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SUMMARY

The gubject of this research is the eiperimental investigation
of bounded rectangular jets in the low Reynolds number compressible
flow regime. Both a single and two perﬁendicular'interacting jets are
considered. Limited information is also preseﬁted on the interaction
of these jets with a diffuser, The flow fields in this study were
created by prdviding a rarefied flow of air through the experimental
model with a vacuum pump. The limits of the présent investigation

based on conditions at the centerline of the nozzle exit are
0.2<M <0,95

50 < R_ < 700
oo~ Ta

-4 <K
- 'n

-2

5 x 10 <2 x10

This study involves conditions in the lower continuum and upper traﬁ—
gitional flow regimg assuming a Knudsen number of 1072 (based on
conditions at the nozzle exit) 1is the boundary between theae.flowé,

In the single jet studies measuremeﬁts were made of the decay’
of the centerline ﬁelocity. At several downstregm stations the
fluctuating velocity profiles, the time-averaged velocity profiles,
the angle of the velocity vector and the static pressure profiles
acrogg the jet were determined,. Fiftégn flow cagses were examined iﬁ
this study. The investigation demonstrated both the laminar and

turbulént mixing process were present in this regime. The origin

-
i
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and propagation of turbulence as well as its effect on the jet flow -
field are described both qualitatively and quantitatively. Data from
the present investigatfons are compared to experimental and analytical
results from othef flow regimes and differen.ces noted, Semi-empirical
correlation equations were developed to describe various jet paraﬁeters.
Thesg expressions describe the steady state velocity field in terms of
Reynolds and Mach number and nondiﬁensional location in the jet.

Measurements have been carried out on the interaction of two
perpendicular jets., These experimental results are presented. A
simple control volume model for the interaction process has been for-
mulated for small deflection angles. It provideé a description of the
jet deflection and mass flow rates for the two nozzles. Empirical .
equations obtained from the single jét study have been incorporated to
cdmplete the interaction model. The experimental measurements are in
satisfactory agreement with thé analysis, This demonstrates that the :
jet interaction prbcesa is not significantly affected by molecular
effects at a Knudsen number of 1 x 1072,

Experimental studies were performed to determine the output
flow and pressure resulting from the interaction of a jet flow upon a
gsimple receiver and diffuser. Attempts to predict pressure flow char-
acteristics with exigting theories using the freé jet data correlation
have produced mixed results, This is attributéd to the lack of a good
analytical model bf the interaction of a skewed nonuniform velocity.pro;
file with a receivef, and the growth of Boundary'layers on the top and
bottom plates of the experimental model negating the two-dimensional

assumptions made in these calculations.
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NOMENCLATURE
%E b = width of power jet's nozzle, in,
1£ bm - = width of power jet's mixing zone, in.
é c = sonic velocity, ft./sec,
t? : Cr = gonic velocity based on upstream atégnation temperature, ft./sec.
%; <, = velocity coefficient
fi Cp a constant pressure specific heat,.BTUllbm.°R
; d - width of inlet to the receiver, in,
e = recelver offset distance from supply nozzle centerline, in.
h = height of power jet, in,
J = momentum per uﬁit height, 1bf./in,

J. = momentum pef unit height of power jet, 1bf,/in.
k = Ttatlo of specific heafa |

Kh = Knudsen number
)

= arc length through which power jet is deflected at receiver

inlet, in.
ﬁa = atmospheric flow component, lbm./sec.
Ec = ‘control port mass flow rate, lbm;/sec.
Ee = power jet entrained mass flow_rate component, lbm./sec.
&i = power nozzle mass flow rate, lbm,/sec.
&r = receiver open load mass flow rate, lbm./sec.
&re = returned power jet mass flow rate component, lbm,/min.

M = Mach number

P = gtatic pressure, lbf./in.2
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L Py = receiver blocked load pressure recovery, 1bf./in.
"2 Pm = model static pressure, 1bf./in.2. o v
? Pr = receiver pressure receovery, lb'f./in.2
E S = stagnation ﬁ;essure in power jet resarvﬁir, 1bf./1n.2
E P, = control port préssufe, 1bf./in.2
é. T - diptance in radial d;rection, in.
; R = radius of curvature of powgr jet, in.
g R = gag constant, ft.lbf./lbm.°R
? Re = Reynolds number
E 8 = distance along jet's centerline in interaction region, in,
i t = time, sec.
I T = . temperature, °R
Ty = power jet's totﬁl temperature, °R
u = time-averaged velocity component in axial direction, ft./sec.
u' = flucﬁgating velocity component, ft,/sec.
Gc = power jet's centerline velbcity, ft./sec.
Ei = velocity calculated uéing isentrbpic' flow,. ft./aec.. |
EO = velocity at centerline of nozzle exit plane; ft./sec._
v = time-averaged velocity compoment normal to jet's centerline,
ft./sec. '
v! = fluctuating velocity component, ff./sec.
v = speed of vector component of velocity, ft./sec.
x = gtreamwise distance coordinate, 1n.
xc' = fotential core length, 1ﬁ.
X, = distance from intersection of supply and control port

centerlines to receiver inlet, in.
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x = distance to begimming of turbulent regime, in.

X, = transition parameter, im.

X = control port width, in,

Yy = distance norm#l to jet centerline, in.

Yo = potential cofe width, in.

Ve = control port setback from centerline of supply nozzle, in.
y* = distance from centerline to one percent point on jet's

velocity profile, in,

z = distance from jet’s centerline to edge of control port, in.

o = jet deflection angle as it crosses edge of control port, deg.

) = distance between cen;erline of jet and centerline of nozzle, in.
n = nondimensional wveloclty profile shape factor

6 = power jetfs deflection angle, deg.

Br © = recelver offset angle from power nozzle éenterline, deg.

H - =  viscosity, lbf.sec.!ft.2

p = density, lbm./ft.>

T = nondimensional exit plane shape factor
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CHAPTER I

I | . INTRODUCTION

® - Motivation for this Research

1 Numercus analytical and experimenﬁal studies have been made of
:2 free and interacting jet flows. These inveatigations have considered |
L; _ . conditions which mﬁy be separated into either the high Reynolds numﬁer
compressible and incompressible flow regimé or the low Reynolds ﬁunbér
incompressible flow regime. Motivation for the study of jets from

these two regimes historically has stemmed from their purely scientific

as well as practical importance. High Reynolds number jet flows have

been the subject of numerous investigations since this is the simplest

flow situation in which a turbulent mechanism controls the diffusion
proceas in the fiuild. Also, there exist many practical applications

which involve these flows, for example, nozzlés and ejectors. Low

Reynoldé number incompressible jets have been mainly of scientific
interest due to the lack of practical applications for such devices.

Between the high Reynolds number turbulent flow regime and the

low Reynolds number laminar incompressible flow regime lie a clase of.
free jet flows which have been mainly ignored. No information on the
compressible jet mixing process at low Reynolds numbers is aﬁailabie at
present. Furthermore, the only information concerning these flows which
is presently available is a limited qﬁantity of mean velocity distribu-

tion data within the jet. This absence of information has historically |
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been the result of the lack of practical applications for jet devices
which would be very small when operated at near atmospheric pressures,
However, contributing to this lack of research may be the difficulties
associated with the analytical modeling of the transition from laminar
to turbulent flow in thia regime and the making of precise measure-
ments of the flow fields.

Technical advancements pr;marily in the last decade have pro-~
vided motivation for the study of low Reynolds number compressible
flows, Thié interest has been aroused chiefly from the development of
pneumatic fluidic devices. 'These devices mﬁke use of single and inter-
acting bounded jet flows to perform logic, amplify signals and to
control processes. Present and anticipated future applications of
these devices require them to operate aﬁ sea level,-in high altitude
ailreraft and even in spéce. There ia also a wide variation in physi-
cal sizes for these devices, Elements with power nozzle widths as
large as severai inches and as small as a few thousands of an inch have
been constructed., Even smaller miniaturized fluidic elements have been
proposed for signal processing devices. It.is anticipatéd that these
minfaturized fluidic elements would improve speed of response and lowgr
quieacent flow,

Free and interacting jet analytical models and data have been
used extensively in the design of fiuidic devices. In the proportional
fluid amplifier, for exampié, researchers have proposed that its com-
plicated flow field can be approximated by threé independent jet

probleﬁs, and thus, each can be analyzed separately, These three




problems are the interaction of the control and supply jets, the

propagation of the combined control and supply jet flows through the

 device and the impingement of these jet flows on the devices receiver

and its ultimate output flow and pressure, Investigators and dea;gners
of relatively large fluidic elemgnts have relied heavily on turbulent
free jet information for mathematically modeling the undisturbed and
interacting jets in these devices. Smaller devices and elements which
function at low ambient pressures, however, utilize jet flows which

are well below those reported to have fully turbulent characteristics.
There is only a small amount of recent data and.no analytical or empir-
ical jet flow models to aid the design of these devices. The lack of
experimental data and analytical models for thé low Reynolds number

compressible flow regime has provided the motivation for this research.

Objectives for this Research

The purpose of this résea;ch is to investigate free and inter~
acting rectangular jets in the compressible low Reynolds number flow
regime, It i3 anticipated that this research will serﬁe two baaic pur-
poses.. The first is to study jet flows in a regime which previously
has not been investigated and compare these data to existing theories
and experimeﬁtal data. The second is to orgﬁnize this information so
that it may be used in the design of fluidic elements and other jet
devices.

An extensive experimental program was performed te obtain infor-~
mation on low Reynolds number comprgssible jets. The flow fields in

this study were creategd by providing a rarefied flow of air through




_ the experimental model with a vacuum pump. Measurements were carried
out on the distribution of average velocitj, velocity fluctuations and
static_preruré throughout a jet. Mbasﬁrements were actually taken
along the jet centerline and along several paths perpendicular to the

.jet centerline. Both a free jet and two perpendicular intersecting
jets are considered. Limited experiments were perforﬁeé upon the
interaction of these jets with a receivef. The limits of the present
inveatigation based on conditions at the centerling of the nozzle exit

are
0.2 <M <£0.95

50 < R_ < 700

=2

5x107% <

K < 2x10
This study involves cbnditions in the lower continuum and upper tran-
sitional flow regime assuming a Knudsen number of 1072 (baged on
conditions at ;he nozzle exit) is the boundarj between these flows,

The flow fegime.copsidered in this research corresponds approximately
to fluidie devices using air with atmosphere venting pressure and
nozzle width variations of 0.0053 in. > b > 0.0001 in. This £low regime
includes devices which are presently 0peratioﬁal'as well as devices

which would possess very much sﬁaller flow passages.

'Thesis'Orgqnization

An extengive review'bf literature pertinent to single and inter-

acting jets 1s presented in the remainder of Chapter I. It should be

Skl wae .
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noted that this long section may be passed over at the discretion of

B dra nar T e i g e

the reader. The presentation of results from the present research

- begins in Chapter II with the description of the experimental apparatus,
Procedures and methods employed in the experimental investigations are
discussed in Chaptér I1I. Chapters IV through VI present, respectively,
the results of the free jet investigation, jet interaction investiga-
tion and jet receiver interaction investigation. The conclusions
resulting from theae investigations along with recommendations for

further research are preasented in Chapter VII.

Literature Review

In the subsequent sections analytical theories and experimental
data will be reviewed which are pertinent to the present investigation,
Since the findings of the present research are to be presented in three
portions, literature relevant to these results ﬁill be reviewed in the

same manner.

Plane Jet
Experimental investigations have demonstrated that the flow
structure of the plane jet is very different when turbulence exists as
compared teo when fhe flow is laminar. Likewise, the analytical tech-

niques employed to determine the flow field vary for compressible flow

versus incompressible flow and for laminar flow versus turbulent flow.
These differences in techniques have resulted in plane jet anaiytical
investigations being divided into five categories

1. turbulent incompressible plane jet

D b alila i - oae ] il dtlal et Dho e iem e e
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2. . turbulent compressible plane jet
3. lamine: incompressible plane jet . ' oy
4, laminar compressible plane jet ¥

5. transition from laminar to turbulent flow in : _ o

a plane jet
Reynolds number and Mach number based on conditioms at the jet exhaust.
nozzle have been universally asaumed as the pareﬁeters which divide
the firet four flow regimes. The fifth fegine consists of jets tran-
scending from laminar to turbulent flow;

This review ﬁili follow historical precedent aﬁe separate
anelytical and experimental results into the.five_preceding categoriee..
It will be limited.to tﬁe case of interest,, that is, to the.plane sub~
sonic situation where there is no variation of total temperature
between ;he jet and aurrounding fluid at rest.

‘Turbulent Incogpteseible Plane Jet

Actual flows at high Reynolds - numbere are qharacterized by a
phenomenon known as “turbulence.” In such a flow, the apparent steady
motion of fluids is only steady in eO'far as the temporal mean values
of the velocities and the pressure are concerned;_in reality, veloci-‘
ties and pressures are subjected to random fluctuations. In this case
the velocity and pressure distributions, ane_eapecially_the energy
losses, are determined mainly by the turbuient fluctuations,

In the flow of a plane jet at.high Reynolds numbers, it is
known that only near the exit of the nozzle is the flow laminar or

streamline flow, but far downatream the flow in the jet is turbulent._n
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The essential characteristic of this turbulent motion is that the
fluctuations are random in nature. Hence, the logical solution of the
turbulent jet problems appears to be the application of methods of
statistical mechanics. But such an application is difficult, because
both the nature and elementary units and the expreasions for probabil~
ity are unkaown. However, it is desirable to have some sort of theory
as a guide for experimental results., Several semi-empirical theories,
sometimes known as phenomenological theories, of fully developed turbu-
lent flow have been developed. The best known of these is the Prandtl
mixing length hypothesis which will be reviewed in a later section.

The application of these theories to predicting the mean velocity field
in two turbulent plaﬁe jet flow problems has been quite successful.

A necessary prerequisite to a review of analytical solutions
for the mean velocity profiles in the fully developed portions of the
plane jet is a discussion of the appropriate differential equations
describing turbulen; flow, It should be pointed out that the funda-
mental differential equations describing laminar flow (the Navier-
Stokes equatioﬁs) are invalid for turbulent flow.. However, the Reynolds |
equations of motion which do describe the turbulent mixing of an incom-
pressible fluid may be derived from the Navier-Stokes equations [1}].
The Reynolds equations will be developed for a two-dimensional steady
flow field in the following section.

Formulation of Reynolds Equations of Motion. In describing a

turbulent flow in mathematical terms, it 1s convenient to separate it
into a mean wotion and a fluctuating, or eddying motion. The time-

average of the u-component of velocity will be denoted by u and its




fluctuating component of velocity by u'. The following relations may

be written for the velocity components and pressure: &

u=u+u' ;3 v=v4y' 3 p=opo+p (1)

The time-averages of the variables are formed at a fixed point in

space and are given by

i tgtty
G =1/t j u dt 3

o

it 1s understood that the mean values are taken over a sufficiently
long interval of time, tys for them to be independent of time, Conse-
quently, by definition the time~averages of the fluctuating components
are equal to zero.

It is useful to list several rules of operating on meaﬁ time-
averages which will.be required later., If f and g are two dependent

variables whose mean values are to be formed and if Q denotes one of

the independent varisbles x and y, then the following rules apply:

+ g (3)

i
N
hil
ws
Fh
+
o
I
Fhi

a _If =
3q - 3q If dq Jf dq

It 18 now possible to derive the Reynolds' equations. The bb-
ject of this derivation is to determine the equations of motion which

. must be satisfied by the time-averages of the velocity components a
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and v and the pressure p. The Navier-Stokes equations for incompress-

ible two-dimensional steady flow are

2 .
du)  d(uv)| _ _3p 2
P [;x + 3y | 3 +u ¥V ou (&)
2 -
a{vu) . O(v )t _ _ 3p 2
p [éx + 5y 3y + UV v
- du , 3v
§§-+ 3y =0

The decomposition of the velocity and pressure from egquation (1) may
now be introduced into the preceding expression. The equation of
motion which must be satisfied by the time~average of the variables

may then be determined by averaging equation (4) term.by term

= .2 PR R P S P op ! I P
o 3(131-:1) +8(u+u3;(v+v) =~3_§$P_l+uv2(u+u'). (5)

- - - 2 -
a{viv) (utu')  a(wkv) ) 3(ptp") 2,
o TS + . 5y + u V(vtv')

Lo =

dutu’) | A(whv') _

x dy
If the averaging proceéss is carried out on the preceding equations in
accordance with the rules in expression (3) and a siﬁplification from

continuity is made, the resulting expressions are
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- 3u , - 3y - 3p - 3u'® | du'v' ) :
"[“ax"’"a;] -8x+uv2u_p(3x Yy (6)
-&4_-&__&_'_ 23 3u'v'+3;§-‘
Pl Yy ay T MY VTP Gk ay |
3, 85 _
3x+3y 0

The preceding results are identical to those ¢of the Navier—Stokeé equa-
tions if the velocity components and pressure u, v and p are replaced
by their time-averages except for the quadratic terms in turbulent
velocity. These additional termws may be interpreted. as components 6f
a stress tensor. If this analogy is introduced into expression (6),

the Reynolds equations are

E.a..‘_i+;£ --?.E.;. V2-+ ri?i.q..?:ﬂ? R &)
P ox Y, Bx M A Iy
- (31 d0_]
AP A ) ] XL, X
p[uax-l-vayd +]_|V21.J'+Lax +3y‘
a_u.l.-a-lso

The components of the stress tensor due to the turbulent velocity

components are

l2 Pyt

Ox 'l'xy Pu pu'v
- (8)

T o pu'v' pv'z

r r:]
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It may be concluded that the components of the mean velocity of
turbulent flow satisfy the same equations as for laminar flow, except

that the laminar atresses must be increased by additional stresses.

" These additional stresses are known as apparent or virtual stresses

of turbulent flow or Reynolds stresses, These stresses are added to
the ordinary viscous terms in laminar flow and have a similar influence
on the flow field; it is often said that they are caused by eddy vis-
cosity. | |

Expressions (7) and (8) constitute the starting point for the
mathematical determination of the turbulent flow field. Although the
time-averaged values of the turbulent velocity fluctuations may be
interpreted as components of a stress temsor, this interpretation does
not lead to a mathematical solution as in the case of laminar flow.
Viscosity in laminar flow is a property of the fluid and way be deter=-
mined experimentally, whereas, in turbulent flow eddy viscosity is
dependent on the flow field itself. Expressions (7) and (8) camnot be
used to evaluate the mean flow as long as the relationships between the
mean and the %urbulént velocity components arelnot knowm. This rela-

] :

tionship can-énly be determined empirically [2].

Prandil Mixing Length Theory. A number of phenomenological

theories exisé which relate the mean and fluctuating components of
velocity in t&rbulent flow. Perhaps the ﬁest known of these is the
Praﬁdtl mixing length theory whose fundaméntal concepts will be re-
viewed for the case of parallel flow. In this simple flow situation

the mean velocity varies only from streamline to streamline; the
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principal direction of flow is assumed to be parallel to the x-axis,
The mean components of wvelocity may be written as
u=u(y) ; v=0 | 9

This type of flow can be found in a channel for which measurements of
the turbulent velocity components indicate the only non-zero stress

component from expression (8) is

T =2T=-pu'y’ (10
- pu'v (10)

Prandtl proposed that in the turbulent flow field, fluid particles
coélesce into lﬁmps which move together for a given traversed length,
both iﬁ the longitudinal and in the transverse direction, retaining
their momentum parallel to the x—direction._ He postulated that a
lump of fluid which comes, for example, from a layer at (y1-£1) and
has a velocity G(yl-zl) is displaced a distapce'ﬂl in the transverse

direction to the layer at yy3 see Figure 1.

y
A

u (y1+£1)

(yl)

el

7777777777 °

Figure 1. Description of the Prandtl
Mixing Length Concept '
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The distance ﬂl is the Prandtl mixing length. The lump of fluid
retains its original momentum from the layer at (yl-?,l); thus its
velocity in the new lamina at Yy is smaller than the velocity prevail-

ing there. This difference in velocity between lamina is then

=1 - u - = -'A—; = g"-
oy = () - By =y REe g _[d;]y v
| )

The preceding expression may be cbtained by developing G(ylwﬂl) in a
Taylor series and neglecting higher order terms, Similarly, a lump of
fluid which comes from the (y1+£1) lamina to the Y1 lamina would pos-

sess a velocity which exceeds its surrounding by

=u - - {du
Auz = u(y1+£l) u(yl) 21 (dy ,
1l

(12)

The velocity differences caused by the transverse motion of fluid
particles can be regarded as the turbulent velocity components at Yye
Hence, we can calculate the time-average of the absolute value of the

velocity fluctuation in the x-direction and obtain

[a'T = 2 (o | + [au,]) = 2,

du
8,

1 5
Y1

Prandt]l assumed that velocity fluctuations in the transverse or

y~direction originate in the following waj: Consider two lumps of

fluid meeting in a lamina at Yy the slower one from (ylvﬂl) and the

faster one from (y1+£1). Under these circumstances the lumps will col-
lide and diverge sideways. This is equivalent to the existence of a

fluctuating velocity component in both directions with respect to the

IR WAL XA T
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layer at y,. This argument implies that the transverse component v'
ié of the same order of magnitude as u’ and thus we may write
|v*| = const » |u'| = const + %y & (14)

In order to determine the expression for shearing stress found in

equation (10), it 1s necessary to cpnsider the mean value of u'v' a
little closer, It follows from the preceding model that lumps which
arrife at layer y, with a positive value of v' (upwards from below)
produce "mostly" a negative u'; so that fhe product u'v' is negative.
Lumps with a negative ﬁalue of v' (doﬁnward from aﬁove) produce )
"mostly" a positive value of u' and again the product u'v' is negative.
The quﬁlifying word "mosetly" indicates the appearance of.particles with

u' of opposite sign is not excluded, however, is less frequent, Hence,

- We can assume

a'v' = - cl Iu", . Ivvl ' ' . (15)

Inserting equations (13) and (14) into (15) yields

- 2 jdu | du ;
‘uly! = = . gu| s oo
ulv const £1 'I &y (16) .
It.should be noted that the constant in the preceding expression alsgo

1
ing length and we may write

'~ contains c. .. This constant may be included into the still unknown mix-

— 2 {du | du
Vol m gy cu
u'v 21 & | & a7

Consequently, the shearing stress from equation (10) becomes

|
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du
T=p 2 Idy @y (18)
An expression for the virtual kinematic viscosity becomes

a2 |du
= 2 dy

1 (19)

Prandtl's result.in expression (18) for the turbulent shearing
stress is unsatisfactory in that the virtual kinematic viscosity, €,
vanishes at points where %;—equal zero (1. e., at points of maximum and
winimum velocity). This is certainly not the case because turbulent
mixing does not vanish at points of maximum velocity. As an example,
hot wire anemometer data have demonstrated the turbulent mixing prﬁcess_
exists at the centerline of high Reynolds number jets. In order to
counter this problem, Prandtl established a simpler equation for the
virtual kinematic viscosity. This expression is valid only for free
turbulent flow and was derived from extensive experimental data.
Prandtl assumed that the lumps of fluid which move in a transverse
directioﬁ during turbulent mixing are of the same order of magnitude
as the width of the turbulent mixing zone. The virtual kinematic vis-
cosity is formed by multiplying the maximum difference in the mean fiow

velocity by a length which 1s assumed to be proportional to the width,

bm’ of the mixing zone, Thus

€= tp1 bm (umax - umin)

(20)
Here ¢1 denotes a dimensionless number to be determined experimentally.

