characterized by a more or less un-
iform core bounded by a mixing region. As the flow proceeds downstream,
the core is dissipated by viscous (cor turbulent) mixing until at the end
of region I the uniform core has completely disappeared. In region III,
"far" downstream, the jet is fully developed and the velocity profiles
are self similar, i.e. the velocity depends upon a single similarity co=-
ordinate. Region II is a transitional region in which the velocity pro-
files adjust from the non self-similar profiles at the end of region I
to be the self~similar profiles in region III. Experimentai evidence
indicates that the extent of region II is very small, hence no further
consideration will be given to region II in this work.

The maximum velocity within the jet occurs at the exit of the noz-
zle. If this maximum velocity is less than the local sonic velocity
then the jet is subsonic throughout and the static pressure is constant
within the jet structure. Since there is neither pressure gradient nor

14



wall shear is the subsonic tree jet, there is no mechanism by which the
momentum content of the jet can be reduced and one is led to the impor-
tant conclusion that the total momentum content within the jet is constant.
The jet then only spreads the momentum by means of viscous or turbulent
mixing. It is this spreading of the momentum within the jet which is of
primary interest here.

Laminar Free Jet

Region I. The interest here is in determining the rate at which the
jet spreads and the rate at which the uniform core is dissipated as a re-
sult of mixing. Thus for simplicity, we consider only half of the sym-
metrical jet as shown in Figure 4.

The analysis of the spreading of a free jet should originate with
the full Navier Stokes Equations. Solutions to the full equations are,
however, extremely rare. Fortunately, experience has shown that an ad-
equate description of jet-like phenomenon ran be obtained using the bound-
ary layer equations. In thne case of steady two-dimensional incompressible
flow with no pressure gradients these equations are:

= O

Vi
=le

du-
-+ é;éj

Q

|

2
JobL “+/C)U’a___.,""' = u.a_—"—(-
X a'j agz'
The classical solution to these equations for the case of a free jet
boundary may be found in standard texts (e.g. References2 & 3). It

will be only briefly reviewed here. In introducing the non-dimensional
stream function, f (7? ), defined by

Y- Vuyx f(?()

_a/ﬁ
and the similarity variable, 71 , defined by 7( = 2173 where U

is the center line velocity in the inviscid core, the continuity equation
is satisfied identically and the momentum equation becomes:

ul o
£+ ff -0 o

15



Here primes denote differentiation with respect to 7l . Since we are
considering only one side of the jet, we apply the boundary conditions
at :—j = ¥ oo . These conditions are

g(ﬁ-oo), (,L:U
Yyl w =0

or £2+w)=2 /f(—oo)=o

The above third order differential equation requires three bounda. -
conditions for a complete solution. For the third boundary condition, we
take f(o) = o which is equivalent to taking a new origin for the y axis
at each x. The solution to equation (7) with the boundary conditions
£' (+o0) = 2, f' (-00) = £ (0) = o has been solved by a number of inves-
tigators. We use here that solution given by Christian (Refererce 4).

In the present application, we are interested in the characteristic
spreading and scale of the jet. These characteristics are given by d, the
width of the uniform core, & , the width of the mixing region and L the
length of the uniform core. Fortunately, even though the boundary conditions
are applied at +oo, it turns out that the solution extends only over the
range —-/¢ £ N<+4. The fact that we have shifted the axis to obtain
a soluticn (see above) leads to some difficulty buc this is overcome by
taking advantage of conservation of momentum within the jet. Thus

Y+ ¢l
2 T7t - Uh
ngL c;é] + /D U Ciéj .fg %
d- J+

Since the fluid is incompressible this yields
J+
2
h = d + (&)dg

U
s

v

and using the stream function defined above +‘¢
;R

fdvz

E\\

Y -
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Employing the solution given in Reference 4 this becomes simply

_d_- = ../. l_ /“/?6/ }/E 3
'8
S yTE | * )
D

Thus, the width of the uniform core decreases as the square root of the
distance from the nozzle exit plane. The length of region L is determined
by the value of x at which d = o. Thus

L . o0oo45 Uh (9
h "%

so that the length of the inviscid core increases directly with Reynolds
number,

The width of the mixing region, S., can be obtained directly from the
solution. Hence,

=+ 4 = f!KU '""'"‘“’(:-3-‘: U
-T-& _% )7; "‘7- Z.V]:;_
5 cz+—z—_,~z_@_.%f o
h h ) [z'y_ﬁ h

)%

The width of the mixing region increases as the square root of the distance
from the nozzle exit plane.