It follows that € remains constant over the whole width of every cross-

section, whereas the hypothesis in expression (19) implies that virtual
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kinematic viscosity varies even if the mixing length were assumed to

be constant [3].

Analytical Solutions to Turbulent Plane Jet Problems., In the

preceding sections, the mathematical tools have been developed for the
sclution of two problems involved in the flow field of an incompress-

ible turbulent plane jet. These problems are that of the free jet

boundary and the fully developed free jet flow. The solutions to these -

two flow problems have been assumed to describe, resﬁectively, the time-
average velocity profiles in the core region and the fully developed
turbulent f£low region in a plane jet; see Figure 4,

The free jet boundary problem occurs when a fluid is diécharged '

from a nozzle or orifiée into a fluid medium at rest; see Figure 2.
The discontinuity in the velocitles of the jet and surrounding medium
is unstable and.gives rise to a zone of turbulent mixing downstream of
the point where the streams first meet. The width of this mixing re-

gioﬁ increases in the dowmstream directiom.

A fully developed turbulent floﬁ occurs at some distance down-
stream of the nozzle of a free jet; see Figure 3. 1In thia region of
flow, the jét has traveled far enough downstream from the nozzle exit
for the time-avefaged veloclty profiles through the jet to become
similar.

Before proceeding to integrate the Reynolds equations for the
cases of interest, an estimate will be made of the increase of the width
of the mixing zone and the decrease of height of the velocity profile

with increasing distance x. The following account is based on one by

Prandtl.
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Free Jet Boundary Flow

Figure 2.

2b

Fully Developed Free Jet Flow

Figure 3.
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It may be assumed for a turbulent jet that the mixing length,
R’l’ is proportional to the mixing zone width, bm'
£llbm =8 = const (21)
In addition, the rate of increase of the mixing zone width with time

is proportional to the transverse velocity v'.

Dbm :

— T .

s v! (22)
Here D/Dt denotes the substantive derivative, so that —g—t— = u %;4- v %;.
Also, v' ~ -2’1 % from expression (14) may be substituted into the pre-

vious equation

Db i -
MY g?" G

The mean value of 3u/dy taken over the mixing zone may be assumed to

be approximately proportional to umaxfbm‘ Thus

Iy 3
m -
oo = const £1 umax/bm | (24)

Introducing equation (21) into the preceding expression gilves

Db
m - L] a = . o
ot = const B l.lma;x const u (25)

Evaluating the substantive derivative for bm produces

db

u —2 = const * G - (26)
max dx max :
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The preceding expression indicates the mixing zone width is propor-
tional to downstream distance x for both the jet boundary and the fully

~developed jet flow.
by = const * x @n

The decay of centerline velocity in a fully developed jet may be deter-
mined 1f the momentum of the jet is assumed to be conserved (this
‘assumption will be examined in more detail in the section describing
experimental studies of frée turbulent plaﬁe jets)., The momentum per

unit height is
~2
J=p I u” dy = const : (28)

It may also be assumed that the integrand in the preceding expression

may be approximated by

o2 -2 :
I - u dy = const * L bm . (29)
5 _

Thus, expression (28) becomes

-2
J/p = const U bm | (30)

Introducing the expression for the mixing zone in equation (27), yields

- 1 ' :
U oax const —;— v J?p (31)

Free Jet Boundary. A summary of the solution for the time~

averaged velocity distribution in a free jet boundary follows. With

reference to Figure 2, the more general case will be considered where
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" use of Prandtl's hypothesis in the form of expression (18). He also

20 %
at x = 0 there is a meeting of two streams whose constant velocities 4
are Ul and U2, respectively; it being assumed that ul > U2. Downstream Q
of the point of encounter the streams will form a mixing zone whose
width increases proportionally to x. The x-component of momentum and
the continuity equation from expression (7) may be written as
—9u_ -2dul _ _3p 2 - du'? du'vy'
“[“ax“"’ay] R R L ~al (32)
u , oV
e + 3y 0

Thelterm 1] Vz u in the preceding expression represents laminar friction
and may be neglected for the present situation, since turbulent friction
dominates the flow field, 1t will be asaumed that the éreasure is con-
stant and that turbulent f;uctuationé in the x-~direction are small in
the flow fields of both the jet boundary and the fully developed jet
flow., This asgsumption will be verified and considered in ﬁore detail in

the section of experimental studies to follow. Thus expression (32) re~

duces to
- 3u , = du] _ du'y' 3T
o [u T Y Sy] =-p 5 = 3y (33)
3u , 3v _
ox 9y 0

The previous set of equations was first solved by Tollmien [4] who made

assumed the mixing length remained constant over the mixing zone. We
shall review here the mathematical simpler solution due to Gortler [5]

who bases it on Prandtl's hypothesis in expression (20). Expression
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(33) based on Prandtl's second assumption becomes
du
- e =)
s, o) 1o, )
(u 9x + ? 3;] p oy dy . (34)
3u _ 3 _
T dy 0

If the virtual kinematic viscosity 1s assumed constant across the mix-

ing zone, then

- 2-
[a-g-:-afsgﬂ-ei—} - (35)

x from expression (27) where c. is some constant, the

1 1

virtual kinematic viscosity becomes

Putting b = ¢
m

£ = wl ey X (Ul—Uz) | _ (36)

It may be assumed that the velocity profiléa of G and v are similar
functions of y/x. Putting £ = oy/x we can satisfy the equation of
continuity by the adoption of the stream function Y = xUF() where
U= 1/2(U0,) . Then, u = UoOF'(Z) and expression (35) leads to the

following differential equation for F(&):

2

F''"*' + 21" FF'' =0 ' | (3n

where the value of T is

T = /2 ' (38)
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The boundary conditioms are £ = & @; F'(E) = 1 * X, Gortler solved

expression (37) by assuming a power-series expansion of the form
TR(E) = F(E) + AF (B) + MR, () + oo (39)

with F; = £. Substituting expression (39) into (38) and arranging in
ascending powers of A, we obtain a system of differential equations

which 1s solved by recursion. The first of these is

Fl"" +2EF" =0 (40)

with the boundary conditions F,'(f) = £l at £ = * . The solution of

expression (40) is given by the error function

' 2 £ —22
Fl'(g) = erf () m» — I e . dz (41)
i3 0 .

The contributions of the succeeding terms of equation (39) are negli-

gible, thus the solution is
.+ 0 U, =0T :
g 221+ 2 2Zave (p) (42)
2 U, + U
1 2
£ = oy/x

The single arbitrary comstant ¢ in the preceding expression must be
evaluated from experimental data.

Fully Developed Plane Jet. The mean velocity distribution in a

two-dimensional turbulent jet was first calculated by Tollmien [4] who

" made use of Prandtl’s first mixing length hypothesis of equation (18).

However, as in the case of the free boundary we will review the
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mathematically simpler solution due to Gortler [5], In the plane jet
problem similar simplifying assumptions will be made to the equations
of motion, that is viscous friction will be neglected, pressure is
assumed constant in the flow field and turbulent fluctuations in the
x-direction are neglected. The simplified equations of motion are

Giﬁ..p{,'i‘.-‘.-eﬁ (43)
% Ay ayz

du , v

ax + 3y 0
The rate of increaée of the jet mixing zome, bm, is assumed to be
proportional to x. The virtual kinematic viscosity from Prandtl's
second hypothesis, expression (20}, then becomes

€ -_wl bm u. | : (44)

ﬁhere Gc denotes the centerline velocity and wl is sowe arbitrary con-.
stant, As in the case of the jet boundary, the velocity profiles of u
and v may be assumed to be similar to ny where N, = oy/x. The equation
of continuity in expreésion (43) may be satisfied by adopting a stream
function. Writing the x—mbmentum equation in (43) in terms of the
stream function, results in an ordinary differential equation in terms
of functions of the stream function, F(nl), and its derivatives. Inté—
grating thaf_differential equation leads to the final solution to this

problem
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(= |
]

- 2 .
u_ sech (nl) | .- ~ (45)

<1
]

GCIZG (2, seChz (n;) - tanh (n})]

Ny -.Gy/x

-1/2

u

- %
c u1 (x

)

1

Ec in the preceding expression demotes the centerline velocity at

some arbitrary digtancé x from the nozzle, The centerline velocity

at some fixed distance from the ﬁozzle x; is El' The arbitrary constant
c.in the expression above must be evaluated from experimental data. It
is interesting to note that the form of the solution for u and v for

the turbulent plane jet is identical to that for the laminar plane

jet. The.profile simiiarity parameters for thesé two cases, however,

are different [6].

Experimental Investigations of Plane Incompressible Turbulent

Jets., A géneral explanation of the flow structure observed in a tur-

bulent fluid jet can be made with reference to Figure 4., The fluid
jet is discharged from a nozzle with a uniform velocity. The pro-
nounced velocity gradient between the fluid jet at the nozzle walls
and the gsurrounding fluid will result in a turbulent lateral mixing
process which progresses both inward and oupwa;d'from the efflux sec-

tion. The fluid within the jet is gradually decelerated and fluid from

 the surrounding region is gradually accelerated or entrained. This mix-

ing process on either side of the potential core gradually reduces its

width until it is completely eliminated. The point at which the two
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mixing zones intersect is the end of the core region. Following the
core region is the transition flow region. In this regime the time-
average velocity profiles are pfogresaing toward similarity., At the
end of the transition flow region, the jet's velocity profiles have ob-
tained similarity and a fully develdped turbulent flow exists.

Liepmann and Laufer [7] have made an extensive experimental
lavestigation of the time--average and fluctuating velocity field in a
plane turbulent free mixing region. The free uixing zone is assumed to
correspond to a half jet in the core region; see Figure 4. The free
mixing region in their investigation was created bj allowing a jet of
alr to emerge from a nozzle and mix with.still air on one of its bound-
aries. The other boundaries were solid walle. The nozzle width of the
apparatus was 19,05 centimeters with an aspect ratio of 8:1. The
Reynolds number at which this study was conducted was 460,000 based
on the width of a corresponding f?ee jet situvation where the nozzle
width would be 38.1 centimeters. The Mach numbér of this study was
0,052,

Measurements of the time-average and fluctuating fleld have
indicated the boundary layer at the mouth of the jet was only 0.1
centimeters thick and was laminar. The mixing zone was found to be
laminar from x = 0 to x = 6 centimeters, however, beyond that point
turbulence existed in the wixing zone. Experimental measurements.of
the time-average velocity field had demonstrated that fully developed
turbulent velocity profiles were obtained only for a distance exceed-._

ing approximately 30 centimeters downstream of the nozzle.
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In a comparison of the measured velocity profiles in the mixing
zone's fully developed region, Liepmann and Laﬁfer had found that by
appropriate choice of the experimental constant ¢ both the theory based
on constant mixing length (Tollmien) and the one based on constant ex-
change coefficient (Gortler) could be made to agree with the mgasdred
velocity distribution. Figure 5 shows that for g = 12.0 the agree.mént
with Tollmien's velocity profile is fairly good; while for ¢ = 11.0
Gortler's velocity profile is better approximated. As a matter of fact,
an error integral curve (3ortler's first approximation and ﬁhe one re-
viewed in the preceding section) gives a.reasonable agreeﬁent with
measured values.

Measurements of the longitudinal and lateral componénta of the
velocity fluctuations were carried out at several stations in the flow.
These d#ta 1nd1§ated that the profiles of thé fluctuating comﬁonents
of velocity had attained simflarity at approximately 30 centimeters
downstream of the nozzle, Their study thus indicated the time-average
velocity profiles as well as the fluctuating velocity attained similar-
ity at approximately the same distance downatream of the nozzle. Showm
in PFigure 6 is time-average and fluctuating components of velocity at
one location in the flow field., The velocity profiles are nondimension-

alized by 61 which is the momentum thickness given by

o

8, = [ E/GO a - %;) dy (46)
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Figure 5. Mean Velocity Distribution in a Half Jet (0=12.0) from Reference [7]
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From the measured correlation coefficient and the components

of the turbulent fluctuations, Liepmann and:Laufer'have calculated the

turbulent sheér stress, The mixing length_and exchange coefficient
were then computed from the turbulent shear stress and the measured
velocity profile. These results indicated both the exchange coeffi-
clent and mixing length vary across the mixing zone., Thus the
hypothesis used by Gortler and Tollmien in the solution of this prob-
lem is in error,'éven though their resulting time-average velocity
profiles are in good agrgeﬁent with data. .

An extensive experimental investigation has been made of the
structure of a free turbulent plane jet iséuing into a fluid at rest
by Miller and Comings [8]. Measurements were made of the time-
average velocity, the fluctuating velocity and the static pressure
within the jet. The measurements performed with air were at a re-
ported Reynolds number of 17,800, based on the width of the nozzle, and
a Mach numbe; of 0.063. A nozzle of aspect ratio 40:1 was employed to
insure a two~dimensional flow field. |

Jet width as a function of dowvmstream distance is shown in

. Figure 7. The author's definition of jet width may be ascertained from

Figure 10. From the velocitj distribution in this figure, the jet .
width is the lateral distance to the point where the velocity 1is 67 per
cent of the centerline velocity. The jét width is apprqximately con~
stant for the first four nozzle widths doﬁnstrgam. Further dowmstream
a transition to lineaf spread with distance was observed. From x/b = 7

to the farthest measurement station, the jet width, bm’ is proportiomal
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to x. It should be pointed out that the analytical solutions for the
free boundary and the fully developed jet both predict the mixing zone
grows proportional to downstream distance x.

The d;cay curve for the centre-plane vélocity {squared) appears
in Figure 8. The straight portion of the curve for x/b > 7 has a slope
of -L.028 as compared to a slope of -1 predicted by the analytical solu-
tion for a fully developed turbulent plane jet. From these data it

would appear the'potential core exists some five nozzle widths dowm~-

stream of the nozzle. Centerplane velocity data by Albertson {9] are

in good agréement with Figure 8. Albertson's study which was pérformed
for Reynolds number range of 13,000 3_Ré > 1500 indicated a constant
core length of 5.2 nozzle widths,

| Tﬁe behavior of the centerline velocity decay and jet spread
with distance from the nozzle defines two distinct flow regimes, The
authoré of this research had defined the flow region up to x/b = 7.as
the trénsit;on region, and the distance beyond as the fully developed

region. These two regions were considered séparately.

Miller and Comings reﬁort making méaaurements of the lateral
distributions of G, ;TZ; and p at several stations in the transition
region. Data for ;Ti‘and p are shown in Figure 9. Uﬁfortunately, time-
average velocity profiles are not reportéd for this region, Hot wire

anemometer data 1nd1catéd a region of low turbulence level

(/(u'2) / u < 0.05) which existed downstream from the nozzle was con-
tained in a wedge whose vertex fell on the centre-plane at x/b = 2.5

and whose base coincided with the nozzle mouth. A positive static
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pressure ridge, straddling the centre-plane and decaying rapidly with
X, was found within the "potential wedge."” This ridge is attributed to
the persistence of the pressure distribution created within.the nozzle.

Outside this potential wedge all measured static pressures were
negative. Particularly striking were the static pressure trenches
appeariﬁg on each side of the potential wedge starting at x/b = 0.8 and
finally merging at the centre-plane at x/b = 5.0,

The corresponding turbulence x-stress profiles of Figure 9
show the development of turbulence in the'high.shear regions on either
side of the.potential wedge. A close negative correspondence is noted
between the static pressure and turbulent fluctuations in the x-
direction at x/b = 1 and 2, however, this correspondence is seen to
deterio;ate at stations farther downstream.

Lateral distributions of u, u'? and p at several stations in

the fully developed regime are shown in Figures 10, 11 and 12, In each

case the lateral distance y is nondimensionalized by the jet width

parameter, bm’ in Figure 7. The distribufions of the time-averagé
velocity u demonstrate the similarity of the mean velocity profiles in
this region. Theoretical velocity profiles for.this region by Gortler;
see equation (45), and_Reichardt are in agreement with measufed data.
However, Gortler's solution éppears to be in appteciable_error near the
jet boundary while Reichardt's expression fits the data through the
entire profile. |

The most.striking feature of the turbulent x-stress profile and

the pressure distributions in the fully developed region is their lack
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of similarity; see Figures 1l and 12, Although the time-average
velocity profile has obtained similarity in approximately seven ﬁozzle
widths, the fluctuating velocity field is still developing at 40
nozzle widths downstream, It would appear, however, that similarity
is being approached.

The preceding data indicate a negative static pressure field
exists throughout the turbulent region in the two-dimensional free jet.
The close correspondence between static pressure deficlemcy and turbu-
lent x-stress component suggeSts that the static pressure deficiency
is a manifestgtian of tﬁe presence of turbulence..

The magnitude of this negative static pressure distribution is
of the same order of magnitude, but opposite in sign to the turbulent

fluctuations in the x-direction. Thus, the neglecting of the terms

gi autz . :
- A and - p o in expression (32) 1s justified. The magnitude of

the pressure forces in the plane turbulent jet are small in comparison
to the x~component of momentum, and thus the common assumption of con-
servation of momentum in that direction is justified.

Turbulent Compressible Plane Jet

For the turbulent flow of a cOmpressible fluid, the effect of_
variation of density upon the fluctuating and time-average flow proper-
ties cannot be neglected. Thus for high speed flows a description of a
plane jet becomes much more difficuit, 1In tﬁe study of turbulent com-
pressible plane jets, besides the correlation of velocity componeats,
we must also comsider the correlation of velocity and density and

pressure and velocity, Since there is not a statistical theory of the

I B R
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turbulent shear flow of an incompressible fluid yet, the knowledge of &

the turbulent flow of a compressible fluid is that much more meager.
However, with some plausible asaumptions, it-is poésible to extend some
. of the semi-empirical theorles of turbulent flow of an incompressible
by £luld to the case of a compressible fluid, At least for engineering

il purposes the effect of compressibility on the mean velocity distribu-

tion can be determined [10].

Formulation of Equations of Motion for the Compressible Flow

of a Turbulent Plane Jet., A prerequisite to a review of the plane

compressible turbulent jet is a discussion of the equations of motion
descfibing the flow field, As in the previous case of turbulent in~

compressible flow, the starting point of the mathematical description

will be the Navier-Stokes equations, The momentum equation in the x-
direction and the continuity equation for the case of a plane compress-
ible steady flow neglecting the effects of viscosity, body forces and

pressure varlations is

ﬁu _ du
pu Ix + pv Sy 0 Y)

. dpu + pv. _ 0
ox oy
If the flow properties are separated into their mean and fluctuvating
components, then the dependent variables in the pteceding expression

become

p=p'+p ;3 u=u'+uU ;3 vV +V (48)
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The equations of motion describing the time-average quantities u, v and
p can be determined by inserting expression (48) into expression (47)
and averaging term by term. The resulting equation for the x-component

of momentum is

_._... + ———
ptu' %:-:—-i-pu g + up' ___gu + pu' %—+pug—u’-€ (49)

—_-ﬂ
Ju T Bu du' ' = 8
+ n'vy! _.|. + L + v B
PV ay p'v ay “p ay DV ay + pv 3}7 = 0

The expression for continuity is

dpu . dpv . 3lpTw"y 3PV |
ax +8}r =% ot dy (50)

By a comparison of the order of magnitude of the terms in expression

(49), that equation may be reduced to

.3_.: Bl—‘ _|—-'--a-{i -'?—"—l—-- g 3
pua-i-pvay-l-pv 3y+pv 3y 0 (51)

Equations (50) and (51) along with an energy equation and an equation
of state make up a description of the flow field for a plane compress-
ible turbulent.jet. It should be pointed out that the solution to this
get of equations is much more difficult than in the turbulent incom- -
pressible case. This added complexity stems from the correlations
between velocity components as well as density amnd velocity contgined
in these equations.

For the incqmpressible flow case a phenomenological théory was
used to describe the correlation betweenlthe fluctuating components of

velocity, and thus the equations of motion were reduced to a solvable
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form. In the present situation an additional semi-empirical relation-

ship for density must be employed.

If Taylor's modified vorticity transport theory is employed to

e e R

describe the fluctuating velocity component in the x-direction, then

{ we may write

au' 3 u ' :

The preceding result is identical to that for Prandtl's first mixing
H
length hypothesis if the mixing length is considered constant.

Density fluctuations may be assumed to be analogous to velocity

fluctuations. Thus, the fluctuating component of density is defined in

terms of the steady component of density as

'y 20 |
p £p 3y (53)

where £p in the prgvious expression is the densgity mixing length. In-

serting relations (52) and (53) into equation (51) and simplifying,

results in

B_ —-— Bu 3 Bu .
E, in the previous equation is equal to the ratie of density mixing
~ length to velocity mixing leagth. The virtual kinematic viscosity, €,
is given by £ = = £1v'.
In ordinary analysis it may be assumed that E, = 1, but for

hypersonic flow E, should be assigned a value larger than unity.

T T B A R O I P O IO Y S S ARV



i+

st Ty

s

PR

et e ]
)

42

Inserting E, = 1 into (54), gives

—= Ju , ——3u _ _ 3 -3y .

Equation (55) represents the starting point bf the analysis of the

turbulent compressible plane jet for moderate speeds [11].

Analytical Scolutions of the Compressible Flow of a Plane Turbu-

lent Jet by Abramovich. Abramovich {12] used Prandtl's assumption that

the'mixing length across each section of the jet is constant and reduced

equation (55) to

—— Ju | == 3u _ 2233 ,-3u
PU 3% + opv dy 2c1 x dy 9y p ay) (56)
It was also assumed that the velocity, temperature and density profiles

in the jet mixing region are similar, thus
u=u, f(ny) 3 T=Ty 6,(n)) 3 p=py KNy (57)

T in the previous ekpression is mean temperature and £, 91 and K are
functions of nl only, The profile similarity parameter is given by

n, = Yfalx. The subscript 0 in (57) refers to some reference state,

1

Introducing the stream function

¥ = axpyu, F(n,) : (58)

which satisfies the continuity equation when piu' and piv'rare neglected

in comparison to p u and p v, respectively, Abramovich obtainéd the

differential equation

b
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Fre =—F+%n—1(§—-r') (59)

. For the case of high subsonic flow of an ideal gas, Abramovich assumed

that for the unheated.jet {the condition where the jet's stagnation
temperature is equal to the temperature of the surrounding fluid) no
heat transfer existed between the fluid im the jet and the suirounding
medium., The heat content of the fluid In the jet 1s uniquely ésso-

ciated with the flow velocities, thus
C (F-T,) = J_j2g (u,2-3%) - (60)
p ] m 0

In (60) Jm is the heat equivalent of mechanical work. For the assump-

tion of constant pressure in the jet the density function becomes

K-Q—n—g= 1 - (61)

0 = - 2
0 T k=1 2 u
= [1-[u0]

Inserting equation (61) into (59) and integrating numerically results

in the final solution to this problem. Adgm's method was used by
Abramovich,

Abramovich found that the effect of compressibility upon the
properties of jet mixing due to high speed up to MO = 1 is negligible,
Tﬁe qualitative results of this solution indicate with an iﬁcrease of
velocity the non-dimensional values of the frictional stresses decrease,
the width of the mixing zone decreases and the veleccity field is

slightly deformed.
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Experimental Studies of the Compressible Flow of a Plane

Turbulent Jet. Olson and Miller [13] made an investigation of high

Reynolds number compressible plane jets.. In their study measurements
vere made of the time-average velocity profiles ét a number of down;
stréamIStations for both subsonic and supersonic flow ﬁases. Only the
results from the subsonic regime.will be considered in this review,
It is appropri#te to indicate that the measuremeﬁts of the steady state
velocitf field made by these authors'gould not indicate the existence
of tﬁrbulence. However, because qf the high.Reynolds number of this
flow study (apprbximately 120,000 based on nozzle width), it would be
aséumed that the turbulent mechanism confrola the jet diffusion process;
Experimental velocity profiies in- the x-direction for the mixing
region were found to fit a Gaussian ﬂistribution, as was tﬁe case for
the turbulent incompressible jet by Albertson [9]. Using this distribu-
tion for the mixing region and assuming the jet's momentum in the
direcfion of flow is consérved, the authors formulgted a éemi-empirical
aorrelatiﬁn of their.data} A_shbrt‘sumﬁary of their data correlatioﬁ
will follow.

-Cohsidering the differential control volume shown in Figure 13

‘which lies between the jet centerline and the location where the velo-

city is equal to one-half of the centerline velccity, the change of

-momentum in the x-direction can be expressed as

g* _ : Ex
4 paU 2h + puzdg = u% 4 u.h, + pudt + t%  (62)
ax |PoY% Pi ax |Po%™
_ . _

0
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It should be noted that the variables in (62) represent the time- .

average components, The preceding expression cén be derived from (55)
if the fluctuating componehts of the continuity equation ETGT'and ET;T
are neglectéed in comparison to puandp v, respectively.

The authors assumed Prandtl's second mixing length hypothesis

of equation (20) to describe the shear stress. That is, the virtual

kinematic viscosity is constant across the mixing zone, The shear

stress in (62) based on this assumption can be expressed as .

du du '
Th = pk g — = 0.5 K pkE*y =2 63
_ P* € 5y - SPHERY 3y - (63)

Ks is a constant referred to as the cshear stress constant and u_ is the

jet centerline velocity. Subatituting (63) into (62) and nondimension-

alizing, yields

1 i
2 .
d_} pu d pu £
0o o0 0 '

where U = ucIu .
Assuming the velocity profiles in the mixing zone to have 2

Gaussian distribution, then the velocity distribution is

-B, (/&)

-u/uc = e (65)

Bl = (3,6931 for u/uc = 0,5 at E/Ex=1
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- From the ideal gas equation of state, assuming isobaric conditions with

no heat transfer between the jet and the surrounding fluid, the density

ratio becomes

B -(1+5Lty?]. u)? N
oo - )

Evaluating the shear stress for the velocity distribution in expression
(65) and inserting the expression for density in (66), reduces equation

(64) to

2_ . *
d E) fl(U)] d [bi- fz(U)] h,
- 0.5 + (105 1) = ~ K £,(D)

(67)

The conservation of x-momentum expression for the control vol-

ume is

2 el 2 B 2 .
pouo hi + £* J pu” d (S*) PoY h0 (68)
Q

"Dividing by p0u02 and normalizing with respect to b, the nozzle width,

simplifies (68) to

Ex 1l - hi/h0

The function fé(U) in the preceding expression is only dependent on
initial jet Mach number MU' For the core region, fl(U), fz(U)_and'
f3(U) found in expression (67) are also only dependent on initial jet

Mach number, Differentiating (£*/b) in expression (69) and inserting
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into (67) and integrating that equation, yields

c?1u?

-1 - B | (70)

The preceding expression is valid only if the shear stress constant
Ks does not vary with x. It also assumes no initial boundary layers

at the exit plane of the jet's nozzle. Substituting equation (70) into

T— et g T
N N

(69), gives

X
X c
E*/b = F/E—

TROB (71)
] 4
4 Substituting (71) into (67) and rearranging, yields -
X, C
c. 2
b K (72)

. where 02 is a function of fl(U), fz(U), f3(U) and fA(U).
In summary for the core region of fiow, if the value of the

ghear stress constant K; is known then the nondimensional core length
(xc/b) may be calculated from expression (72). The nondimensional dis-
tance to the point where u = 0.5uc and the core width may then be

1. calculated for any downstream statioﬁ from expressions (71) and (70),

respectively. The velocity field in the coré is thus defiﬁed wiﬁh the

addition of the assumed velocity profile in expression (65). |

For the developed region, equation (67) must be solved numeri-

cally in the following manner. Equation (69) if hi = (0 becomes
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g 1 | _
b 2f4(U) (73
Substituting (73) into equation (67) where again hi = 0, yields
d [gl(U)] d [g,(D]
—d(x/b) -0.5U0 #d(x/b) = - stB(U) (74)
Expression (74) may be rewritten as
d [g,(1D] d (g, (W1} '
1 2 du
{ 30 -0.5U0 0 = - st3(U) {(75)

X
d(})
The previous expression can be simplified by defining

gl'(U) - 0-5 u 82.(U)
f3(U) (76)

F(U) =

The derivatives gl'(U) and gz‘(U) can be determined graphically., Equa-

tion (75) thus becomes
F(U) dU = - K_d(x/b) ' n

The previous equation may be integrated from the end of the core to any
arbitrary dowmstream position. If the shear stress constant K5 is
assumed to be a nonvarying in the developed region, then this integra-

tion vields
U

x
X c
J F(U) dU = - K_ [b -5 ] (78)
1
U
where I F(U) dU can be determined numerically.
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In summary for the developed reglon of flow, if the value of
the shear stress constant Ks 1s knovm then the distance from the core
to some arbitrary point U may be evaluated from (78). 1In this manner
the jet's centerline velocity can be deterwmined as a function of down~
streanm distance. The function fA(U) can be calculated at each down-
stream station and then (£#*/b) may be calculated from (73). The
velocity field in the developed region is thus defined with the addi-
tion of the assumed velocity profile in expression (65).

Pertinent experimental results taken from the research of Olson
and Miller are shown in Figures 14 through 16. Depicted in Figure 14
is centerline velocity decay data as a function of nondimensional dowm-
stream distance for two compressible flow cases; also plotted on this
graph i3 similar data for the 1ncompressible.case by Miller and Comings
[8]. A check of these data in the fully developed regiﬁe indicates
in each case the centerline velocity decays fit the -1/2 power law pro-
file predicted by turbulent incompressible flow theory. The only
marked difference between the centerline decay data from References
{13] and [8] appears to be a slightly longer core regioﬁ for the flow
céses from Olgﬁn‘s inﬁestigation. This effect may be the result, howf
ever, of the higher ﬁeynolds number flow conditions in the compressible
jet study, since Olson'’s investigation demonstrated core length de-
creased with increasing Mach gumber.

The spread of the free jet mixing zonme in the downstream
direction for a coﬁpressible and incompressible flow case 1is shown in

Figure 15, The distance from the jet centerline to the location where
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u/uc = 0,67 is defined as bm' For the incompressible flow case this
data was taken from the research of Miller and Comings; see Figure 7.
The data for the compressible case were obtained from Figure 16.
These data indicate essentially the same spreading rates for the com-
pressible and incompressible free jet, In both cases the spreading
rate is proportional to downstream distance in the fully developed.
regime, |

Folded free jet velocity profilga, which were obtained by Olson
and Miller at a jet Reynolds number of 140,000 based on nozzle width
and a Mach number of 0,895, are shown in Figure 16. The curves drawn
through these data represent the Gaussian velocity distribution com-
puted via the previouély described correlatioq. In order to produce a
better fit of their correlation to experimental data, the authors found
it necessary to define a different shéar stress constant Ks fér the
core and developed regime. As may be seen from the datﬁ, their corre-
lation is in fair agreement in these regimes. However, for the
transition region between the two the fit is poorer, Thus, it would
appear that the shear stress constant KB ghould vary with downstream
distance at least in the transition regime in order to provide the best
fit to the experimental data. ' |

The experiméntal results of Olson and Miller verify the analy-
tical predictions of Abramovich, that is the effect of compressibility
on free jet mixing up to MO = 1 tend to bé negligible., It would also
appear that Olson and Miller's corrglation technique for the subsonic

jet is somewhat complicated., If the free jet momentum is conserved,
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the flow is isonenefgetic and the velocityuprofile in the mixing region
is Gaussian; the only quantities required tco define the velocity field
in the x-direction are the core length and centerline velocity decay.
Their data has indicated the centerline velocity decay fits the - 1/2
power law profile for the fully developed region. The core length for

a wide range of turbulent flow conditions is essentially constant. Thus,
the dependence on the shear stress constant Ks is not required to
describe the flow field.

Laminar Incompressible Plane Jet

In the flow of.a plane jet, it is well known that at least near
the nozzle exit plane the flow is laminar or streamline., It is also
known that for relatively low Reynolds numbers this laminar structure
may persist for some distance downstream of the nozzle. Experimental
evidence suggests that the structure of a laminar jet is essentially un-
stable and thus the laminar mixing zone must élways transcend to
turbulence. In this section of the literature review the completely
laminar incompressible jet will be reviewed. The transition from lam-
inar to turbulent flow will be considered in a later section.

 Analytical Solution for Laminar Incompressible Flow in a Free

Jet Boundary. A sketch of a free jet boundary may be found in Figure 2.

In this flow situation two parallel streams of respective velocities Uy
and U2 meet at the edge of a nozzle. The velocity discontinuity between
the streams produces a mixing zone which spreads downstream of the

nozzle. It is often assumed that this problem represents a half jet in

the core region.
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A summary of the solution to this problem according to Pai [14]
follows. It will be assumed that no initial boundary layers exist at
the nozzle exit plane,

The appropriate differential equations describing the free jet
boundary may be derived from the Navier-Stokes equations; expression
(4). The equation of x-momentum for a steady plane flow neglecting
body forces and aasuming° ne pressure variations in the mixing zone is

u 5;'+ v 3y -—§-+ 2

du du_ [3211 ﬁg]
ox oy

(79)

For the jet mixing zone the boundary layer assumptions may be applied,

that is u >> v and.%;->> %;-. Thua equation (?9) reduces to

2 .
Ju 3u 9 u
ué-;‘--l-vay"v-a—y—f (80)

The continuity equation for this case from (4) 1is

du . v
'§;+§'=0 (81).

Equations (80) and (8l1) are the appropriate differential equa-
tions describing plane laminar incompressible jet mixing. It should be
noted that these equations are identical to those for turbulent incom-
pressible flow if the kinematic viscosity, v, is'replaCed by the virtual
kinematic viscosity af turbulent motion, €; see expression (34). The
present set of equations for the laminar case are solved in a fashion
idenfical to those for the turbulent case. The solution for the

distribution of the x-component of velocity is
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U, + U U, -0
1 ¥ 0 - U,
R [1 + "i v, erf (g)] (82)

It is apparent that the wvelocity distribution expressions in the laminar
and turbulent case are identical, however, the respective profile simi-
larity parameters are different. The spread of the mixing zone in a
laminar jet boundary is proportional to the #r;L while for the turbulent

case it is proportional to x.

Analytical Solution for Laminar Incompressible Flow in a Fully

Developed Free Jet. A sketch of a fully developed free jet flow may be
found in Figure 3, In this flow situation the plane jet has tfaversed
a sufficient distance dowmstream of the nozzle for the velocity profiles
within the mixing zome to become similar. In this regime of velocity
profile similarity the flow is referred to as fully developed.

Schlichting [15] and later Bickley [16] determined the solution
to this problem. They assumed the slot from which the jet issued was
infinitely narrow and the jet momentumwas finite. If the flow field is
assumed to be plane and steady with no variation in pressure, the dif-
ferential eéuations describing the developed jet are equations (80) and
(81). The appropriate boundary conditions are

@-- -.
5y 0 at y=0 (83)

<
]
(=]
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It again should be noted that the equations describing the fully
developed laminar incompressible jJet are {dentical to those for the
turbulent case if the kinematic viscosity, v, is replaced by the
virtual kinematic viscosity of turbulent motion, £; see expression (43).
The pfesent set of equationa for the laminar case are solved in an
identical manner to those for the turbulent case. The solution for the

velocity distribution in the jet 1ia

u = 0,4543 (szfpzux)lfa sech? (nl) (84)

1/3

v = 0.5503 (Iv/pxD) 3 [2n secn? () - tanh (n))]

ny = 0.2752 (3/0vH Y3 57223

J, in the previous expression is the free jet momentum per unit height.
A comparison of the results for the fully developed laminar jef found
in expression (84) and the fully developed tﬁrbulent case found in ex-

pression (45), shows the solution to be'of'identiéal form. The respec—
tive profile similarity parameters and centerlime velocity decay

parameters, however, are differemnt. The spread of the mixing zome for

2/3

the laminar fully developed jet is proportional to x while for the

turbulent case it is proportional to x. The centerline velocity decay

1/3

for the laminar case is proportional to x while for the turbulent

situation is proportional to <12

Experimental Studies of the Laminar Incompressible Flow of a

Plane Jet. Andrade [17] made an experimental investigation of a plane

water jet issuing into the same fluid medium at rest. He obtained
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velocity profiles by a photographic technidue for several stations in
the flow field for a Reynolds number range based on nozzle width of
ﬁpproximately 10 to 30. The nearest station at which he obtained data
was sone 44 nozzle widths downstream, while the farthest station was
approximately 177 nczzle widths downstream. Andrade found that his
experimental data were in agreemeﬁt with theoretical predictions of
equation (84) if a virtual origin behind the nozzle exit plane was
asaqmed for the jet. This assumption eliminaﬁes the difficulty asso-
ciated with the theoreticai jet issuing from an infinitely thin
channel. It would be expected, hbwevef, that the theoretical result
would be in appreciable error near the nozzle exit, Unfortunately, no
data are presented for locations near the nozzle exit plane. The non~
dimensional distance behind the nozzle as a function of Reynolds numbe;

propoaéd by Andrade for the virtual origin of flow is
x/b = 0,65 R _ ' (85)

Chanaud and Powell [18] made an experimental investigation of
the laminar incompressible flow of a jet of air issuing into the same
medium at rest. Their experiﬁental apparatus allowed air to pass
through a parallel sided nozzle 7.5 centimeters long, of rectangular
cross section one millimeter by 30 centimeters, This nozzle length was
sufficient to ensure a parabolic exit vglocity profile. Velocity pro-
files in the jet were obtained via a hbt wire anemometer for a Reynolds
number range of 15 f_R.e < 240, These Reynolds numbers were computed

based on nozzle mass flow rate and nozzle width,
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A comparison of experimental data from the research of Chanaud
to analytical predictions for the fully developed incompressible flow
of a laminar jet are found in Figures 17 and 18. Shown in Figure 17
is x-component of velocity data for a flow of Reynolds number of 68
compared to the theoretical prediction of expression (86); For each
downstream position the value of nl, the profile similarity parameter,
was chosen in order to give the best fit to the data. It is apparent
that even near the slot exit the predicted hyperbolic secant profile
is in agreement'uith data., The experimental velocity profile, however,
would appear to be somewhat broader than the analytical prediction,

A comparison of centerline velocity decay data to analytical
prediction is shown in Figure 18, These curves are compared §n an equal
exit-momentum basis since Bickley's solution was for a line source. As
may be seen, the curves do not fit well but do'have_similar trends far
downstream of the:slot. The use of a virtual origin proposed by
Andrade, that is expression (85), will not'provide'a better fit for the
higher Reynolds number cases for locations near thernozzle.

Experimental evidence indicates Bickley's solution may be
approached some distance downstream of the nozzle for the laminar jgi,
The transition region'from the nozzle exit to fully developed laminar
fiow appears to increase in length with higher Reynolds numbers,

Laminar Compressible Plane Jet

For the high velocity flow of a laminar plane jet, the effects
of variations of density, temperature and viscosity must be taken into

account. The addition of these variables to the analysis of the flow
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~ field complicates the mathematical solution to the plane jet problem.

This difficulty arises because an energy equation and an equation of

state must be considered along with the expression for x-momentum and

- the continuity equation.

Analyticél_ﬁolutiona to the Two-Dimensional Laminar Jet Mixing

of a Compressible Fluid. Chapman [19] analytically determined the velo~-

city distribution resulting from laminar compressible mixing in a free
jet boundary. In this flow situation a uniform stream emerging from a
nozzle is allowed to mix with a region of fldid at rest; see Figure 2,
A summary of this solution follows.

The analysis of this problem is.baaed on the assumptions that
the flow field is steady and two-dimensional. It may be further assumed
that there is no variation of pressure in the mixing region and that the
effect of bodf forces are negligible. The boundary 1a§er assumptions

may also be applied to the jet mixing zone, that is u >> v and

3552

3y 3x °
The differential equation describing the momentum in the x-

direction obtained from the compressible form of the Navier-Stokes equa-

tion is
du Ju _ 3 3
Ut v Ey Ty gy (e

The continuity equation for this case is

Alpw) L 3pv) _ 4 (87)
ax ay
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By employing the previous assumptions, the complete differential

equation representing the balance of energy in viscous compressible flow

reduces to
2(C.T) 3(C T) . 2
—P = & [ 9T du
pu —m=—+ pv 3y 3y [Kt 3y + u 3y (88)

For a given gas the variation of p and Cp with temperature is known,
hence, the foregoing system of three partial differential equations is

completed by the equation of state for a region of constant pressure

T/T_ = o /p | (89)

The subscript @ in the previous expression represents conditions at the

uniform stream's exit plane.

In order to solve the above set of equations, Chapman made the

further assumptions
€, = const | (95)
Pp = Cp u/Kt = 1
/K, = € (T/T )"

The second of these is often made in calculating boundary layer flows
when only the velocity profile is desired, The difference between the

mixing layer velocity distributions for Pp = 1 and Pp = 0.73 1s assumed

to be small.

The consequence of the assumption of Pp = 1 is that the tempera-

ture becomes only a function of velocity., The following relationship
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between velocity and temperature satisfies both expressions (86) and

- (88):

T =A+Bu- (uzfch) (91)

whére A and B are constants determined by the boundary conditions.

Since the temperature determines the density, expression (91) also pro-

vides a means for calculating the density as a function of the velocity.
In order to satisfy the continuity equation, Chapman introduced

a stream function. The velocity components in terms of this stream

function are

g 2
p oy

v=-§°1%‘i’- (92)
Since the requirements of conservation of energy are fulfilled.by ex-.
pression (91), and comservation of masa by (92), the only equation 1eft_
to be solved is the.momentum equation., By assuming the velocity pro-
files in the mixiné regiqn are similar, 1t.is possibie to reduce the
momentum equation (86) to an ordinary non-linear differential equation.
This equation may be converted to an integral equation and sdlved by
the method of successive approximation.

The velocity distribution in the mixiﬁg region as a function of
the profile similarity parameter is shown in Figﬁre 19, These data were

calculated for several free stream Mach niumbers, The profile similarity

parameter n, may be written as

l.l.m LA 4 .
j 2 L [ 2 .1
YIS Tx/v T x '/E: : (33
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Thus at constant Reynolds number based on length, the information in
Figure 19 indicates the mixing layer width grows with free stream Mach
number. Chapman suggested that the rate of growth of the mixing layer

with Mach number is approximately

2
6y/Oymg = 1+ 0. 11 M | (94)

where GM in the previous expression represents the distance between the

_ points where u = 0.0l v and u = 0.99 u_. It may be observed from Fig-

ure 19 that the effect of compressibility up to a Mach number of unity
has a relatively minor influence on the velocity profile. This conclu-
sion 18 in agreement with the predictions of Abramovich {121 fdr

turbulent flow.

Pai [20] used a similar method to. determine the velocity distri

bution for the laminar compressible mixing 6f a fully deve10ped plane
jet. His analysis concluded that the properties of jet mixing depended
mainly on the momentum of the jet, Thus an increase in'velocity which
also tends to iﬁcreaée density would increase the jet womentum and,

consequently, reduce the jet mixing zone width.

Studies of the Low Reynolds Number Flow of a Compressible Fluid

Jet by Anderson. Anderson {21} made an experimental investigation of

low Reynolds number compressible jet flows in comnection with his thesis
on jet wall attachment. A Reynolds number range of from approximately

11,000 to 200 based on nozzle width and maximum exit plane velocity was

- considered in this research, Studies were made of both subsonic and

supersonic flows, howevér, only the results for the subsonic case will

be reviewed,
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The experimental jet flow was created by allowing alr at a low
total upétream pressure to expand through a fixed rectangular nozzle
which was 0.2 inches wide with an aspect ratio of.five. The nozzle
exit was formed by two circular arcs 0.25 inches in radius. Dovnstream
of the nozzle exit plane waé a large rectamgular chamber which was
evacuated by a high volumetric displacement vacuum pump. The differeat
flow conditioné in this research were created by independently varying:
the jet's upstream.total pressure and exhaust ambient pressure,

Measurements were made of the x—combonent of the steady state
velocity in the jet via an impact pressure probe. The probe was 1/16
inch in outside diameter and was designed in order to yield accurate
pressure measurements in low Reynolds number flows. It should be
pelated out that the impact pressure measurements made by Anderson are
incapable'of 1ndiéating whether the flow is laminar'or turbulent. How-
ever, 1t_ig anticipated based upon the studies of a turbuleat incom-
pressible jet by Miller and Comings [8] and laminar.incompressible jets

by Chanaud and Powell [18] that the range of Reynolds numbers considered

in this research would border both high Reynolds number turbulent jet

flows as well as low Reynclds number laminar jet flows.

Experimental results indicating the effect of Reynolds number
and Mach number on the jet's centerline velocity'decay and spread raﬁe
are shown in Figures 20 through 23, The jet width, bm’ in Figures Zi
and 23 1s defined as the distance from the jet's centerline to the peint

where the velocity is 67 percent of its centerline value, The informa-

. tion in these figures was computed from data found in Tables 10 through

T A
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18 in Anderson's thesis. In Figures 20 and 21 the approximate Mach

.