Tt is clear from the above solution that to recover a large percent-
age of the momentum (or total pressure) in the jet one should operate at
the highest possible Reynolds number tfﬁ/&) . The receiver should be
placed as close as possible to the nozzle exit,

Region ITII. Unless the Reynolds number for the flow is moderately
large, regions I and II in the jet will be fairly small and any receiver
placed downstream in the jet will see & region III type fiow. Thus, it
1s necessary to determine the characteristics of this type flow. The
flow in this region has also been analyzed ©previously and the results
are presented in standard texts (e.g. Reference 2). The standard t-eat=-
ment yields for the velocity profiles in this region

1
WU = 0.43’43 ([_]_i/l 5[1 - Tanh ?] (11)

x ¥V
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1)
V= C.5503 (Uh’))5 (12)

U

0.2752 Qﬁ)?. y (13)
( D% L x

7

The edge of the jet is defined by the condition u = o which occurs when
tanh =/ or £ 6.5 . Thus, if § 1is the half span of the jet
one obtains from equation (13):

zZ

S . R3c¢s (_75_)/"’ (14)
h (Re)% (A

where i?e‘*lh. Thus in region III, the jet expands as x2/3 instead

of xl/2 as found in region I.

More important for fluid amplifier application, however, is the
pressure recovery in the jet. We use the volume average total pressure
defined by

4
7—@=-§?Zﬁobdg

where %{ is the height of the receiver (or the height over which the
total pressure is averaged). Employing the above velocity profile we
obtain

//—5; —/Pe = O-‘—Zf/—a—jgljz sec}12§“+anh§'“ - ,§ +anh3§“
({/h ) (15)

where .
gu O0./376 Pe{’ {
/I’é,z"%
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For the special case in which Z{: h (receiver height equal to nozzle
height), x/h = 10 (receiver located 10 nozzle heights from the nozzle exit)
and an exit pressure of one atmosphere the ratio (po - pe}(po - pe) is pre-
sented in figure (6) as a function of Reynolds number. It is seen that un-
less the Reynolds number is extremely small (po - pe very small) a very
large portion of the upstream total pressure in recovered in the receiver.
This is verified by equation (14) which indicates that unless the Reynolds
number is very low the jet spreads very little. Thus, any reasonable size

receiver placed near the nozzle will recover almost all of the momentum in
the jet.

The Turbulent Jet

While the analysis of the laminar jet is extremely enlightening and
important for low or moderate Reynolds numbers, the Reynolds numbers which
occur in practice are generally high enough to insure turbulent flow. The
analysis of the turbulent jet is, however, more complex since the phenomenon
of turbulence is, as yet, not completely understood. Thus, analysis of the
turbulent jet is semi-empirical.

Region I. The free jet boundary problem has been studied by several
investigations. We chose to employ the analysis of Goertler as presented
in Reference 2. This analysis yields the velocity distribution.

" %{He”((g)l (16)

where g = Vg/x and I is empirically determined constant which has

been found to be g~ = 13.5. 1In this case, the origin of the y axis

has not been shifted. Nevertheless, some difficulty occurs in that both

the upper and lower edges of the jet extend, in theory at least, to infinity.
Thus, the solution given above literally applies only to half a jet bound-
ary. If we chose the upper edge of the jet as the point where u/U = 0.999,
then at this point E; = 3.09. Referring to Figure (5), we can write

. - O
d+(j+=2‘l )§+-3'0‘" T 4+

X (17)

or
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Similarly if we define the outer edge of the jet as the point where
u/U = 0.001 we can obtain

S . o0 4358 % (18)

In this region the core of the jet decreases linearly with distance from
the nozzle exit and the jet mixing region increases linearly with distance
from the nozzle exit, It should be noted that the turbilent mixing tends
to spread the momentum much more rapidly than the laminar mixing and that
the characteristic lengths in the turbulent jet are independent of Reynolds
number. The length of the core can be found directly from equation (17) to
be

L. 2.9 (19)
h

Region TTII
In general it is not reasonable to expect the receiver to be placed

in region I since this region e¢xtends only slightly more than two nozzle
heights from the nozzle exit. It is more likely that the receiver will
be placed in region III of the jet. In this region the velocities are
given by (References 2 & 3).