S

P

number of the jet at the centerline of 1ts exit plane is 0.5, while in

Figures 22 and 23 the Mach number is approximately 0.8, Also shown.in

these figures for comparison is similar data for a plane turbulent com-
pressible jet from the studies of Olson and Miller {13]; see Figures 14
and 15,

The data in Figures 20 through 23 indicate several general
trends as to the effect of variation of Reynolds nuwber and Mach number
on a free jet in this low Reynolds number compressible flow regime,
Firstly, the data démanstrate that as the free jet's Reynolds number is
decreased from its maximum value, the core length increases until some
intermedfate value of Reynolds number is attained. At this intermediate

- value of Reynolds number the core length reaches a maximum and further
reductions of the Reynolds number then result in a reduction in core
length, Fbr very low values of Reynolds number it would appear that

the jet's potential core is very short or ﬁon-exiatent. It would also

appear that the effect of Mach number on core length is negligible,
It is interesting to ndte that the core lengths measured by Anderson

- even at relatively high.values of Reynolds number tend to be somewh#t_
shorter than those reported by Olson or Albertson [9]. Experimental
error associated with the relative sizes of the impact probe and the
jet nozzle could explain this observation. Since the noézle wildth was

0.2 inch and the probe diameter was 1/16 inch, it would be expected,

based on the skewed profiles impacting the probe near the end of the
core, that velocity measurements would indicate a shorter core length

than actually existed.
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Secondly, the centerline velocity decay rate of the jet would
appear to be a function of both Mach number and Reynolds number. The
experimental data demonstrate that as the Mach number increases the
centerline velocity decay rate decreaseas. It is interesting to note
that Olson's studies did uof exhibit this charaqtefiatic for the case
of the turbulent comﬁreaaible flow of a plane.jet. Anderson's results
also demonstrate that as the Reynolds number decreases the centerline
velocity decay rate also decreases. This trend would be expected |
since at a sufficiegtly low Reynolds number the flow would be laminar,
and a laminar jet is known to have a lower centerline velocity decay
rate in comparison to & turbulent jet. The magnitude_of the.centerline
velocity decay rates from.this flow regime would appear to be somewhat

larger than those reporfed for the adjacent high Reynolds number turbu-

lent flow regime or the low Reynolds number laminar regime, Both Olson

and Miller [13] and Miller and Comings [8] found that the centerline
velocity decay rate for a high Reymolds nuwber turbulent jet fit a -1/2
power law diatfibution. Anderson's data for the higher Reynolds number
conditions exhibits a somewhat larger centerline velocity decay rate.

For example, at a Reynolds number of 7490 and a Mach number of 0.52 the
centerline velocity decay is best fit by a -0.593 power law distribution.
Chanaud and Powell [18] found that the centerline velocity decay rate of
a laminar incompressibie plane Jet tends to appfoach agymptotically a
-1/3 power law distribution. Anderson’s results for the lower Reynolds.

number conditions woﬁld tend to exhibit a higher decay rate. For example,

‘the centerline velocity decay at a Reynolds number of 207 and a Mach num-

ber of 0.52 1s best fitted by a -0.416 power law distribution.
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Thirdly, the spread of thé jet width, bm, would tend to indicate
this parameter is primarily a function of Reynolds number since no
apparent Mach number dependence is observed in the data. It should be
pointed out, however, that velocity distriﬁutions and thus jet width
were measured for two downstream positions for each of the flow condi-
tions in this study. Thus, obéervations upon the effect of flow
conditions on this parameter are tentative. The experimental data do
indicate that the jet's spread rate increases with_larger Reynolds
numbe;. This conclusion is in qualitative agreement with centerline _
velocity decay data presented previously. It should be noted that for
the higher keynolds number conditions studied by Anderson the jet spread
rate is somewhat larger than that reported by Olson and Miller or Miller
and Comings (linear spread with distance) for the case of turbulent jets.
For the lower Rﬂynolds.number conditions, however, essentially'uo Jet

spread rate is detected near the nozzle. The jet width at locations

‘near the exit plane is less than one-half thelaupply nozzle width, Thus,

it could be again concluded that either no potential core exists or it
is very short for these low Reynolds number conditions.

Anderson found that the experimental velocity profiles from his
research could be fitted to a Gaussian distribution. Using this dis-
tribution for the mixing zone, he employed the correlation procedure of
Olson to describe tﬁe flow in the developed reglon of flow.

Transition from Laminar to Turbulent Flow in a Plane Jet

The transition process from laminar to turbulent flow is one of

the most interesting and often investigated problems of fluid mechanics.
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Our present knowledge of this process suggests transition can result as
a consequence of two effects. It has been found that for large Reynolds
numbers a flow will be unstable for Infinitesimal disturbances which
grow exponentially resulting in transition. But it is also known that
if the outside disturbance is large enough it.may cause transition at a
much lower Reynolds number than at that due to the basic instability of
the flow._ As a consequence of the complexity of this phenomena, it is
not possible to describe completely the transition process in a plane
jet. However, the study of the stability of the flow field to a small
disturbance yilelds both qualitative and quantitative information on
transition. A discussion of this topic according to Schlichting [22]
follows. | -

Theory of Stability of Laminar Flows. Efforts to explain

theoretically the process of transition were initiated many decades
ago; they have led to success only recently. These theoretical inves-
tigétians are based on the assumption that laminar flows are affected
by éertain small disturbances; in the case of the plane jet these dis-
turbanﬁea may originate at the nozzle exit plane. The theory endeavors
to follow up in time the behavior of such disturbances when they are
superimposed on the main flow, bearing in mind that their exact form
still remains to be determined. The decisive question 1s whether the
disturbances increase or die out with time, If the disturbances decay
with time, the main flow is considered stable; on the other hand, if the
disturbances increase with time the flow is considered unstable, and

there exists the possibility of transition.
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A short summary of the derivation of the differential equation
describing the stability of a laminar flow will follow. It is assumed

in this derivation that the flow field is two-dimensional and inconm-

- pressible. It will be further assumed that the flow is parallel, that

is the mean component of velocity in the y-direction is zero. It is

appropriate to point out that this assumption is necessary in order to

reduce the complexity of the resulting differential equation of

stability.

It may be assumed fhat the velocity components and the pressure
can be separated into a mean flow (whose stability comstitutes the sub-
ject of the investigation) and into a disturbance suﬁerimposed on it.

‘For the case of parallel flow thege variables are
u=T+u s v=v' 3 p=P + p' . (95)

Substituting the previous relations into the Navier-Stokes equations

for two-dimensional incompressible flow and neglecting quadratic terms

in the disturbance velocity components, result in

' ' ' r ' 2 ' -
%,_+U%g_+v.gg.+§.a§+§g§_.u,(é_g+vzu-] (96)
dy .
v dv' . 13P  13p' _ '
ot T UGt p oy + p dy uvzv
u' . v’
ax Ty "0

If the mean flow itself satlsfies the Navier-Stokes equations, the above

may be simplified to
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1 [} . . 1 .
-g%—+u-g:—+ v'g—:+%%ﬁ—=vvzu" 97
|
o e g B oy
dul . dv!
ax + 3y 0

The mean laminar flow in the x—ditéction is assumed to be in-
fluenced by a disturbance which is composed of a number of discrete
partial fluctuations, eaqh of which is 8aid to consist of a wave which
is propagated in the x-direction. As it has already been assumed that
the flow is two-dimensional, it is possible to introduce a stream
function P(x,y,t), thus integrating the equation of continuity in ex-
pression (97). The stream function representing a single oscillation
of the disturbance is assumed to be of the form

ial(x-clt)

Vix,y,t) = ¢,(y) e (98)

Any arbitrary dis;urbance is assumed expanded in a Fourier series,
each of whose terms represent such a partial oscillation. In equation
(98) the wave nuwber, 0y is a real quantity and A = Zﬂ/al is the wave

length of the disturbance. The quantity ¢y is complex,

¢, = ¢, + 1 ey (99)

c. ig the velocity of the wave in the x-direction whereas-c1 determines

the degree'of amplification or damping. The disturbances are damped if

¢, < 0, vhereas for ci.> 0 instability sets in,
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Introducing the stream function defined in expression (98) into
the equations of motion found in expression (97), after the elimination

of pressure, results in the following ordinary, fourth order, differ-

ential equation for ¢,(y)

-4

GlRe

(U-cl)(¢i'-a12¢1) -0, = (¢i"'-2a12¢i'+a14¢1) (100)

The previous expression has been nondimensionalized in that all lengths
have been divided by a suitable reference lenéth, and all velocities
have been divided by the maximum velocity of the main flow., In the
case of the free jet, the length quantity is the mixing region width,
bm, and the cénterline velocity, u_» is the maximum velocity in the |
fiow. The prime denotes differentiation with fespect to (y/bmp and

the Reynolds number is defined as

e " _ (101)

Expression (10Q) is the fundamental differential equation of

laminar stabillity theory which forms the point of departure for a

. stability analysis. It is commonly referred to as the Orr-Sommerfeld

equation,

Solution to the Orr-Sommerfeld Equation for the Plane Jet.

The Orr-Sommerfeld equation was derived for paréllel flow and ;hus it
would appear that it cannot be employed in determining the stability
of a plane incompressible jet. However, a stability analysis can be
made of a "pseudolaﬁinar jet.” That is, the jet's velocity distribu-

tion in the y-direction may be employed in the calculation of the
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solution of the Orr-Sommerfeld equation. Thus in effect the velocity

variation in the x-direction for a plane jet is neglected except for
its effects on local Reynolds number. This same procedure has been
used with excellent results to predict.the tfansition of the boundary
layer on a flat plate and, consequently, a precedent for its applica-
tion on boundary layer type flows is established.

Curle [23] in his solution to the "pseudolaminar jet" made use
of the velocity profiles predicted by Bickley [16] for a plane incom-

pressible free jet; see expression (84)., The velocity distribution

in the y-~direction employed in the calculation is

2
u=u, seqh (y/bug (102)

2,2 .1/3
u, = 0.4543 (3, °/o"vx)

2.2 1/3
b = 3.633 (pv7x"/J.)

The preceding expression represents a finite momentum jet originating

from a line source. In order to correct for this inconsistency between

the mathematical model and reality, Curle assumed the virtual line
source was located upstream of the real nozzle exit plene. Andrade’s
expression found in equation (85) was used for the location of the

virtual origin as a function of Reynolds numbers.

The parameters used in the analysis to nondimensionalize the

Orr-Sommerfeld equation are given in expression (102). The local value

of Reynolds number defined in (101) is
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2

..Jw(x+xo) 1/3
R = 1.651 (103)
pv

Xy = 0.65 b Re|x-0

It should be noted that the local free jet Reynolds number defined
above increases ﬁroportional to x1/3.

Curle's solution for the stability of the "“pseudolaminar jet"
is found in Figure 24. Shown in this figure as a function of 0, and
Reynolds number is the locus of points of neutral stability which
divides the regions of stable and unstable disturbances., The point
on this curve at which the Reynolds aumber has its smallest value
(tangent parallel to the al-axis) is of great interest since it indi-
cates that value of Reynolds number below which all individual
oscillations decay, whereas above that value at least some are ampli-
fied. As may be seen for the plane jet the regioﬁ in which the flow
is completely'stabie is approximately below a Reynolds number of 5.5,
For Reynolds numbers above this critical value the jet is only atable
for disturbances_with a2 high value of wave number (short wave length
diaturbancea).

It 1s appropriate at this point to consider the transition

process of a hypothetical'plaue jet in accordance with Curle's results,

Near the nozzle exit plane the hypothetical jet may possess a local

" Reynolds number less than the critical value and thus would be stable

to all disturbances in the flow field. As the jet progresses down-

1/3

stream the local Reynolds number increases proportional to x ' 7, and
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thus the floﬁ will eventually become unstablé to certain wave length
disturbances. It would be expected that in any flow field disturbances
of all wave lengths no matter how minute woﬁld be present. Thus once
the jet crosses over into the unstable region, outside disturbances
would be magnified and transition to turbulent flow will eventually
ensue.

The preceding description introduces an important parameter to
transition, that is "degree of disturbance" in the surrounding flow
field. If the surroundings possess a high level of turbulent inten-
sity, it would be expected that disturbances imposed on the free jet
would be much. larger and Ehus the points of instability to disturbances

and transition to turbulence would be much closer.

Sensitivity of the Plane Laminar Jet to Disturbances. Imfor-
tunately, an experimentél verification of Curie's stability analysis
has not been performed. This is due to the difficulties associated
wifh determining stability as a function of distance along the stream
as well as establishing the low surrounding turbu;encé levels requiréd
in the experimental study. An interesting investigation qf the sensi-
tivity of a plane jet to finite disturbances has been performed by
Chanaud [18]. This study does provide a qualitative verification of
the results of Curle,

In Chanaud's experimental model a plane jet of water was
allowed to flow through a rectangular nozzle of width 0.25 inches and
height 6.0 inches. .This water jet was_distﬁrbed by plates moving

sinusoidally in a direction perpendicular to the flow. The amplitude
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and frequency of the oscillations were carefully recorded. The effect
of ﬁhe disturbances on the stability of the jet was observed visually
by injecting dye into the flﬁw.

Shown in Figure 25 are curves of neutral stability for this
regearch plotted as a function of Reynolds number and Strouhal numher.
The Reynolds number is based on the mean velocity u at the nozzle exit

and the nozzle width, b. The Strouhal number is defined as
S = fb/um _ (104)

f in the previous expression represents the frequency of the oscilla-
tions., The half amplitude of the oscillations shown in the preceding

figure 18 a Neutral stability was defined by the authors as the

1°
condition of unchanging amplitude of barely detectable waves lying be-~
tv}een about four and 10 slitwidths downstream of the nozzle. | |
The experimental data shown in Figure 25 exhibit several fea~
tures qualitatively predicted by stability theory., Firstly, there does
appear.to be a critical Reynolds nunber below which the jet.is stable
to any disturbance frequency., This critical value of Reynolds number,
however, is found to be a function of distufbapce amplitude.__Secondly,
the theory predicts that the dpper boundary of the unstable reglon is at
almost constant Strouhal numbern(constant-al) except where it drops
sharply near the critical Reynoldﬁ numbef. Thirdly, although it proved
1mpossib1é for the authors to obtain meaningful data for the lower bound-
ary of the unstable region (long wave length disturbances), it may be

~ concluded that 1f it exists 1t must lie close to the Reynolds number

axis even at comparatively low Reynolds numbers.
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The authors of this research also report their observation of
the turbulent transition of an undisturbed jet of watér. 1f the water
jet was not deliberately disturbed it was found to travel an appre-
ciablé distance before any disturbance became of visible magnitude,
These distufbances, once visible, grow extremely rapidly. They would
always be of very long wave length (small al)._ Chanaud proposed that
these disturbances wére of such a small spatial rate of amplification
that they only became visible after travéling a long distance when
they entered into a region of high instability. Chanaud further pro-
posed that these disturbances may originate at the orifice and plaﬁ a
dﬁminant role in transition.

Measurements of the steady state velocitf'profiles in a laminar
incompressible jet of aif indicated the hyperbolic secant distribution
predicted by Bickley tends to fit the experimental data; see Figure 17.
However, centerline velocity decay results, especially at higher values
of Réynolds number, are in poor agreement ﬁitﬁ Bickley's predictionsg
see Figure 18. Thus Curle's use of the hyperbolic secant distfibutibn
in calculating the curve of neutral stability would appear to be justi-
fied; although, assuming the local value of Reynolds number grows

1/

proportional to x .3 i8 not justified,

The Effect of.Compresq;bility on.the Stability of a Plane Jet,
For the case of high velocity flows, the effect of compressibility on
the stability of a laminar jet must be considered. This necessitates
the addition of density and temperature to an already difficult mathe-

matical analysis, As a result of this complication, a sclution to the
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problem of the stability of a plane jet of compréssible fluid has not
been achieved. However, if the fluid is assumed to be invisecid,
qualitative fesults can be attained on the effect of Mach number on
stability.

Pai [24] analyéed the stability of a élane jet flow of inviscid
compressible fluid. He found that for symmetrical subscnic disﬁur-
bances as the Mach number of the jet increased, the value of the wave
number, 0y for neutral stability decreased. This would have the
effect of moving the locua of neutral stability toward the Reyﬁolds
number axis in Figure 24, At a sufficiently high Mach number the flow
was.found to be completely stable to all disturbances. For the case of
no heat transfer this value of eritical Mach number was given as approx-

imately 2.5.

Jet Interaction

The interaction process involving two or more jet flows ﬁas been
the subjegt of numerous recent investigétions. This interest has been
aroused chiefly from the development of fluidic elements. These de-
vices which make use of single and interacting bounded jet flows are
utilized in performing logic, amplifying signals ﬁnd controlling pro-
cesses, An éxamble of the application of the jet_interaction process
in a fluidic device may be seen in the proportional fluid amplifier

shown in Figure 26. It can be observed in this sketch that the two

- control streams exert normal forces on the supply jet. These forces

which result from the momentum and pressure of the control streams act

to deflect the supply jet. It has been found experimentally that as
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the control streams interact with the power jet, they tend to merge into
the power jet. This merging process accelerates the outer edge of the
supply jet while decelerating the control jets. Thus it is to be
expected that the combined streams would exhibit a distorted wvelocity
profile, at least, near the interaction region, However, downstream of
the interaction zone, a smoothing process on the profile takes place as
a result of diffusion with the surrounding fluid at rest., This smoothed
jet flow ultimately impinges upon a receiver section which is located
downstream of the control section. In the receiver the velocity profile
of the jet is converted to an output pressure and flow.

it is obvious that a deseription of the interaction process 1s
required if the performance of this device is to be predicted. In
particular, the deflection angle of the combined jets as a function of
the supply and control port pressure as well as a description of the
combined jet's wvelocity profile are required,

Experimental studies by Moynihon and Reilly [25] have demon-
strated that az summation of momentum and static pressure forces on a
control volume drawn around the interaction region 1s adequate to
describe the deflection angle of the supply jet. It was found that the
deflected power jet appeared to originate from the intersection of the

ports centerlines. Even though such an analysis in conjumction with

measured velocity and static pressute profiles may be adequate to

describe the phenomena, this procedure is incapable in general of pre-
dicting deflection angle in terms of the input variables. This diffi-

culty is to be expectéd since the interaction process in general depends
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upon the complex flow field established upon the meefing of these jets,
which is highly dependent on interaction region geometry.

Experimental studies of the interaction zone indicate that the
velocity profiles for a single power jet are distorted with the addi-
tion of the control jets. Firstly, the power jet is not fully expanded
at the exit of its nozzle due to control-nozzle static pressure. A
pogitive pressure gradient exists in the interaction region and extends
outside this region to a distance depending on control-nozzle width and
control pressure level. Secondly, the addition of control momentum
tends to pinch the power jet resulting in its further acceleration after
leaving the interaction zone, This pinching of the power jet has.the
effect of distorting the combined jets velocity profile as well as
lengthening the zone of flow establishment in the jet. However, down-
stream of the interaction reglon the jet will become established,
appearing like a free jet [26].

The precedinﬁ discussion has indicated the interaction process
is one that offers formidable difficulties inlits analysis, However,
for the special case where pressure forces dominate the interaction
process, a simple analysis.can be made which has been proven to be in
good agreement with experimental data., A summary of the analysis of

the pressuré controlled interaction process according to Simson [27]

follows.

Analysis of Pressure Controlled Interaction Process

Simson in his analysis of the pressure controlled interaction

process considered bqth single and dual control port mixing geometries,

——




In this review results will be presented only for the case of interest,
that is a single control port interacting with a supply jet. The baéic
mixing region geometry is shown in Figure 27, 1In order to analyze its
operation completely would necessitate the consideration of a number of
nonlinear effects, These include the variations in the supply jet pro-
file resulting from jet curvature, pressure differences and nonlinear
flow and geometry effects, However, by restricting the operation to
small deflection angles it is possible to simplify the analysis. The
nonlinear mathematical relationships for the control section will be
developed and, aubsequentl&, linearized for the case of small deflection
angles,

Equations of Motion in the Interaction Region. It will be

assumed that a constant positive pressure Pl in the contrel port acts
upon the supply_jet'which results in the jet curﬁatﬁre shown in Figure
27. After the jet.leaves the interaction region the ambient pressure
on either side of the supply jet is constant and thus the jét follows
a straight line. |

In the interaction region, Euler's equation of motion in stream-

line coordinates may be employed to describe the jet's curvature

PVg -
z (105)

¥R

R in the previous expression represents the radius of curvature of the
jet, Ve and r are the velocity along the streamline and the coordinate
normal to the streamline, respectively, Expression (105} may be inté*

grated across the jet if it is assumed that the change in R is small
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compared to R and that the power jet momentum is constant regardless

E of jet curvature,

; Rty* Réy*

r | dp = —l]i- pvsz dr (106)
z R~y#* R-y*

y* in the previous expression is the di{stance from the centerline to

the edge of the jet. Evaluating (106) gives

— (107)

# where J_ is the free jet momentum per unit height.

Geometrical Relationships in the Interaction Region., The

radius of jet curvature in expression (107) is defined in terms of the

free jet momentum and the contreol port pressure, However, in order to
determine the deflection angle of the jet as it leaves the interaction
zone, the geometry of the control port must be considered in detail.

Employing the control port geometry shown in Figure 27, the following

relationships may be found:

§ = R(1-cos 6) | (108)
2" = (y+8) cos o (209)
8 = s/R (110)
a=s'/R (111)
tan 6 = X/(R~§) {112)
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tan a = X/(y+R) | (113)

These relationships are valid for both large and small deflection
angles assuming the power jet momentum does not vary with radius of
curvature,

If the assumption of small deflection angles is made, the pre-
ceding expressions may be simplified. In the text that follows the
jet's deflection angle will be restricted to 6 < 10°,

Using expressions (108), (110) and (112), it can be shown that
X=s 3 within 0,37 for 6 < 10° (114)
Substituting the simplification X = s into expression (110) and then
substituting R from expression (107), yields

X(Pl—Pm)
J

-~

8 = (115)

The relationship for the jet deflection angle, 8, as it leaves the
interaction region is completely defined in terms of the power jet

momentum, J_, the control port width, X, and pressure, Pl.

09

At this point in the analysis the expressions for z' and s',
equations (109) and (111), respectively, will be evaluated for the case
of small deflection angles. These two geometric parameters will.be re-
quired later in the description of the control port flow rate.

Inserting expressions (108) and (110) into equation (109) and introduc-

ing a trigonometric substitution, simplifies z' to

z' = Yo + %-tan 6 ; within 1% for 6 < 10° (116)
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Using equations (111) and (113), s' may be simplified for the case of

small deflection angles to

R
ye + R

g' = X ; within 1% for 9 < 10° (117}

it 1s interesting to note that Simson's Interaction model Qhen
gimplified for small deflection angles 1s identical to that attained
by conﬁidering a control volume around the interaction region. The in-
puts to this control volume are the power jet momentum and the control
port pressure, while the emerging jet emanates at a prescribed angle
from the intersection of the centerlines of the two ports.

Calculation of the Control Port Flow

In attempting to understand the control flow characteristics,
it is necessary first to simplify the problem by considering the vari-
ous components which make up the control flow, Simson has sugéested
based on water table experiments that the cpntrol filow is made up of
the proper summati&n of the entrained flow to the jet, the return flow
deflected from the jet by the edge of the control port, and the atmo-
spheric flow to the environment from the control port.' These flow
: compoﬁents are shown in Figure 28. PFrom this sketch, it 1s apparent
that the continuitj equation for the éontrol volume shovm may be wrip—

ten as
Bo=h -h_+d )

Each of the components making up the control flow will be con-

aidered aepafately. Mathematical relationships will be developed
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for each coﬁponent and then combined to form a relatiomship for the

. control flow rate,

Entrained Flow. In determining the entrained component of flow

it is assumed that conditiona on one side of the supply jet are effec-
tively isolated from conditions on the other side. Thus flow across
_the jet's centerline does not occur., Under this assumption, the en-—
trained flow component at any downstream positiom is the difference
between the power jet flow from its edge nearest the control port to
1its centerline and the power jet flow at its exit plame from the edge

nearest the control port to its centerline., This may be written as
o=l -0 (119)
e 2

For large deflection angles, Simson.considered the approximate effect
of the control pressure on the jet's entrainment characteristics.
However, if only small deflection angles are considered the velocity
profile of the aupﬁly jet may be assumed tﬁ be that of a free jet.

The ﬁaaﬁ flow rate of the power jet from its centerline to edge at any

downetream station may be written as

&d h I pu dy | (120)
0

N

h in the previous expression represents ﬁhe jet height. Subatituting
equation (120) into (119) yields the following expression for the en-

trained flow at any downstream station:
o0
&e =h J pu dy - Eifz (121)
0 .
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Returned Flow., In determining the return flow, it is necessary

to consider the position of the control port knife edge as the power
jet passes., As may be seen from Figure 27, the distance from the jet's
centerline to the knife edge is 2'. The returned flow may be repre-
sented by the integral of the jets velocity profile from z' to = at a
location 8' downstream of the exit plane, The returned flow may be

represented as

o0

LI h I pu dy (122)

If small deflection angles of the power jet are considered, expression
(116) may be substituted for z' and thus the previous expression be-

comes

o

m_=h [ pudy (123)

(v, + 5 tan 0)

Atmosphéric Flow. In Simson's thesis a general pfocedure was

devéloped to calculate the atmospheric flow, however, this method was
inconvenient and generally required a separate graphical sdlution.for
each case being considered. In order to overcome this drawback, and
still obtain useful information, the analysis was simplified for small
deflection angles and small knife edge setbacks.. As an aid to under-
standing the final linearized relationships for the atmospheric flow,
the more general nonlinear case for the flow inside the jet boundary
will be reviewed briefly. Upon the conclusion of this summary the

simplified model will be presented,
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- In order to calculate the atmospheric flow component, Simson 3
f? assumed that the half jet flow nearest the control port is initially :
EE: expanded from the nozzle pressure to the pressure in the control port.

Then as the flow nears the control port edge it i{s expanded from the
control port pressure, Pl’ to the ambignt pressure, Pm; In the accel-
;j erated flow at the port edge, it is possible to apply the momentum
equation across individual elements of the jet, This implies that it

is acceptable to assume that the final turbulent shear stresses across

;.5 any element cancel out, so that momentum and pressure produce the only
net forces on an element. For an individual element the momentum ex-
pression which deseribes the increase in velocity as the jet is

expanded across the control pdrt edge may be written as
(py =) bty =p |ul u Ay (124)

In determining the atmospheric flow, Simson firstly calculated

the power jets reduced momentum profile based on the expansion from
the nozzle pressﬁre to the control port pressure. In this calculation

it was assumed that the control ports positive pressure diminished

linearly across the power jets profile, Secondly, the increase in

velocity resulting from the expansion across the knife edge was calcu~-

lated. Thirdly, the velocity squared profile of the power jet before

the knife edge was added to the velocity squared profile resulting

across the knife edge. Taking the square root of this summation pro-

duced the final velocity profile out of the control port. The

atmospheric flow component 1s defined as the difference between the

[T T TR W RUUE T3 UT: Y A TP N ORI MU
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final velocity profile out of the control port and the normally expected

5

velocity profile. The normally expected profile would occur at the con-

trol port knife edge if the control port was removed.

In order to simpiify the analysis, Simson restricted the deriva-

TIT T i e T ot o

tion to both small deflection angles and small control port setbacks.

TR T

The control port pressure for these conditioms is small in comparison

to the supply pressure, thus 1t may be assumed that the wvelocity profile
in the control port is that of the power jet when expanded from the

nozzle pressure to the ambient pressure, It may also be assumed that

e XS S W TOT)

very little additional atmospheric flow Is associated with the small

increase in velocity through the potential core as the jet passes the

knife edge. Thus this flow may be neglected. The increase in flow
outside of the potential core as the jet passes the knife edge, that is

the atmospheric flow, may be approximated by a triangular profile whose

width is the distance from the edge of the core to the edge of the jet

and whose maximum magnitude, which occurs at the edge of the jet, is - |

given by expression (124). Based on these assumptions the atmospheric

flow velocity. as a function of distance from the core is

P1 B Pm Yy =¥ ] (1255
* -

a 0 v =

Ye is the distance from the jet's centerline to the edge of the core.

The total atmospheric flow component may be determined by integrating

expression (125) from the edge of the core, Y. to the edge of the

control port, z'; see Figure 27.
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G+ 5’5 tan 6) . |
(126)

° ) -
mo= h pu, dy
Ve
Since small deflection angles are being considered, expression (116)

has been substituted for z'. By inserting the expression for o found

in (125), the atmospheric flow becomes
X
(ye+ 7 tan 0)
(Y

R iy -~y
B, =h J Y p'('p‘l - P mi | < (127)

* - dy
Yc
Yc

Integrating the previous expression produces

h #p(Pl - Pm) (ye +_§ntan_e —,yc)z (128)

m
* -
a 2 y yc

It is now possible to combine the

Combined Control Flow Rate.
previously calculated individual components of the control flow, In-

serting expressions (121), (123) and (128) intc (118) and simplifying,

yields the relatiounship

(ye+ %-tan a) X 2 e
h vp(P.-P. ) (y+5tan 6 -y) m

@ =n | pudy+ L w e 2 s -2 (129
¢ : 2 v* -y, 2

Q
Since & is approximately equal to tan 8 for small angles, the previous
expression may be simplified by substituting expression (115) for the

tan 8. Thus the final expression for the control port flow rate is

it A sl e ke S e e e
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2
X2 (8,2 )
Yot =33
e . o v+
h VOIPI-PUP e 23

2 y* -y B
.0 ¢

Ec =h | pudy +

(130)

It should be noted that the control flow rate is defined completely in
terms of the control port differential ﬁressure, the control port geo-
metry and the power jet description. The integral relationship in
expression (130) as well as the jet characteristics are evaluated at s’',
that is the digtancé downstream of the exit plane where the jet passes
the knife edge; seé Figure 27. By combining equations (107) and (117),
8’ may be expressed for the case of small deflection angles as |

J X

t =
Y (B P + I

8 (131)

Simson's Power Jet Description. In calculating the interaction.

characteristics, Simson made use of a power law velocity distribution,
This profile describes the x-component of velocity for two~dimensional

ipcompfesaible turbulent jet flow. Simson’s velocity profile is

77442 '
u y -5, <y_yc<1 (132
u - K.x 3 for 02 Kx -~ )

c 1

It should be noted that the core region for this model fills the entire
nozzle at the exit plane of the jet. The distance to the edge'of the

jet from the centerline may be calculated from (132) and is
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* m oy . -
v* =¥, + le K _ (133)
Assuming that the jet momentum is conserved, the value of Kl is found
to be |
Ki = 1,378 b/xc (134)

Simson assumed that the powér jet could be broken up into two
separate flow regimes, that is a transition reglon where a potential
core existed and an established flow region. The core length, X.s for
the range of Reynolds numbers from 10,000 to 100,000 was considered
to be

x, = 5.2 b (135)

The potential core width Ve varied linearly with x and can be written
as
x. b ;
RO a- ;:) 7 | | | (136)

In the zone of _fuily established flow the centerline velocity

decay was assumed to vary with the =1/2 power of x.

Jet Impingement Upon a Receiver

Literature pertinent tc¢ the interaction of a jet flow with a
receiver will be considered in this section. It should be noted that
this topic has been of recent interest due to its relevance in the de-
sign of fluidic devices,

In a number of fluidic elements; such as the prbportional fluid

amplifier shown in Figure 26, the deflected power jet uitimately impinges
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upon a téceiver section, In this portion of the amplifier the jet's
velocity profile is converted to an output flow rate and pressure, It
is thus of interest to determine the flow and pressure characteristics
resulting from this impingement., The solution to this problem repre-
sents é formidable analytic task, since as the jet profile nears the
receiver it is distorted by the existence of this obstacle., The unknown
flowhfield at the inlet to the receiver is a function of the undisturbed
power jet profile upstream of the receiver section, the receiver's geo-
metry and its 1oading conditions. Serving as a further complication to
this analysis is the lack of receiver—diffuser performance data for the
skewed inlet velocity profiles associated with jet flows [28].

Because of the complexity of this problem, a general solution
has not been achieved to the.pressure and flow'recovery resulting from
the impact of a jet upon a recelver section. However, analyses have
been made for severgl limiting cases. These analyses will be reviewed
in the following sections. .

Analysié of Receiver Performance Under Open Load

and Blocked Load Conditions

As an aid to understanding the two 11mit1ng cases of the pressure
and flow emerging from the receiver section, consider the sketch shown
in Figure 29, 1In this sketch a deflected power jet is impinging upon a
stationary rveceiver. The preasure and flow recovery from the receiver |
are dependent upon the jet's characteristics upstream of the receiver,
the receiver's geometry and loading condifians. 1f the receiver's load
is varied from fﬁlly open to fully blocked, with all other pafameters

held fixed, a relationship between flow and pressure recovery is

[ TR R T SN Sp S
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established. The limiting points to this relationship are referred
to as the blocked load and open load conditions, respectively.

Analysis of Open Load Conditions. In deteimining the open load

condition, that is the condition where the tecei?er‘s flow rate 1is a
maximum and there is no pressure fecovefy, Simson [27] assumed thaf:.

l.l The preseﬁce of the.reﬁeiver does not affect the power -

jet velocity profile.impinging on the receivef opening.

2. 'The receivef operétes under no-load conditioﬁs. |

3. There is no back flow out of the receiver.

4, Tﬁe power jet profile at the receiver 1s that of a

| 'frée jet. |

Simson asaumed the mass f£low rate through the receiver is edual
to thé mass.flow rate of the power jet intersecting the feceiver en-

trance. This can be expressed as

Boenfewe (137)

A
r

where h and Ar represent the receiver's height and normal area to the
jet, respectively.

In order to evaluate expression (137), geométrical relation-

_.ships must be developed between the jet profile and the receiver; see _

Figure 29, It will be assumed that the receiver's ceanterline 1s
located on a radius of length xr'whosé origin is the intersection of

the centerlines of the control and supply ports. It should be noted

- that the deflected power jet also appears to originate from this point

for the case of small deflection angles.
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The arc length, %, through which the supply jet 1s deflected
at the radical position X 1s a function of jet deflecfion angle, ©,

and may be expressed as
2= X 8 o (138)

_ Although expression (138) defines the deflection of the power jet pro-~
file at the radical location of tﬁe receiver, xr,-it is obvious that
the receiver's knife edges in generel intersect the power jet pfofile
at locations different than X, For example,.in Figure'29 it may be
seen for a jet deflection angle of 3-e0°the lower knife edge will
intersect the power jet profile a distance gy downstream of_the origin,
while the upper knife edge intersects the profile at a position hl
downstream of the origin., It also may be noted that a reduced pro-
jected area of the receiver is seen by the poﬁer jet profile under
thia condition. Expreseions for 81 anq h13 the distances of the re-

celver's lower and upper knife edgea, respectively, from the origin of

the jet; may be determined as

. |
. r - '
81 % Tos (5-m - () sin (8,9) Rl

X
T

hl - Esg—fgzzgy - e sin (Br-e)

The reduced projected area of the jet profile on the receilver may be

expressed as

A = dh cos (8 =-9) (140)
T r
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Eliminating the height of the receiver from (140) gives the following
equation for the reduced frontal length of the receiver:

dr = d cos (Br-B) {141)

It is obvious that the evaluation of expression (137) using
the previous expressions for B1» h1 and dr would be very tedious., Thus

in order to simplif? the problem, Simson restricted the motion of the

jet to small deflection angles. He also assumed small receiver offset

angles and a small receiver inlet area in comparison to the power jet

exit area. Under these assumptions

H
]

g = X, | _ (142)

d =d
r

The linearized model of jet and receiver interaction is shown

in Figure 30. From this sketch it is apparent that the mass flow

integral given in equation (137) is
)
3 =n | pudy . (143)
.e-ﬂ

It should be noted that the centerline of the jet represents the origin

of the coordinate system in the previous integration. The velocity pro-

file of the power jet used in expression (143) is evaluated at a position

(xr+X/2) downstream of the supply jet's exit plane.

Hoad chmEr k1 ks el o .
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' For the case of small deflection angles, £ may be simplified
by introducing expression (115) for &

er (Pl-Pm?
J

o0

% = (144)

Analysis of Blocked Load Conditions. In determining the blocked

load condition, that is the case where the receiver pressure is a maxi-
nmum and there is no flow through the device, Simson also assumed tﬁat
the power jet profile at ﬁhe receiver entrance is ;hat of a free jet,

It was further assumed that the gauge pressure at the blocked load
condition is thé average of the total pressure of the powef jet over

the entrance area of the receiver. For incompressible flow this may be

expressed as

2
E-ay | (145)

o
w

|

a- ]
g

n

'P1=‘
o t—

If as in the previous case the motion of the power jet is
restricted to small deflection angles and the recgiver offset angle
and inlet area afe small, then expression (145) may be reduced to

et+d-4% |
Pp-P = %. F.';_Z_ dy (146)
e-%

Experimental Investigations of the Impinggment of
an Axisymmetric Jet Upom a Receiver-Diffuser

Reid [29] made a comprehensive investigation of the flow and

pressure characteristics resulting from the impingement of an
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axisymmetric jet upon a circular receiver. The centerlines of the recei-
ver and supply nozzle were held'coincidgnt in this investigation. The
objectives of this research were firstly to study the flow phenomena
involved when the nonuniform velocity profile of a free jet intersected

a receiver sectioﬁ; and secondly to pre&ict the outpﬁt flow #nd pres-
sure as a function of the jet and receiver parameters,

Ah arﬁsult of this research, Reid made several suggestions as to
the design of a receiver in order to obtain optimum pressure recovery.
It was suggested that a short constant diameter entry section be pro-
vided upstream of the diffuser section in order.to smooth the nonuniforﬁ-
jet velocity profile., The addition of this section was shown to prevent
préemature separation in the'diffuser and thus ihprove overall pressure
recovery. The best overall included angle for the conical diffuser_was
suggested ﬁo be from 5° to 8°, |

Measurements weré made of the_overall atatic performance of a

jet impacting upon a feceiver. Shown in Figure 31 is a typical rela-

tionship between receiver pressure and flow rate as the downstream load

conditions are varied. The receiver's volumetric flow rate and recov-
ery gauge pressure; Q and Pe’ respectively, have been nondimensionalized
by the vnlumetric flow rate of the power nozzle,-qo, and the power jet's
excess preséure'above ambient, PD. For the experimental data ob;ained
in Figure 31, the power jet's nozzle diameter was 1.94 inches while the
receiver's entrance diameter was 3.0 inches, The decrease in blocked

load pressure recovery, shown in Figure 31 as the nozzle-to-receiver

spacing is increased, is due primarily to the spreading of the jet and

the resulting decrease in centerline total pressure, The corresponding
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decrease in open load flow recovery is also due to the diffusion of
the free jet.

Using the analytical techniques proposed by Simson, described
in the previous sections, Reild calculated the blocked load pressure
and the open load flow rate for the case found in Figure 31. A com--

parison of thé'calculated_characteristics and the experimental data

~ 1s found in Table 1. This information indicates a significant error

assoclated with this analytical technique. The disparity 1s espe-
cially severe at locations near the nozzle's exit plane,

The calculated blocked load pressuﬁe is in poor agreement with
the experimental data. As a result of this dispérity Reid suggested a
better_approximatian'of the blocked load pressure was the total pres-
sure of the jet's centerline at the downstream position of the receiver.
Reid indicated that this approximation fit the experimental data within
a maximum error of six.percent.

The calculated values of the oéen load flow rate were found to
be significantly lower than those found experimentally. This effect
was again more pronounced for locations nearer the supply jet. Reid
attributed this phenomena to the induction of additional ambient air
into the recelver.

Reld concluded that for the range of geometrical and operating
conditions considered, free jet integrations are inadequate in describ-
ing limiting points on the pressure-flow curve, It should be pointed
out, hoﬁever, that the receiver diameter in Reid’s study was large

compared to the nozzle diameter. As the jet was allowed to spread and
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Table 1.

Comparison of Measured and
Computed Maximum Pressure
and Flow Recoveries

OUIM

4.

10

12

1.130
1.297
1,375
1,395
1.344
1.248
1.116

1.017

1.89
1.81

1.65

1.0
1.0

1.0

0.969
0.728
0.538
0.390

0.292
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Subscripts:

¢ - Computed by integrating measured free jet
(receiver removed) characteristics over
area equal to recelver entrance area

e - Experimentally measured with receiver in
place :
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Ha

obtain a larger size in relationship to the receiver, the technique

T ek . 5l b e 2T TS P

described by Simson more nearly matches the experiméntal data.

Analytical Techniques fer Jet-Recelver-Diffuser System Static

Performance Prediction. Reid presented four simpiified analyses in

his thesis to describe the pefformance of an axisymmetric jet im-
pinging upon a circular raceiver section. Only cases where the jet

g and recelver centerlines were coincident were considered., In the first
two of these analyses it is stumed that no jet mixing with the sur-
-.rounding fluid occurs, This assumption limits the application of

Ho these analyses to positions very near the power nozzle's exit plane.
The third and fourth of Reid's analyses are based on the rather

unique concept of a "cowl" or "dividing" streamline. It is assumed

that a "dividing" streamline exists at the receiver inlet which sepa-
rates the flow passing through the receiver and all remaining flow
which 1s spilled over. Typical streamlines are sketched in Figure 32

as they are supposed to occur. Experimental data (radical pressure

gradien: measurements) indicate that streamline curvature changes from
concave Inwards to concavé outwards as receiver back pressure 1is
lowered. The use of this "dividing" streamline concept offers the ad-
'vantage of eliminating the need to consider the details of the flow
patterns at the receiver entrance plane.

In brief, Reid's analysis of'jet receiver interaction using the

eowl" streamlines technique would proceed as follows. Firstly, the
forces and momentum flux in the x~direction can be written on the con-

trol volume between a section in the undisturbed free jet ho and the

D A S R TR T I TR [T ] (U T R T T S PR



(S 1 R LR L B AU TR

DIVIDING STREAMLINES

FOR Kd <0

DIVIDING
STREAMLINES

FOR Kd >0

Figure 32, Physical Model for the "Cowl" Streamline Concept

CONTROL VOLUME

et

i

ot
A EN R



“cowl” streamlines. Unfortunately, no direct method is available for
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end of mixing section 2, (It should be noted that since this control
volume follows the free streamline that no flow passes through the con-
trol volume except at sections h, and 2.) Secondly, an expression for
the pressure recovery across the area change diffuser section, that is
section 2 to 3, is determined. Knowing the free jet characteristics,
the location of ho, the pressure forces on the free streamlines and

the diffuser characteristics, an éxpression for flow rate through the
diffuser as a function of recovery pressure can be determined., The
drawback of this analysis is determining the position of section hy in

0
the free jet and then evaluating the pressure forces exerted on the

determining this information. Reid attempted to establish a data cor-~
relation to evaluate the locatiqn of section hD and the pressure forces
in the x-direction on the "cowl" streamlines. Although this correlation
appeared successful fof several cases he concluded that insufficient.

experimental evidence existed for its general applicationm.
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E ’ EQUIPMENT AND INSTRUMENTATION

& Experimental Model

EE; Figure 33 is a sketch of the experimental model with important

5 dimensions and features labeled, Included in this sketch is the supply
port, control pert and receiver-diffuser. It should be noted that dur-
ing portions of the experimental program the control port and receiver-

diffuser vere removed., This was to allow for the investigation of free

and interacting Jet flows.

Air enters the experimentai model's supply port and control
q port through a two inch and one inch diameter pipe, respectively. The
air then flows through the supply and control port nozzle blocks into
the model chamber. A four inch diameter pipe allows expulsion of ex-
haust air from the downstream end of tﬁe model, The one inch square
steel bars which make up the sides of the éxperimental model are bolted
to the 5/8 inch thick aluminum base plate, The supply port and control
poft chamﬁers are sim{larly bolted to the base plate., A two inch thick
plexiglass plate which covers the entire surface of the model is held
tightly against the model's sides with "C" clamps distributed along the
edges. With the plexiglass cover piate ingtalled, the supply port and
control port chambers rest agéinst the cover plate and the entire one
inch thick flow model is sealed from the ambient air.
i A complete two-dimengional traverse of the flow field was ob-

tained through the use of a sliding brass bar at the downstream end of
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the model, The brass bar slides in an aluminum channel which is bolted
to the edge of the experimental model. The bar was positioned via a
crank and gear arrahgement. Probe access and connections to the model
from the ambient are achieved through airtight Swagelok fittings in the
bar and slotted holes through the channel and edge of the model. Longi-
tudinal probe traverses were achieved by sliding the probes in and out
of the model through the Swagelok fittings. Lateral probe traverses
were accomplished by moving the bar in the channel,

Positioning of the receiver was accomplished in a similar
fashion. The two rods which held the receiver were moved in and out
giving longitudinal movemeht. Lateral motion was accomplished by mov-
ing the bar in the channel. The angle of the feceiver's inlet in
relation to the supply port's exit was also variable. This was accom—
plished with three hinge-joints. Two hinge-joints were inserted between
the receiver base plate and the positioning rods. A third hinge-joint
was inserted in the middle of the upper positioning rod. By moving the
positioning rods relative to each other, the receiver angle could be
varied.

The nozzle blocks used for the supply and control ports were

- 1dentical in design. A representative sketch with pertinent dimensions

is found in Figure 34. These blocks provide rectamngular supply and.
control ports -of 0.2 inch width and one inch height or a nozzle aspect
ratio of five, The throats of these nozzles were in the form of a cyl~
inder with a 0.75 inch radius. This design was easily fabricated and
resulted in a short nozzle flow length, hence, a reduced jet boundary

layer thickness at the nozzle's exit plane. The back of the nozzle
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blocks was cut at an angle of 45°, thus ailowinglthe supply and control
é;} port centerlines to be positioned at an angle of 90° without produciﬁg
N

a dead air space between them.