W /—+anh27]
AL g [1-tenhy ] - e h]

K = U°®h

A

ﬁ
x> ‘%erq ru LH

')z:

/
where A is an empirical constant which has been found to be A = 7,67
The outer edge of the jet is defined by u = o, which occurs at7l==6

thus if 9 /2 is the half width of the jet

6.5 = 22
Z X
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or S . je9z X

and again the jet spreads linearly with x. More important, however, is
the momentum (total pressure) recovered in a receiver placed in the jet.
Using the velocity distribution given above the volume average total
pressure becomes

—

730 -4, - ﬁrfU {f‘anh‘?m L tanh ?h} (20)

where 7Zu ___5{ and ;/ is again the height of the receiver.
Since )0 %= ZCD - 0 ) we may write this

(21)

In the turbulent case, the pressure recovery is independent of the
Reynolds number and depends only on the size and location of the re-
ceiver. The ratio 79// L is presented in figure (6) as a function of
Po,for an air jet issuing into atmospheric pressure for receiver widths of
one and two nozzle widths at x/h = 10. For fixed pressures, if the re-
ceiver size is increased, the volume average total pressure is decreased,
not because more total pressure is not recovered, but because this total
pressure is averaged over a larger volume,

If pressure recovery were the only consideration, one would (1) place
the receiver as close as possible to the nozzle exit and (2) operate with
as small a receiver as possible.

Losses in the Free Jet Due to Shock Waves
If the ratio of the upstream plenum chamber pressure to the receiver

pressure exceeds about 1.5, there is the streng possibility of local re-
gions of supersonic flow in the free jet terminated by shock waves. As the
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overall pressure ratio increases, the probability for such shock waves
increases. In contrast to the subsonic jet where dissipation is minimal.

the supersonic jet terminated by a shock wave is a high loss (in terms of
pressure recovery) system. For example, if the jet should expand to a

Mach number of 3 and then decelerates through a normal shock, two thirds

of the stagnation pressure is lost. Oblique shocks, of course, result in
somewhat lower losses but in general one should avoid, in so far as possible,
production of any shock waves since they constitute the largest loss in the
type of system studied here.

Conclusions and Implications in
Fluid Amplifier Power Jet Design

An analytical study has been made of the flow fields in a simple
two-dimensional power jet nozzle and in the free jet downstream of such
a nozzle. A number of important conclusions, related to power jet nozzle
design, may be drawn from this study.

In the power jet nozzle, it is important to design as large a con-
traction, from the plenum chamber to the throat, as possible. This in-
sures low flow velocities in the plenum chamber so that disturbances are
damped out before they reach the throat. The radius of curvature in the
contraction should be large tc minimize velocity non-uniformities due to
centrifugal effects., On the other hand, the length along the surface
should be mirnimized, as much as possible to reduce the size of the bound-
ary layer entering the throat. Sharp corners in the contraction region
must be avoided to prevent boundary layer separation.

If the centrifugal effects are not significant, the non-uniformity
of che velocity prciile at the exit of the throat, as well as the total
pressure loss in the throat are directly related to the throat length.
The longer the throat, the more non-uniform the velocity profile and the
greater the loss in momentum (or total pressure). At a Reynolds number of
2000, the velocity profile is almost fully developed 15 throat heights
from the throat entrance.

The actual mars flow passed through the nozzle is also reduced by
the growth of the boundary layer in the nozzle, 1t is imperative there-
fore that the throat length be made as short as possible, consistent
with manufacturing consideruations,

In the subsonic free jet there is no large mechanism for dissipation
of momentum so that the effect of viscosity or turbulent miring is to
spread the momentum. The spreading of the free jet and the velocity pro-
files in the jet have been calculated for both laminar and turbulent jets.
The average pressure in the jet is also calculated. These calcuiations
lead to the conclusion, which is intuitively obvious, that a receiver for
the jet should be placed as close to the jet exit as possible.

The validity of these analytical predictions is borneout in the follow-
ing paper which reports on an experimental investigation on & configura-
ticn identical to that analyzed here.
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