:f Figure 35 is a schematic of the receiver-diffuser employed in

: this research with important dimensions and features labeled. This
device is of a rectangular geometry witﬁ the receiver;s side and back
plates constructed of 7/8 inch thick Qluminum. Attached to the side
and back plates are top and bottom plates.of 0.015 inch thick steel
shim stock. The addition of the top and bottom plates prevents air
from enﬁering orlleaving the receiver except at the devices entrance
section or exhaust orificé. The receiver was constructed such that the
top aﬁd bottom plates rested against the model's base plate and plexi-
glass cover plate, respectively, at the receiver's entrance. The
devices flow thickness, however, was reduced g;adually through the con-
stant width entrance section to the 7/8& inch of internal flow thickness
found in the diffuser section. The region in whiéh the thickness is
reduced is 1llustrated in Figure 35 as section A-A,

A short constant width entrance section was provided upstream
of the area change diffuser im order to improve receiver performance as
was suggésted by Reid [29]. The included angle of the diffuser was 6°.
This value is, in accordance with suggestions for'optimum diffuser per-
formance by Kline [28}]. |

A variable load was imposed upon the diffuser by modulating the
distance separating a 3/4 inch circular disk and a 21/32 inch diameter

hole in the back plate. The separation between the disk and the hole
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wés controlled by turning a rod which was inserted through.an airtight
fitting on the traversing mechanism., This rod drove through a flexible
shaft to a 6-32 screw which was attached to.the disk,

Static pressure at the receiver exit was measured by a wall tap
in the devicé's slde plate, Inserted ;nto the tap is a Swagelok fit-
ting and a flexible tuﬁe. This tube emerges frdm the experimental
model into the amblent through a fitting on the traversing mechanism. -

| Figure 36 shows a photograph of the assembled experimental model,
The plexiglass cover plate which seals the device during testing has

been removed in order to show the model details more clearly.

: Vacuum_PuEE

A very high volumetric displacement'vacuum pump was required to
pull the air through the experimental model at the desired ambient
pressure, The pump used was a Beach Russ rotary piaton vacuum pump
capable of exhausting 1050 cubic feet of air per minute with atmospheric
pressure at the pump inlet, The pump was mounted on a metal frame which
was bolted to a wooden base composed of four inch by six inch timbers.

A cylinder five feet long constructed of eight inch diameter pipe was
connected to the pump's input manifold for use as a damper of any suc-
tion surges caused by the pump., Two short 1engths of three inch
diameter pipe were welded to the cylinder to provide for the model'’s
exhaust flow into the pump. The vacuum pump exhaust flow was carried
outgide -the building which housed the experimental equipment by a line

compoged of eight inch dlameter pipe and sheet metal ducting.
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Figure 36. Photograph of Experimental Model
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Support Equipmeni:

Figure 37 is a schematic of the entire experimental apparatus
with the major parts labeled. The air entéring the apparatus from the
atmosphere is first filtered and dried in a 30 inch thick bed of silica
gel found within the desiccator. It is then £1ltered a second time to
eliminate any silica gel dust that is swept up ffom the bed. After the
sécond filtering-the alr flow splits. Ome portion goes to the supply
reservolr and the other to the control reservolr. The mass flow rate

of each flow is carefully measured by rotameters. These rotameters

‘were calibrated using a water displacement procedure and then the cali-

bration was checked to.inéure repeatibility. After leaving the
respective rotameters the»flaws-passed through banks of metering valves
into the control and supply_reservoir chambers. The supply reservolr
was constructed of two 34 inch 1engths of 10 in#h diameter steel pipe.
ﬁaffles were arranged in the supply reservoir in such a manner that the
supply alr required four passes along the length of the pipe to flow
through the device. The control reservoir was constructed from a 24
inch length of eight inch diameter steel pipe.

The air flowed from the control and supply reservoirs through
the apprppriate nozzles into thg experimental model, This air was then
discharged from the model through a four inch diame;er pipe into the
downstream tank. This tank 1s similar in shape to a standard cylindri;
cal propane tank with domed ends; it's volume is approximately 18 cuble
feet. fhe purpose of the tank is to provide a reservoir for the experi-

mental model of sufficient volume to permit manual adjustment of the
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ambient pressure within the model. Located in the side of the down-
stream tank was a large bleed valve. This valve allowéd injection of
atmospheric air into the system downstream of the model.

Followiné the tank was the dowmstream control valves. These
valves consigted of a one inch diameter bellows type vacuum valve con-
nrected in parallel with a four inch diameter butterfly valve. These
two valves restrict the flow intec the vacuum pump by reducing the

effective flow area between the model and the pﬁmp.

Instrumentation

Probes and Sensors

Found in Figure 38 is a sketch of the probe used to measure the

static pressure in the experimental model, The design of this device

was based on a similar probe employed by Miller and Comings [8]. The

static pressure probe was designed to minimize disturbances in the flow
model, The probe's head was in the form of a 1/4 inch diameter brass
disk., This disﬁ was flat on top and receded from the sharp leading
edge at an angle of 15°., In the center of the disk was a 0.021 inch
diameter pressure sensing hole. The entire probe head was polished in
order to reduce flow Qisturbancea. The'probe head was soldered to a
1/16 inch outside diameter, 1/64 inéh wall thickpeés bragss tube. This
small brass tube was soldered to a 1/4 inch diameter brass tube a dis- .
tance two inches downstream of the probe head. The 1/4 inch diameter
tube slipped through a Swagelok fitting on the brass bar of the model's
traversing mechanism and was connected to one leg of a "U" tube mano-

meter with flexible tubing. The sensing hole in the probe head was
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maintained at a position 0.5 inches from the aluminum base plate and
thus measured static pressure at the centerplane of the experimental
model,

Static pressure was sensed in the supply reservoir, control
reservoir and the experimeﬁtal model by means of wall taps, The taps
were constructed by inserting Swagelok fittings into drilled and tapped
holes. Flexible tubing was employed to connect these pressures to "U"
tube manometers.

Shown in Figure 39 is the velocity direction sensor employed in
this research. The sensor is formed from a 0.1 inch long piece of flat-
tened black sewing thread which was tied about a 0.03 inch diameter
copper wire. The thread was tied such that it cbuld move freely about
the wire, however, would not slip off, It was maintained at a distance
between 0.45 inch and 0.55 inch from the experimental model's base
plate, and thus méasured the direction of the velocity vector near the
centerplane of the model. Soldered to the 0.03 inch copper wire was
1/16 inch diameter brass tubing. This tubimg extended 5.5 inches down-
stream where it attached to 1/4 inch diameter brass tubing. Thé larger
tubing, which was solder plugged, slipped through a fitting in the
traversing mechanism,

The impact probe which was used to obtain total pressure is
shown in Figure 40. The device is constructed of five inches of 1/8
inch outside diameter, 1/64 iInch wall thickness brass tubing which is
soldered to 1/4 inch outside diameter, 1/64 inch wall thickness brass

tubing., The tip of the device is shaped to provide a sharp edge with
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a 20° included angle. This shape is recommended by Sherman [30] to

provide the most accurate pressure measurements at low Reynolds number
conditions. The 1/4 inch diameter tubing slipped through a fitting on
the traversing mechanism and was connected to one leg of a "U" tube

manoneter by flexible tubing.

A sketch of the hot film anemometer sensor is shown in Figure

40, This device was used to measure both steady state and fluctuating
components of velocity in the experimental study. The tip was a
Thermal Systems Incorporated Model 20 sensor. It was in the form of a
cylindrical glass rod 0,065 inch long with a diameter of 0.002 inch.
The sensing material was a film of platinum which extended a distance
of 0,040 inch on the sensor. The cylindrical sensor was held in place.
by two gold plated supports of 1/32 inch diameter which extended back
1/2 inch to the electrical comnector. The electrical connector slipped
through an airtight fitting on the traversing mechanism. It was anti-
cipated that the small size of the anemometer sensor would produce a

minimum flow disturbance. This element was supported 1/2 inch from the

aluminum base plate and thus measured the flow field at the centerplane

of the model,

Static temperature was sensed in the supply reservoir, comtrol

T R R T O S R P S S IR AL VA P R

reservoir and in the experimental model by the thermocouple probe shown
in Figure 41. These copper-constantan thermocouples were cast in €pozy
inside 1/4 inch diameter brass tubing. They were inserted into the

appropriate locations through Swagelok fittings which provided an air-
tight seal,
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' Static Pressure Measurements

"U" tube manometers were employed'to measure the static pres-
gure in the supply réservoir, control reservoir and in several pressure
probes. The manometer indicating filuid is red Mériam manometer oll -
which has a Qpecific gravity of 1,04, It 1is a very low vapor pressure
indicating fluid and thus is suitable in high vacuum applications. One
leg of each manometer was connected to the apﬁropriate location on the
exberimental apparatus while the other leg was connécted to the model,
This established the static pressure in the experimental model as the
reference fo; these differential pressure measurements, The static
pressure in the model_was determined by two methods, depending upon
its magnitude. A calibrated McLeod gauge.was employed to measure the
model's absclute pressure for values of less than one mm. hg., while
an absolute "U" tube manometer was used for pressurés above one mm. hg.
One leg of this absolute manometer was connected to the experimental

model and the other to a low pressure reservoir. A small vacuum pump

was utilized to maintain this reservoir at approximately 0.05 mm. hg.

Several ééfetﬁ features were incorporated into the pressure
measuring system to prevent the discharge of manometer oil into the
experimental apparatus as a result of mechanical failure or ilmproper
procedure, Traps were inserted into the flexible tubing which ran from
the manometers.to the experimental apparatus. These devices were de-
signed to prevent manometer oil from being discharged into the system,
Valving was provided on the absolute "U" tube manometer which vented

across the manometer legs and disconnected the small vacuum pump from
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the circuit during expefimeutal.apparatus start up and shut down
transients.

A cathetometer was used to measure the differential height in
the oil colurms of the “U" tube manometers. This device was located
on a table in front of and approximately three feet away from the
manometer board. A lighting system was provided upon the manometer
board to establish proper illumination for these optical measurements.
A photograph of the static pressure measurement equipment is found in
Figure 42._

Anemometer Support Equipment

Electronic support equipment for the hot film anemometer in-
cluded a Thermal Systems Incorporated Model 1050 constant temperature
anemometer module. This module included the electrical bridge, vari-

able control resistor, voltage readout and output voltage signal

conditioner. A Thermal Systems Incorporated Model 1060 true Trms volt-

meter was used in comnection with the basic module for measurements of
turbulent fluctuations. An oscilloscope was employed along with a 50
Hertz low pass filter and a voltage potentiometer to measure the steady
state component of velocity at low density levels. A photograph of thé
anemometer support equipment used in this research is found in Figure
42,

Static Temperature Measurements

Static temperature measurements were made via copper-constantan
thermocouples. The output voltages from these devices were conmected

through a thermocouple switch to a potentiometer circuit. The cold
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junction of this circuit was maintained at 32°F in an ice bath.

Temperatures were computed with standard thermocouple tables.
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CHAPTER I1II

PROCEDURE

Preliminary Considerations

The experimental investigation was divided into three segﬁents
which consisted of free jet studies, jet interaction studies and stud-
ies of the interactlion of & jet upon a recelver—-diffuser. Before these
investigations were conducted, however, extensive checks and calibra-
tions were performed on the experimental apparatus. Thé first step of
these checkout examinétions consisted of testing for leakage under posi-
tive pressure. This was accomplished by sealing the system from the
supply and controi rotameter inlets to the downstream control valves
and then pressurizing the apparatus. A solution of soap and water was
applied to all joints and seals of the experimental equipment. The
formation of bubbles indicated leaks which were subsequently repaired
with either Glystol or Aplezon Q sealant,

After all detectable leaks in the experimental equipment were
eliminated in the previousl& described fashion, tests were performed
to determine the magnitude of the leakage remaining. ?his was accom-
plished by evacuating individual e;ements through a line containing an
alrtight valve. After sufficient outgassing time the line was sealed
and the rise in preasure as a function of time was determined by a
mercury.filled "U" tube manometer. From the calculated volume of the

element and the observed rise in pressure with time, the maximum leakage
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of important portions of the experimental apparatus was determined.

The leakages in the control and supply reservoirs from the respective

8

rotameters to the model were determined to be 1,08 x 10 = 1bm./min. and

-6

1.49 x 10 = 1bm./min., respectively. These flow rates represent approxi-

mately 0.01 percent of the minimum flow rates which passed through these

reservoirs in the experimental study. The leakage rate in the experi-
mental equipment from the inlet of the control and supply rotameters to

4 1bm. /min.

the downstream control valves was determined to be 2.79 x 10°
This represents 2.2 percent of tﬁe minimum flow rate through the supply
port in this inﬁestigationh It should be noted that the majority of
this flow was located within the traversing mechan;sm at the downstream
end of the model. This fact was ascertained by temporarily sealing the
traversing mechanism and then observing the reduced leakage rate. The

leakage in the traversing mechanism was considered acceptable in this

research since its magnitude was small and it was located well down-

stream of the supply port.

Preliminary investigations were made to insure the accuracy of
the various manometers and the McLeod gauge; The first step of this
procedure was to check the glass portions of these devices for leaks
while un&er a vacuum with an electrical discharge detector. The instru-
ments.were thgn checked for leaks by pressurizing and applying a soap

and water solution to all comnections. Upon the successful completion

of this procedure, both legs of the "U" tube manometers were commected
to a common pressure polnt and then evacuated to a low pressure. The

cathetometer was then employed to insure that no differential oil colummn
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existed. This was achieved for each manometer to within the accuracy

of the cathetometer which is 0.05 mm. of indicating fluid. The McLeod 5

gauge, which was previously calibrated, was checked against the abso-

e ik v s SRR e

lute "U" tube manometer to insure its calibration.

Rt S

The temperature and pressure probes were checked before the
experimental investigations were conducted. The temperature probes
were calibrated at room temperature and at the boiling temperature
of water to insure thelr accuracy. The three probes were found to in-
dicate the same temperature to within 0.5°F under these conditionms.

The static pressure and the impact pressure probes were checked for

leakage by pressurizing these devices while immersed in a liquid bath,

Calibration of the Anemometer and

Associated Instrumentation

Two devices were considered before a hot film anemometer was

chosen to measure.the flow field in this research. A corna discharge

probe which operates on the principle of varying drift speeds of ion-

ized gas between charged electrodes was considered. This device was

not employed because it had been previously demonstrated to have an

‘Eﬁ
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unpredictable useful life, Standard impact and static pressure probes

were initially considered since they are easy to comstruct and normally

e p————

AT Y

‘required no calibration, In this research, however, several disadvan-
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tages were associated with this method of measuring velocity. Firstly,

. Mgl %, T3

this method only provides information on the steady state components of
velocity in the flow field. Secondly, under the low Reynolds number

conditions of this research the probe would have to be calibrated to
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" provide accurate steady state velocity measurements. In order to jﬂ
measure the velocity at a point in the flow field of the jet, the im-

pact probe must be necessarily small in comparison to the jet, A

small probe operating at the conditions encoumntered in this research A

would be at a very low Reynolds number. Sherman [30] has shown that i
calculation of velocity from inviscid perfect gas relationships for the
probe shown in Figure 40 are in error for Reynolds numbers less than
approximately 70 based on free stream conditions and probe diameter,

The hot film anemometer was ultimately chosen due to its small

size and consequently minimuﬁ flow restriction, its ability to be used
in the continuum through free moleéular'flaw regime, and its capability
to measure both steady state and fluctuating components of velocity. A
hot film sensor was chosen over a hot wire sensor element due to its
demonstrated étrength, stability and life which outweighed its reduced
s_en.aitivity. The disadvantage of the. amemometer system is the neces-
sity for accurate calibration.

The calibration of the anemometer is necessary since the device
measures the heat transfer from a sensing element which is suspended in
the flow field. The heat gransfer from the sensor is in general a func~
tion of a number of variables, however, for the case of a fixed sensor
geometry, sensor teﬁperaturey air stagnation temperature and awbient
pressure the heat transfer is only a function of velocity for a single
gas. In the calibration and subsequent research a single anemometer
sensor which was maintained at a constant temperature was employed.

The measured value of the total temperature in the gas was found to be
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. egsentially constant for an experimental rum. However, over a period

of several months the total temperature was found to vary less than 5°F
about the value 72°F. The device was subsequently calibrated with
reapect to the previocus constraints to provide a voltage signal which
ig a function of velocity at a fixed ambient pressure. Calibration data
were taken for model pressures of approximately 0.51 mm. hg., 1.0 mm.
hg., 2 mm., hg., 5 mm. hg., 10 om. hg. and 20 mm. hg, These pressures
were maintained comnstant during thé calibration studies and subsequent
research to a maximum pressure variation of #0.0115 mm, hg.

Calibration of the device comsisted of deterﬁining the voltage
drop across the semsor as a function of a known velocity for the pre-
viously mentioned conditions of a fixed gas, sensor, stagnation tempera-
ture and model pressure. The velocity field used for the calibrafion
was the undisturbed jet flow issued from the model's supply port. The
anemometer was_inaerted into this flow at a position of known velocity
and the voltage from the device measured. Tﬁo different methods were
employed to determine the velocity of points in the field for the cali-
bration procedure. The first method used the impact tube shown in
Figure 40. The second consisted of determining the velocity of the
core region from the pressure ratio and stagnation temperature by using
inviscid perfect gas relatiﬁnships.

At several intervals in the research the anemometer calibrations
were checked. No detectabie ghift in the calibrations was detected by
this procedure. A complete description of information pertinent to the

anemometer calibration is given in Appendix A.
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Experimental Procedure

Prior to each experiment the brass bar and the aluminum channel
of the traversing mechanism were covered with a thin layer of vacuum
grease, If the plexiglass cover plate had been removed between experi~

ments, it was resealed. This was accomplished by first cleaning and

then coating with a thin layer of vacuum grease the plexiglass plate

and one inch ridge upon which it rested. The cover plate was then
attached firﬁly to the model with "C" clamps.

| The initdial stéﬁ of each experimental run was to evacuate the
apparatus to a low absolute préssure. This was feduired to eliminate
accumulated molsture and centamination from the apparatus. During this
procedure no air waas allowed to flow through the control valves and
thus the system was at a common pressure, The "U" tube manometers were
checked with the cathetometer during this period to insure that no dif-
ferential oil columns were present., The seal between the plexiglass
cover plate and the model was also checked visually to insure no leak-
age paths into the apparatus ha& developed.

Upon the completion of an outgassing period of sufficient length
to obtain a low system preﬁsure, the experimental flow was established.
The first step of this procedure was to allow a large quantity of flow
through the bleed valve (in comparisom to the floﬁ through the supply
and control ports) into the downstream tank. The downstream control
valves were then adjusted until the proper model ambient pressure was
obtained., The upstream valves were subsequently opened and the proper

conditions were established across the suppiy and control ports, The

T——
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introduction of flow through the supply and control valves slightly
upget the model pressure and_thué readjustment of the model pressure
with the downstream control valves was required. Upon the establish~
ment of the proper flow conditions, the pressures in the apparatus were
monitored for approximately one hour to insure steady state had been |
achieved. |

Free Jet Investigg;ions

The absolute pressure in the experimental model and the differ-
ential pressure across the supply nozzle were used in tﬁis invesatigation
to establish the flow conditions of the free jet. The model préssure
was monltored during the course of an experiment and maintained constant
by manually adjusting the system's downstream control valves to within a
maximum pressure error of 10,0115 mm. hg. The differential pressure
acrose the supply.port was maintained constant during an experimental
run to within #0,0038 mm. hg, by m&nuaily_adjusting the flow rate through

the upstream control valves,

Static Pressure Measurements in the Free Jet, Measurements wetre

made of the static pressure in the experimental jet flow with the probe
shown in Figure 38, The validity of the probe's readings was checked by
utilizing three 3/32 inch wall pressure taps in the aluminum base plate.
The differential pfessure between the jet and the model was obtained
with an oil filled "U" tube manometer. A cathetometer with an accuracy
of approximately 0.05 mm. of oil was utilized to measure the differen-
tial oillcolumn height. A second cathetometer was used to measure the

lateral position of the probe's sensing hole in relation to the supply
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jet's nozzle blocks. Longitudinal position of'the probe was controlled
by markings on the aluminum base plate, The lateral position measure-
ments of the probe are accurate to within an estimated accuracy of 0.05

m .

Velocity Direction Measurements in the Free Jet, Measurements

were made of the direction of the velocity vector with the probe shown

in Figure 39, The angular deflection of the probe'’s sensor was deter-

mined optically with a projector and a cathetometer, The projector was
attached to the experimental model's cover plate. The cathetometer was
used first to measure the lateral position of the probe with respect to
the.nozzle blocks, and then thé hairline on the instrument was aligned
with the probe's sensor, The hairline 1mége was transferred to the
projector where the differential angle from normal was measured. The
estimated error associated with this procedure is approximately 1/2° of
angle. The estimated error in the laterﬁl position measurement of the
sensor is approximately 0.05 mm,

Fluctuating and Steady State Velocity Measurements, The steady

state and fluctuéting components of velocity im this study were mea-
sured with the anemométer sensor shown in Figure 40 and assocliated
electronic instrumentation. The lateral position of the sensing element
was obtained with a cathetometer to within an expected accuracy of 0.05
mn. The longitudinal position of the probe was controlled optically
with reference to mﬁrks on the aluminum base plate. The calculation of
steady étdte and fluctuatihg components of velocity from anemometer data

and an analysis of the uncertainty associated with these measurements 1is
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ential pressures across the supply and control port nozzles were used
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described in Appendix B. The uncertainty analysis indicated the
maximum uncertainty in the ﬁeasuremant of the mean velocity is 22.31
ft./sec. This uncertainty represenfs approximately three percent of

the waximum velbcity meaauréd at that pressure level, The maximum per-
centage uncertainty in the fluctuating component of velocity-which is
reported in this investigation was computed to be 8,18 percent.

Jet Interaction Investigation

The absolute pressure in the experimental model and the diffex-

in this study to establish the flow condition. The absolute pressure
in the experimental model was monitored and maintained constant during
an experimental run to within a maximum pressure error of £0,0115 mm,
hg. The differential pressures across the supply port and control port
were maintained constant by manual'adjustment of the respective flow
rates to within #0,0038 mm, hg.

| Sfudies were made of the veiﬁcity profiles, direction of the
velocity and the static pressure.distribution in the jet which reaulted
from the interaction of the supply and control port flows. These_mea-
surements were made using the same procedures discussed in the free jet
investigation. |

Jet Interaction with a Receiver-Diffuser

The experimental equipment in this portion of the research was
identical to that in the jet interaction investigation except for the
addition of the receiver-diffuser shown in Figure 35, The flow condi-

tion in the model was established based on the model's absolute pressure
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and the differential pressure across the control and supply ports. The
receiver's dowvnatream posiﬁiqn and angular offset from the centerline
of the supply port were determined optically with relation to marks
scribedlon the model's base plate., The uncertainties in these linear
and angular positions #re'estihated to be 0,01 inch and 0.5 degrees of
angle,.respectively. | |

Measurements were made of the static pressure in the receive:
by a wall tap which was connected to an oil filled "U" tube manometer.
These measurements were obtained for various_coubinations of diffuser.
loadinge, deflected jet conditions, receilver setbacks and receiver
offset angles at prescribed values of absoluté model pressure. The
loading conditions on the receiver were obtained by modulating a flat
disk on a hole. The load was varied in discrete turns of the disk and

was precisely determined by alignment marks on the disk and recéivet.
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CHAPTER IV
£ _ FREE JET EXPERIMENTS

Experimental Data

s

L

A complete collection of the experimental data which describes

e T

the structure of a free jet in the low Reynolds number compressible flow

These data include time-average and

f regime is presented in Appendix C.
] :
fluctuating velocity measurements for 15 flow cases as well as static

pressure and velocity vector measurements for several conditions. Rey~-

nolds number and Mach number based on the measured state at the center-

line of the nozzle's exit plane and nozzle width are employed to

! describe the flow conditions in this research., The expressions used to

calculate these nondimensional parameters along with a sample calcula-

tion are presented in Appendix C.

Free Jet Structure

The Reynolds and Mach number ramnge of the present investigation.

18 compared to thdse of previous studies of two-dimensional free jfet

flows in Figure 43, The flow regime considered in this research is

bordered by both the high Reynolds number turbulent jet studies of

Miller and Comings [8] and Olson and Miller {13] as well as the low

Reynolds number laminar jet investigations of Chanaud and Powell [18].
It is interesting to note that the impact pressure studies of Anderson
[21] overlap a portion of the present experimental regime. In the next

section a gualitative description will be made of the jet's flow
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structure in the_ldw Reynolds number compressible flow regime. Uﬁon
the completion of this description, data from this regime will be com-
pared to data from previous investigations as well as analytical
expressions for the limiting caﬁes of laminar and turbulent plane jet
flow. |

A general description of the jet's flow structure in this regime
may be made by considering the experimental Aata presented in Flgures 44
through 48, 1In Figure 44 a plot of jet centerline velocity as a func-
tion of downstream position is presented for four flow cases. Profiles
of the time-average and fluctuating components of vel&city for several
downstream stations for these same conditions are presented iIn Figures
45 through 48, These data illustrate the change of the flow structure
as lower Reynolds number conditions a;é approached.

The data from this investigation demonstrate the importance of
the turbulent mechanism on the structure of a free jet in this flow
regime, This effect may bé i11lustrated by examining the centerline
velocity decay and profile spread rate.for sever#l flow conditions as a
function of the growth and intensity of the turbulent shear layer. Fig-
ures 44 and 45 show the characteristics of a flow with a Reynolds nuhber
of 546 and a Mach number of 0.183. Two separate and symmetric turbulent
shear layers are found mear the nozzle exit plane in Figure 45 for this
flow condition. The root mean square velocity measurements indicate
these shear layérs are rathex narrow and of low turbulent intensity. The
shear lgyers are shown to spread in the downstream direction while the

turbulent intensity remains low until the layers intersect. After
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intersection the intensity of the turbulenf fluctuatione grbws rapidly.
The effect of this rapid growth is obéerved in the increased decay rate
of the centerline velocity and the increase in the width of the velocity
profile, The centerline velocity decay characteristics of this flow
condition afe similar to that of a turbulent jet; that is a long core
region followed by a sharp t;ansition to rapid-qénterline velocity decay.
It 1s interesting to note thgt.the turbulent shear layers have met up- .
stream of the vertex of the potential core which is located approxi-
mately six nozzle widths dowmstream of the exit plane. Relatively
thick boundary layers are found on the nozzle walls for this condition
and make up appfoximately 15 percent of the flow area at the exit plane.
. The charaéteristics of a flow condition where the ngﬁolds num-
ber is 325 and the Mach number is 0.426 are presented in Figures 44 and
46, 1t can be observed ianigure 46 that the spread and increase in
intensity of the-turbulént gshear layers 1s much slower for this condi—_
tion in comparison to the previous case, For this lower Reynolds number
condition the boundary layers at the nozzle exit are thicker and conse-
quently the core length is short;r. Beyond this short core regime is a
region of low turbulence, and consequently a region of gradual center-
line velocity decay aﬁd slow velocity profile spread rate. The turbulent
shear layers are found to meet a short distance beyond 10 nozzle widths
downstream and grow rather rapidly in intensity fdllowing this point,
This raﬁid shear layer growth resulted in a much higher rate of center-
line velocity.decay in this region. Although this free jet possesses

turbulent aheﬁr layers, the centerline velocity characteristics are




quite different from that of a turbulent jet flow at high Reynolds
number as described by Miller and Comings [3].' That is the core région :
is much shorter and is followed by a long transition regime before

rapid centerline velocity decay rate is attained.

The characteristics of a still lower Reynolds number condition
are presented in Figures 44 and 47. Figure 47 illustrates that no tur-
bulence was.discovered at the nozzle exit plane. Hot film éurveys
indicated that turbulence developed to a detectable intensity at a
point downstream between three and six nozzle widths, The turbulent
shear layers were found not to intersect within 20 nozzle widths of the
exit plane and were found to be of low intensity and slow growing. The
low turbulent intensity levél in this jet results in both a rather grad-
ual centerline velocity decay rate and a slow profile diffusion rate.

It is interesting to note that a pronounced éhange of centerline velo-
city slope does not.occur within 20 nozzle widthé of the exit plane,
This pronounced slope change was associated with the formation of highly
turbulent shear layers in the prior flow cases. For this condition the
boundary layers were found to héve met at the nozzle exit plane aﬁd thua.
no potential core existed. The free jet's centerline velocity decay
‘rate is not characteristic of either.a laminar or a turbulent jet. Al-
though turbulence exists in thié jet, it is not of ;ufficient intensity
tb produce the high centerline velocity decéy rates assoclated witﬁ the
previous cases, | |

&he characteristics of.a.very low Reynolds number condition are

presented in Figures 44 and 48. No turbulenhe was detected in thig jet
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flow within 20 nozzle widths of the exit plane.' The steady.state
velocity profiles indicate thé boundary layers have met in the nozzle
and thus no potential core exists. The slowly decreasing value of
centerline velocity is somewhat similar to that observed in the pre-~
vious case, however, the rate is 1argerf The flow structure encounw-
tered at this condition is laminar and appears very similar to that
reported by Chanaud and Powell [18I] . The centerline velocity decay
tate appears to be approaching asymptotically that prediéted for a

laminar incompressible plane jet.

il _ Comparigon of Experimental Data

to Previous Studies

ié In the following section a comparison 1s made of the jet's flow
i structure in the presently investigated regime to analytical theories
and data from previously investigated flow regimes. This comparison is

i divided into considerations of both time-average and fluctuating jet

parameters.

Characterigstics of the Steady State Velocity Profiles

Centerline velocity decay data from the present research are

presented in Figure 49, These data represent the approximate limiting

states in terms of Reynolds number which were investigated. Shown for

comparison are data from the turbulent incompressible flow regime by

o et R 3 PR o i T e e R
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Miller and Comings [8) and the laminar incompressible flow regime by

Chanaud ‘and Powell [18].
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A comparison of the high Reynolds number case from the present

research to data from Miller's investigation indicates the characteristics
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E?i are rather similar. That is both exhibit a long core region followed
& by a regime of.rapid centerline velocity decay. The case from the pre-
‘g sent research, however, exhibits both a slightly longer core region and
Eiﬂ | a longer fransition region to fully developed turbulent flow, A com-
L: parison ies made in Figure 49 of the present high Reynolds number flow

- case to the centerline decay rate_ptedicted for a turbulent incompres-

'sible plane jet; see expression (45)., This comparison demonstrates the
' -1/2

present data approaches the predicted decay rate, proportional to x .

approximately 15 nozzle widths downstream. An unexpected steep decay

rate is observed for this flow case between approximately 10 and 15

. : |
nozzle widths downstream of the exit plane., The data of Miller does not i
exhibit this phenomena. A possible explanation for this pronounced de- }%

cay rate is the loss of two~dimensional flow in the experimental jet. 1

é: A check of the velocity profiles in this region with the anemometer
indicated the boundary layers from the top and bottom plates of the

apparatus were relatively thick, The-velocity profile data also sug-

2 gested a slight loss of momentum in the direction of flow for this reglon

which again indicated the flow was becoming three~dimensional.

Y T
- AT

A comparison is made in Figure 49 of a low Reynolds number case

% | from the present research to a set of data with approximately the same
Reynolds number from the research of Chanaud and Powell [18]. Theqe

centerline velocity data are again rather similar. It should be noted

e

that the reported Reynolds number of 68 for Chanaud's data is based on

flow rate and thius the Reynolds number based on centerline velocity at

R IR

the nozzle exit would be somewhat larger, The centerline velocity decay
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rate for both the present case and that of Chanaud would appear to

approach asymptotically that predicted for a laminar incompreasible jet;
see equation (84). The general trend exhibited b& low turbulence level
cages from the pféaent research, that is the centérline velocity decay
rate decreased with higher Reynolds number conditions, was also in |

qualitative agreement with Chanaud's results.

Centerline velocity decay and jet width data from the research
of Anderson [21] are compared in Figure 50 to data from the pr;senﬁ in-
vestigation; A good quantitative comparison is difficult to make
Setween these two studies since only two conditions considered by
Anderson are within-the range of the present experimeh:ation. As may

be seen from Figure 50, the centerline velocity decay characteristics

for these two studles at approximately the same Reynolds and Mach nﬁm—
ber conditions are qusntitatively.diffetent. A quélitaﬁivé comparison

of the data from the two studies, however, demanstrateé many_similar
trends.. Firstly, the core length ia shown.to obtain a maximum value

at an approximate Reynolds number based on centerline coﬁditians of 700,
For 1owef Reynolds number conditions the core length decreases rapidly.

The present data also indicate the core length decreases with Mach num-

ber, This effect was not indicated by Anderson's data, hqwever, it was
demonstrated for the studies of cdmpressiﬁle turbulent jets by Olson and
| Miller [13]. Secondiy, lower Reynolds.and higher Mach number flow condi—
tions decrease the centerline velocity decay rate for positions beyond
the.pot;ntial core. The present investigation demonstrates this effect

is the result of such conditions retarding the growth of the turbulent
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shear layers in the jet. For very low Ra#uolda number conditions,

however, this trend 18 reversed. In such cases the flow is.laminar and

consequently the higher momentum of the larger Reynolds number jet pro-

duces a reduced centerline velocity decay rate near the nozzle exit.

Jet width data which again represent the approximate limiting
conditions for the present research are presented in Figure 51, Also
shown for comparison are data from the research of Miller and Comings
[8) and Chanaud and Powell [18]. The jet width, b , represents the
lateral distance from the cemterline to the poaition where the dimen-
sionless velocity E/Gc 1s equal to.0.67.

A comparison may be made by referring to Figure 51 between a
hiéh Raynoldslcase from this research to data from Miller and Coming's
study. These data demonstrate the easential absence of jet spread for
the present case up to 10 nozzle widths downstream. This is in quali-
tative.agreement with Figure 49 which indicates the_centerline decay
rate is much lower in comparison to Miller's data up to.this position,
The narrower jet width for the present r.-*.ase near the nozzle exit is
anlindicatian'of the thick.nozzle bOundafy layers,

The comparison of a low Reynelde number case from the present
study and data from thé research of Chaﬁaud and Powell again indicates
rather similar characteristiéa. It is interesting tb note that the
case from the present research has both a higher nondimensional centér-
line velocity and a wider nondimensional profile width at a common
distancé downstream of the exit plane, A plausible explanation for

this observation is that Chanaud's jet emerged from a long channel while
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the present study employed a nozzle, The jet flow emerging'from a
nozzle could be expected o have a greater portion of the profile at a
higher vglociﬁy due to the decreased drag effect of the nozzle. It

thus could have a wider nondimensional jet width and still be expected

to have a slower centerline decay rate as a result of ite higher momen-

tum, A compariaon of the jet's spread rate to that predicted for
laminar incompressible flow, that is spréad.rate proportional to 32/3,.
demonstrates the low Reynolds number case from the present research
appears to be approaching but has not attained thies relationship at a
distance 20 nozzle width§ dovnstream. |
Jet Vidth data from the present fesearch and that of Anderson

[21] are presented in Figure 50. These data again exhibit quite dif-
ferent characteristics. Anderson's data demonstrate essentially no
spread rate in the region from two to seven nozzle ﬁidtha downstream

of the exit plane while data from the present investigation reveal a
large spread rate in the same regime, The centerline velocity decay and
spread_rate parameters of Anderson's jet exhibit the same general char-
acteriétics found in higher Reynbldg number cases in the present
research. This may be observed by comparing the data from a case where
the Reynolds number is 546 and the Mach nuﬁber is 0.183 to that of
Anderson; see Figures 49 and 51. A possible explanation of the dissimi-
lar jet charﬁcteristics shown in Figure 50'at approximately the same |
flow conditions could be the nozzle geometries used in these tw§ inves-
tigati&ns. Aﬁderson's experimental nozzle had a width of 0.2 inch with

an aspect ratio of five as was the case in the present research, The
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converging section of his nozzle was formed by two 0,25 inch radial
sections while the nozzle from this research vas formed by two 0.75 inch
radial sections. The longer coqverging flow sections for the present
reaearch could be producing thicker boundari layers at the nozzle exit
p;ane. These tﬁickef boundary léyers could explain the characteristica
exhibited by Anderson's jet in Figure 50 which are similar to charac-
téristics'of higher Reynolds number cases in the present research,

Measurements 6f the time-aﬁerége component of velocity in the
x-direction demonstrated two distinct flow conditions existed in the
low Reynolds number compressible flow regimé. The jet was found to
possess a potential core for relatively high Reynoids number conditions
while in low Reynolds number cases the bouhdary layers had met in the
nozzle and no core existed. In either of these situations the time-
average velocity profiles outside of the core, if it existed, could be
fitted to a Gaussian distribution. This profile was found to fit the
experimental data as near as 0.25 nozzle widths from the exit plane.
Shown in Figure 52 is a typlcal set of time-average velocity data fit—
ted to a Gaussian profile, The investigations of Miller and Comings
(8], Chanaud and Powell [18] and Anderson [21] also indicated the steady
state velocity profiles could be fitted to a Gaussian distribution.

In the regime where a core existed, its width was found to de-
crease in proportion to the distance from the nogzle exit plane, This
is in agreement with the amalytical result for a two-dimensional incom-
pressiblé turbulent free jet boundary; see equation (42) . The decay of

1/2

the potential core in proportion to x rather than x™'°, as 1s predicted
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for a two-dimensional incompressible laminar free jet boundary; Qee
equation (82), may be explainéd by the observation that in any case
where a core was detected there also e;isted turbulence in the mixing
zone near the exit plane. Iﬁ flow cases where the jet was laminar near
its exit plane, the boundary layers had met in the nozzle and no core
existed, |

Characteristics of Fluctuating Velocity Profiles

A comparison is presented in Figures 533 and 54 of fluctuating
velocity profiles from the present research to similar data reported
for a plane turbulent iucompreséible jet by Miller and Comings [8].
These data again illustrate the_effeét of the lower Reynolds number
pondifiona which were encountered in this research uvpon the formation
and growth of the turbulent shear layeré. Presented in Figure 53 are
fluctuating velocity profiles for several positions within the potential
core, These parameters are nondimensionalized by the velocity at the

centerline of the nozzle exit plane, u,, and the nozzle width, b,

0!
respectively. A comparison of these data demonstrates a more rapild

growth of the turbulent_sheaf layers in the high Reynolds number flow
case investigated by Miller. The position at which the turbulent in-

tensity is a maximum lies closer to the jet centerline for the present '

research. This is an indication of the thick boundary layers occurring_

~ for the present flow cases.

Data illustrating the growth of the turbulent shear layers in
the regime of flow beydnd the potential core are presented in Figure

54. The fluctuating velocity component and distance from the centerline
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Profiles from the Present Research to Data of
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in this figﬁre are nondimensionalized by the appropriate centerline

velocity, Ec’ snd the jet width parameter, bm’ fespectively. These data
demonstrate the lower Reynolds number conditions considered in the pre-
seﬁt research retard the growth of the turbulent shear layers. Figure

54 indicates for a flow condition where the Reynolds number is 255 and

the Mach ﬁumber 18 0.761 the turbulent shear layers have not met within
10 nozzle widths of the exit plane and are of low intensity. As the
Reynolds number is increased to 325 at a Mach number of 0.426 the tur-
Sulént shear layers appear o have spread, however, the intensity of
the fluctuations_i§ still small. .At a still higher ﬁeynolds number.

condition of 546 and at a Mach number of 0.183 the turbulent shear

layers have met at six nozzle widths downstream. The fluctuating velo-~

city prbfiles for this condition are very similar in shape to those

reported by Miller, however, the intenaity of the turbulent fluctua-~
tions is of a lower magnitude.

The research of Miller indicates the positioh of maximum inten-

sity in the fluctuating veloclty profile is approximately at y/b; equal
to one. That is the point in the steady stafe velocity prefile where

the velocity is 67 percent of its centerline value., This point corres-
ponds apprﬁximately to the iﬁflection point in the time-average veiocity '
profile. Data from the present research agree with this concluéioﬁ
within experimenfal uncertainty, |

Transition to Turbulent ?1ow'

Turbulent transition data from the present research and the in-

vestigations of Andrade [17] are presented in Figure 55. This figure
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presents for several flow cases the locus of local Reynoldé and Mach
number conditions as the plane jet passes through a fluid at rest. The

local Reynolds and Mach numbers are defined as

R = o ubbw .
e U ’

M=u/e S ¢ * 2/

bw in the previous expression is ﬁhe distance from the edge of the jet's
core to the point where E/Gc = 0.67. In the cases where no core exists
b, is measured from the jet's centerline. The calculation of p, W and
¢ i8 based upon conditions at the jet's centerline.

Experimental data points in Figure 55 which are open indicate
atates at which no turbulence has been detected in the jet as opposéd to
darkened data points which indicate the presence qf turbulence. The
existence of turbulence was ascertained in the present research by hot
film anemometer measurements. In the reseérchlof Andrade turbulence was
detected by injecting dye into the experimental water jet and observing-
the resulting flow patterns. The point at which the dye pattern began
to break up is interpreted as the state at which turbulence existed in
the jet.

A correlatibn between the'growth of the turbulent shear layers
and the locus of local Reynolds and Hach.number_conditioﬁs can be made.
with reference to Figures 53 through 55. These.data deﬁonstrate that
turbulent flow conditions in which the local Reynolds number increases
slowly exhibits a comparable slow growth of the turbulent shear layers,
This may be illustrated by considering the states shown in Figures 54

and 55 where the.Reynolds numbers are 255 and 546 and the Mach numbers
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afe 0.761 and 0.183, respectively. This trend agrees qualitatively
with Curle's [23] analysis of the stability of a plane 1ncomp£essib1e
jet, that is higher local Reynolds number flows are more unstable to
disturbances,

The approximate locus of states separating the completely lam-
inar region of flow_ffom the conditions which exhibit turbulent fluctua-
tions is presented in Figure 55, These data indicate the transition
point for a laminar incompressible plame jet occurs at a local Reynolds
number of approximately 60. This condition is approximately and order
of magnitude higher than reported by Curle for complete insensitivity
to disturbances of any wave length., The locus of tranmsition Reynqlds
numbers presented in Figu;e 55 1is found to increase with Méch number.
This treﬁd agrees with the analysis of Pai {24]. Pai's énalysis indi-
cated for a local Mach number exceeding 2.5 the flow is stable to all
disturﬁﬁnces. This hypothesis could not be checked since only subsonic

flows were investigated, The shape of the transition locus, however,

did not exclude such a phenomena,

Static Pressure and Velocity Vector Distributions

Representative static pressure profiles from the present inves-~
tigation are compared in Figure 56 to results from the research of Miller
and Comings [8). The parameﬁer (P_Pm? in this flgure represents ;he
variation from the static pressure at rest in the experimental model.
Surveys of positions nearer than three nozzle widths of the jet's exit
plane w;re'not possible in the present research. This was due to the

relatively large static preasure probe which tended to block the nozzle
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when near. Pogitive static pressures reported by Miller for positions

near the nozzle exit were not detected at the nearest plane of investi-

T

S ar: 0

gation in the preaént research. Figure 56 demonstrates the static

ST o

pressure distributions reported by Miller in the developed regime of

T ]

===

s

flow are very similar in shape to the profiles obtained in the present

g B

o research. The pressure digtributions from this investigation, however,

e M

are of a larger nondimensional magnitude at a common downstream dis-
tance. |

The experiﬁeﬁtal data in Figufe 56 demonstrate the jet's longi-
it  tudinal momentum ias much larger than the jet's unbalanced static pressure
force, By integrating the quantities pﬁz and (P-Pm) ovef ﬁheir respec~
tive profiles it 13 determined that the maximum unbalanced static
pressure force shown in this figure is approximately 3.54 percent of the

respective longitudinal momentum force. The assumption of conservation

g of momentum in the longitudinal direction would thus appear to be al
valid approximation,

i Investigations of the low Reynolds number compressible flow

N regime demonstrated the jet'’s velocity vector is eésehtially in the
longitudinal or x-directibn except near the outer extremities of the
jet. For the flow conditions investigated, the absolute value of velo-
city may be approximated to within one percent by the longitudinal

§o component of velocity for positions in the profile up to E/Gc = 0,18,

| The absolute difference between the velocity and iﬁs longitudinal com-

? ponent is less than one percent of the centerline value of velocity.
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Free Jet Data Correlations

In the following section a data correlation will be presented
which describes the time-average longitudinal velocity field of a free
Jet in the low Reynolds aumber cﬁmpressible flow regime. This empirical
correlation is based upon determining the longitudinal component of
momentum in the jet and assuming it is conserved, With a known momentum
and #n aggumed velocity.distributioﬁ, the longitudinal velocity field is
prescribed if, réspectively, the core conflguration and centerline velo-
city beyond the core regime are kndwn;

Evaluation of Free Jet Momentum

The experimental data demonstrated the jet's longitudinal velo- -

. city profile could be described by a simple Gaussian distribution. The

form of the assumed time-averaged longitudinal velocity distribution is

o ae?
u/ucae il fd_r -yc?_-_y?_-w (148)

Yo &Y 2%
u/u, =1 for -y, SyZ<y,
where the profile shape parameter, n, is defined as

y/b - v/t

- oy : _ 149

The variables yc!b and y*/b repreaent the nondimensional distances from .
the jet's centerline to the edge of the core and from the_centerline to
the point where the velocity diminishes tq one percent of the center-

line value, respectively. A sketch of the assumed time-averaged

WK,
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-yelocity profile is showm in Figure 57.
The longitudinal mnmentum per unit height of the jet may be
written as
-]
-2 N
J, = f pu dy .(150)
-0

For the iscenergetic flow of an ideal gas with constant speci-

fic heata, the density may be written as

op (P/Py)

Rl

wvhere the subscript T refers to conditions in the stagnation tank, k is

p = (151)

A . .
the ratio of specific heats, and Sr is the stagnation sonic velocity.
Introducing the expression for density into equation (150) with the

assumption of constant momentum per unit height, one obtains

. @)ty
3, = pp(B/By) U J _ 5 (152)

Substituting the velocity profile given in equation (148) into the pre-

vious expression, yields after evaluation

| o/
I, zb( P B) +0.292 (y*/b-y_/b) —=— (153)
5ol i=]
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where Pm is the constant static preasure in the experimental jet. The .

centerline velocity function, B, is defined as

-1 - 2.
3 =50 G /e (154)

A detéiled_descriptioﬁ of the evaluation of equation (152) is presented
in Appendix D.
The momentum per unit height of the free jet is defined in

equation (153) in terms of the unknown variables y#/b, y /b and Ec
J =17, .(y*l_/b, /b, ) (155)

In the potential core regime of the jet Gc 1s known and consequently-
the jet's momentum is a function of y*/b and ych. Since the jet's
momentum is conserved, expression (153) may be used to determine y*/b
in terms of yc/b. Similarly; in the flow field beyond the core the
moment um of the jet is only a fgnction of y*/b and Ec, thus expression
(153) may be used to determine y*/b in terms of'Gc.

In the following sections anaiytical gxpressioﬁs will be pre-
sented for yc/b and ﬁc. These analytical expressions are provided by
a correlation of the éxperimental_data. It can be shown from the equa-
tions of motion that equélity of Reynolds and Mach number, based on the
centerline veloéity at the exit plane, insure dynamic similarity.

Assuming similax geometries for model and prototype then a set of simi-

'larity parameters are Reynolds number, Mach number and distances in the

x and y-direction nondimensionalized by power nozzle width, b.
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Evaluation of Centerline Velocity

Centerline velocity decay data from the present research sug- _' ?%
gested the flow can be divided into the four regimes which follow: | ﬁﬁ
1. Core regime. The regime in-whica the centerline . r
velocity can be calculated from the pressure ratip
across the aozzle and the upstream conditions,

2. Laminar transition regime. The regime in which the
centerline velccity'is less than the potential core
velocity, however, the effect of turbulence is neg-
1igible,

3. Turbulent transition regime. The flow regime in
which the turbulent shear layers have met and tﬁe
flow is approaching a fully turbulent jet;

4., PFully turbulent regime. The.regime in which the
flcw is dominated by the turbulent shear layers
and the centerline velocity may.be expressed by a
ﬁower law distribution.

*Ag a practical congideration it is rather difficult to differentiate
between the laminar and turbulent transition regimes. Thus in order to
simplify the data correlation, both will be lumped together and referred
to as the transition regime. A sketch of the free jet representation “
employed in the data correlation is shown in Figure 38. _

Lore Regime.' The velocity in the potential core 1ls prescribed

in terma of the pressure ratio across the nozzle and stagnation condi-

tions in the upstream reservoir. This region's.nondimensional length
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may be expressed as

R 3/4

x /b= - 3.95 (156)

10.3 (1+M‘2)
The experimental data demonstrated the width of the potential core de-
creased linearly from the thickened nozzle boundary layers. The non-
dimensional core width 1is expressed as a functlon of downstream

distance by

1 )% x/[10.3 aud) | | |
chb -5 [E-— - ﬂ[—-—;———n 7% jl . (157)
e

It aﬁould-be noted that an evaluation of equation (156) which
regults in a zero orla negative number indicates the core terminates
at the nozzie exit or ends within the nozzle, respectively. In the
latter situation the pressure ratioc and upstream stagnation conditions
are insufficient to determine the exit plane velocity. To alleviate .
this difficulty a velocity coefficient is defined in terms of the cal-

culated isentropic velocity
¢, = uolui _ __ {158)

The correlation expression for the velocity coefficient in terms of the

Reynolds and Mach number based on isentropic flow 1s
e, = 0.845 + 0,00382 R 73/ (1) (159)

The value of cv is matched to the core length expression; that is con-

ditions which produce a zero core length also produce a velocity

L oy
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e coefficient of one, In summary, ﬁhen an evaluation of the core length . i

produces a negative number them the actual velocity at the nozzle exit

plane must be recalculated from expressions (158) and (159). The Rey- 2

e e At
P

nolda and Mach numbers then must be recomputgd based on the true velocity E;
before the cofrelation can proceed. ' ' ' ﬁﬁ

Flow parameters for the core regime are presented graphically -y

in Figure 59. Expressions (156), (157) and (159) are presented in this

4 nomograph. In the plot to the right of this figure, the core length,

~ T, a- %1 . % Fo. .
Lok g LA

N xc/b, and the velocity coefficient, cv,_are-ahown as a function of the

T
FERE

potential Reynolds and Mach number, In the plot to the left, the core
width, ycfb, is presented as a function of downstream distance, x/b,

for constant values of core length.

R RE TN
e b e B2 e

Transition Regime. The centerline velocity in the. transition

Wkl

regime may be expressed as

| 0.45
[l-[xfb'i'xofb ]/9
_ xc75 + xolb\

=e : (169)

ol:-’llo 1

where EO represents the velocity at the centerline of the nozzle's exit

plane. Expression (160) is valid for the regime

x5l (161)
> 1 ' ' 161
xc/b-l-xo .

the transition regime stretches from the end of the core region, or in

the case of no core, from the nozzle exit plane. This regime terminates

in either a fully laminar or fully turbulent jet. In the present

[ R T N L Y
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investigation it was found to only terminate in a turbulent jet. It is
anticipated a fully laminar jet would have occurred at the lower Rey-
nolds number conditions for large downstream distances. The value of

/b is given by
%o
xolb = (),0036 Re/(l + 1.25 Hé) (162)

Equations (160) and (162) which describe the centerline velocity
in the transition regior are presented in Figures 60 and 61. In Figure
60 the transition parameter, xofb, is.preaented as a function of the
Reynolds and Mach numwber of the flow. in Figuré 61 the nondimensional
centerline velocity in this regime 1s plotted in terms of xb/b, xc/b
and x/b, In the'plot to the righﬁ_of this nomograph the transition

xofb '

function, < /5 7 xd » 1s evaluated from.the values of xb/b and
c

xc/b. The nondimensional centerline velocity is then calculated on the

plot to the left as a function of (§£%B} with the parameter
o .

xolb
(xc/b T XG/b ~ held fixed.

Turbulent Regime, The centerline velocity in the turbulent

region was found to fit the expression

- - X j -1/2 .
i/ = (x—%] ' (163)
8

where X represents the point separating the transition and turbulent
regimes and Es is the centerline velocity at ;he end of the transition
region which may be calculated from equation (160). The boundary point,

x , may be expressed as

0.65

:;s/b = 545 (1 + 0.6 Ma)/Ré (164)
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Expressions'(163) and (164).are'presented in Figurelﬁz. On the
right side of this nomograph the nondimensional bowndary point between

the transition and turbulent regimes 1s plotted as a function of

Reynolds and Mach number. The nondimensional centerline velocity is

Tl TRt o S A e L A TR e |

then calculated on the plot to the left as a function of x/b for a con-

ey

stant value of xs/b.

Evaluation of y*/b |

In previous investigations of high Reynolds number turbulent

e A T i

I

jets, the momentum of the jet was easily calculated at the nozzle exit

plane, At this position the pressure drop across the nozzle could be

or;

used to compute the potential velocity which essentially filled the

ey

entire exit plane. In the low Reynolds number compressible flow re-

gime, however, very thick boundary layers were always found at the exit

plane. At low Reynolds number coﬁditions the boundary layers met in

i ¥ ey T i)

the nozzle and the core was entirely absent. Rather than base the

momentum of the jet on the exit condition at which the velocity profile

was unknown, the momentum in this correlation is calculated at the sta-
tion one fourth nozzle width downstream. Experimental data demonstrated
the velocity.profiles at this position were Gaussian and consequently

equation (153) could be uqed to calculate J_. _The correlation expres-

sion for the jet width parameter, y*/b, at this position is

6.73 -muﬂuﬂju%wzn

0.45

[ 0.00808/R +0.185
x/b=1/4 RE

0.5 :

y*/b’

(165)
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Expression (165) 1s presented as a function of Reynolds and Mach number

in Figure 63,

T A A 5 T GREE:
LGRS o oo ST bW SV

Since the longitudinal momentum is conserved, the momentum at

any arbitrary position can be equated to that at x/b = 0,25

J

oo

=

o (166)
x .

o e, ] £ T
TR e TR 1= T R
T T R A R M b PPN STl

x/b=1/4

Substituting equation (153) into the previous expression and solving 4

s -

for y*/b, yields

TREE

y /b . oo m y *i

C B c B 5

. yc I;I..B c =0 ’_-nrl-]_._ | % - %_ b lfB % :&_\;
2—1 = + : X
b b A3
X X o« 3™ T
0.292 B ] ——] 4

m=0 vYmtl % 2

(167) i

il

m . _:

The value of the power series 1s presented in Figure 64 as a _ |

=0 /mtL

function of B,

Examples of Data Correlation

In order to illustrate the application of Figures 59 through 64,

two sets of experimental data will be c.ompared to the predictions of the
data cerrelatien. 'In the first set of data the'boundary layers have ﬁet
within the nozzle and thus no potential core exists. In the second set
of data the core persists some distance beyond the exit of the nozzle.

In the first example the pressure and temperature in the stagna-
tion tank upstream of the nozzle are 1.149 mm, hg. and 532°R, respectively;

The pressure in the experimental model is 1 mm. hg. The pressure ratio
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acress the nozzle 1s
o 1.00 mm. hg. _ ' ' -
- Pu/Py = 10129 wm. hg. ~ 0-8703 (168)

The Mach number and ratio of static to total temperature at the nozzle
exit are calculated from one-dimensional perfect gas relationships to

be

M= 0,45 3 T/TT = 0.9611 (169)

The static temperature at the nozzle exit is calculated to be 512°R.

The sonic velocity of the flow is defined as
c =y k RT Bo ' ' (170)

The velocity at the centerline of the nozzle exit plane is
uy = Me (171)

The sonic velocity and the velocity at the centerline of the nozzle
exit plane are comﬁuted from'thé previous definitions to be 1108 ft./
sec. and 499 ft./sec., respectively.

The Reynclds number at the centerline of the_nozzle exit is

defined as

(172)
If it is assumed the gas is ideal, then the density may be expressed as

p= Pm/ﬁ T (173)
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Assuming the viscosity of the gas is proportional to the square root of

temperature, then viscosity may be expressed as
1/2
U=, (T/T,) / (174)

where ||, represents the viscosity at some reference temperature Ty

The density may be computed from expression (173) and is

p = (1.0 mm.bg.) (2,783 Ibf./¢c. mm.hg.) /(53,36 EEIbEy (5100m)

=4 -

p=1.02 x 107 Wm./ee.d S Qars)

The viscosity of the gas from expression (174) is

u=0.37 x 1078 /%%%T%- | | - (176)

M= 0,377 x 10'_6 lbf.sec./ft.2

Introducing the values of density and viscosity into equation (172)
where b is equal to 0.0167 feet, yields

R = (1.02 x 107%)(499)(0.0167)/(0.377 x 107y (32.2) (177
R = 70.0
e

The Reynolds number and Mach number based on potential flow
conditions at the'nﬁzzle exit are thus 70 and 0,45, respectively.
Entering the plot to the right in Figure 59 with these valués, it is
determined there is no potential cote and the velocity coefficient, e,

is 0.921, The Reynolds number and Mach number, therefore, must be -

PP ST L

B

AR

T T

T 0 A AT

TR




192

recomputed before the correlation can proceed. The velocity at the
centerline of the nozzle's exit plane may be calculated from equation

(158) and is
o = Cy | (178)
G, = (0.921) (499 ft./sec.) = 460 ft./sec.

1f iﬁ is assumed that the flow is isocenergetic, the static
temperature, T, at the centerline of the nozzle's exit plane may be
expressed as
T=T, -5, /28, C | (179)
: P

The value of T is calculated to be 514.4°R. The sonic velocity, ¢, and
the Mach numﬁer which are defined in expresgions (170) and (171) are
recomputed to be 1110 ft./sec. and 0.414, respectively, The Reynolds
number 18 recalculated to be 64 based on the exit plane centerline velo-
city of 460 ft./sec. and the temperature of 514.4°R,

| With the computatlon of the true values of Reynolds and Mach
number.the correlation may proceed. Entering the plot to the right in

Figure 62 with a Reynolds number of 64 and a Mach number of 0.414, it

is determined that turbulent tramsition does not occur within 20 nozzle

widths of the exit plane, The centerline velocity 1s described by the
transition regime from the exit plane to 20 nozzle widths downstream,
From Figure 60 the tramsition parameter,xofb,is determined to be 0.214,

Entering the plot to the right of Figure 61 with the values of xh/b -
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_ /b _
0 I
0.214 and xclb = 0, the parameter (xc/b s xofb is determined to be |

one. The centerline velocity may'be evaluated from the plot on the
left side.of this nomograph. For example, at the position x/b = xo/b
the centerline velocity is 96.2 percent of the value at the exit plane.
A comparison is shown in Figure 65 between the predicted centerline
velocity and experimental data. Although the experimental data exhi-
bit a slightly higher velocity for large distances from the exit plane,
the correlation provides a reasonable description.

With the centerline velocity known it is possible to calculéte
the value of the jet width parameter, y*/b, and thus completely'describe
the flow. From Figure 63 y*/b at x/b = 0,25 is found to be 1.40. In-
troducing this value 1nto.the'expression for the jet width parameter,

equation (167), and simplifying for the case where yc/b = 0 yields

. [ o« Bm 3
1.40 [B ] ———
_ \ m=0 Vnrflu =
y*/b| = x/b=1/4 (180)
X r =+ m 3
B J B
L =0 Vmtl]

X

A summary of the calculated values of y*/b for several downstream sta-

tions 1is provided in Table 2. The value of B is calculated from

o m
equation (154) while the summation ) is determined from Figure
=0 vl :

64,
A comparison between time-average-velodity profiles and corre-
lation predictions 18 made in Figure 66. The velocity data have been

nondimensionalized at the appropriate downstream position with the
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Table 2., Tabulatica of Jet Width
Parameters for Example 1

)

2 e

T

=) m

/b ¢ B 2 /b
x (ft./sec.)_ mZO ST y Yo

T

0.25 443 0.03071 1.021 1.40 0.0
3.0 352 0.01939 1.014 2.23 0.0 o Bi

6.0 310 - 0,01504 1.011 2.89 0.0

10,0 272 0,01158 1.009  3.76 0.0

20.0 221 0,00764 1.006 5,71 0.0
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parameters in Table 2. Figure 66 illustrates the data correlation
provides a reasonable description of the velocity profiles shown., The
fit would appear to be more accurate néar_the_jet's centerline in com-
parison to the edgeé of ﬁhe jet.

in the gecond éxample the absolute preésure and temperature in
the stagnation tank are 5.666 mm. hg. and.532°R, tespectively. The

pressure in the experimentai model is 5.0 mm. hg. The pressure ratio

across the nozzle is

3.0 '
Pm/PT ~ T 666 " 0.8828 _ (181)

Thé Mach number and ratio of atatic to total_temperature_at the center-

line of the nozzle exit are computed from one-dimensional flow tables

to be 0.427 and 0.965, respectively, The static temperature at the

nozzle exit is calculated to be 513°R. The sonic velocity and the

velocity at thé centerline of the nozzle's exit plane are calculaﬁed
.from expressions (l?O)Iand (171) to be 1110 ft./sec. and 473 ft. /sec.,

respectively.

The density at the centerline of the nozzle exit plane may be

calculated from expression (173) and is

p = (5.0 mm.ng.) (2.783 —32Eey /(53,34 EBply (s130m) 282y
' : ' m. R -

' ' ft. mm.hg.

p=5.085 x 107 1bm./fr.>

The viscosity of the gas from expression (174) is
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' 3
u=0,37 x 1070 %%%?% : (183)

L= 0.378 x 1079 1bf.sec./ft.2

Introducing the values of density, viscosity and velbcity into equa-

tion (172), yields

R, = (5.085 x 107%)(473)(0.0167)/(0.378 x 207%)(32.2) (184
R = 330
a .

'The Reynolds number and Mach number based upon potential floﬁ
conditions at the nozzle exit are thus 330 and 0.426, respectively.
Entering the plbt to the right in Figure 59 with these values, it is
determined the core length is xc/b = 2,4, Entering the plot to the
left of the nomograph'with'x;/b = 2.4, the core width nmay be calcu-
lated as a function of downstream distance. For example, at x/b =
0.25 the core width 1is yc/b = 0.167.

The first step in computing the centerline.velocity beyond
the coré region is to determine the point éeparating the transitiom
and fully turbulent regimes. Using the plot to the right.iu Figure
62, turbulent transition Ls found to occur at_xafb = 12,9, The tran-
sifion parameter, xo/b; which 1s required to calculate the centerline
velocity in the transition regime, 1s found from Figure 60 to be 1.12,

Entering the plot to tﬁe right in Figure 61 with xofb = 1,12 and .
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xcfb = 2.4, the parameter {;:73—;-;573] is found to be 0.318, The

centerline velocity in the transition fegime may be calculated in
the plot to the'left of this nomograph as a function of dovnatream
distancg. For example, at x/b = 5 xolb the nondimensional center-
line velocity is Gclﬁo = 0.968. The centerline velocity in the
turbulént regime may be calculated from the plot to the.left in
Figure 62 as a function of downstream distance. For example, the
nondimensional centerline velocity at x/b = 16 is chﬁs = 0.9, A
comparison is presented in Figure 67 of the centerline velocity pre-
diction and the experimental data. The cofrélation gives a good
description of the data except at 20 nozzle wi&ths dovnstream of
the exit plane. The high centerline velocity decay rate at this
position was assumed to be the result of three-dimensional flow:
developing in the experimental jet.

With the centerline velocity known, the jet width para-

.meter, y*/b, may be determined and the flow completely described.

The jet width parameter, y*/b, at x/b = 0.25 is found from Figure
63 to be 0.836. The value of y*/b can consequently be determined
for any downstream position from expression (167). A tabulation
is provided in Table 3 of the calculated values of y*/b for sev-

eral downstream positions.
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Table 3.

Tabulation of Jet Width

Parameters for Example 2

x/b

u
c
(ft./sec.)

o Bm

m=0 ym+l

y*/b

0.25
3.0
6.0

10.0

473
471
458

439

0.03501
0.03471
0.03282

0.03015

1,024
1,024
1.0225

1.021

-0.836

1.259

1.333

1.453

© 0.167

0.0
0.0

0.0
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A comparison is made in Figure 68.betweén predicted and actual
time-average velocity profiles. The velocity data are nondimension- -
alized with the.parameters in Table 3. This figure illustrates the
correlation provideé a reasonable description of the data. The fit
would appear again to be more accurate near the.centerline in compari-
son to the edges of the jet.

Estimated Accuracy of the Data Correlation

In ordér to indicate the accuracy of the correlation, the ek-
pefimental data in the free jet investigation were compared to the
predicted values of theselparameters. A summary of the maximum errors
between predicted and actual centerline.velocitf data is presented in
Table 4, In this table the maximum error between data and prediction
is.presented for the positioms from the exit plane to 10 and 20 nozzle
widths downstream, respectively. The maximum percentage error is cal-
culated by dividing the velocity error by the measured value of exit
plane veloéity, Go. Table 4 indicates that for positions between the
nozzle exit and 10'nozzle widths downstream, the maximum error is 10,1

percent with an expected error of approxiﬁately five percent. For

positions from 10 to 20 nozzle widths downstream the expected error in-

creases in the higher Reynolds number cases to approximately 10 percent.

. This was assumed to be the result of three-dimensional flow deveioPing

in the experimental jet for these conditions.
The computation of the time~average velocity profiles is depen-
dent on the correlation of yc/b, y*/b at x/b = 0.25 and Ec. A compari-

son of the experimental data and the analytical predictions indicated
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Figure 68. Comparison of Correlation to Time-Average Velocity Profiles

for Re = 325 and M = 0,426
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Table 4, Tabulation of Error'Betﬁeen Measured
Values of Centerline Velocity and Data
Correlation Predictions

Maximum Percentage Maximum Percentage

——

Reynolds Centerline Centerline
Number Mach Number Velocity Error Velocity Error
of Flow of Flow to x/b = 10 - to x/b = 20
47.7 0.591 10,10 10.10
64.2 0.416 6.04 6.04
109 0.670 3.03 5.10
152 0.885 4,62 4.62
142 0.457 3.75 3.75
255 0.761 5.50 5.50
336 0.956 5.70 3.70
262 0.347 2.30 6.70
325 0.426 3.85 14,10
515 0.646 1.10 17.80
359 0.240 2.00 11.20
558 0.368 3.70 11.60
705 0.458 1.70 8.90
546 0,183 0.50 - 9.00
645 0.216 3.10 7.40
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the correlation was quite accurate in the estimates of ycjb and y*/b

at x/b = 0,25, The main source of error resulted from the calculation
of y*/b as a.function of the correlated value of Gc. Since y*/b is
proportional to GCZ,_the expected maximum error in_y*/b and n is
approximately double the expected maximum error in Gc' Thus for posi-
tions up to 10 nozzle widths downstream of the exit plane, the expected
maximum error in the profile similarity parameter, n, is approximately
10 percent.' The expected maximum error for high Reynolds number cases
between the positions of 10 to 20 nozzle ﬁidths downstream is antici-
pated to increase to approximately 20 percent.

In summary, tﬁe f;ee jet experiments yielded the following con-

clusions: |

1. Lower Reynolds number and higher Mach number flow condi- |
tions retard the growth of turbulent free shear layers;
this cbservation is in agreement with the predictibns
from stability theory by Curle [23] and Pai [24].

2. The power profile solution of Schlichting [15] is not in
agreement with the latter up to 20 nozzle widths from the
exit plaﬁe for the lower Raynoids number jet flows, al-
though it would appear to approach this distribution
in the limit.

3. Jet flows in this regime may be.composed of a potential
core regime, a laminar transition regime where the tur-
bulent shear layers have not met and their effect is
small, a turbulent transition region beyond the coalescence

of the free turbulent layers and a fully turbulent zone.
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4, Not all four regions may be present in a single case.

This is apparent since no laminar transition region

5
s
\'.:
4
%
i..‘
.

exiated for high Reynolds number conditions., Like-
wise, no core regions were found for low Reynolds

number flows.

A correlation of the time-average component of velocity in the
longitudinal direction is presented. This correlation employs only
simple calculations along with the graphs shown in Figures 59 through

- 64 to describe the jet's centerline velocity and profile shape. The

predictions of the data correlation up to 10 nozzle widths dowmstream
are expected to be within approximately five percent for the center-

line velocity and lﬂjpercent for the jet width parameter, n.
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CHAPTER V

JET INTERACTION EXPERIMENTS

Experimental Data

A compleﬁe collection of the experimental data is presented in
Appendix D which-descfibe the interaction process of two transverse jets
in the low Reynoclds number compressible flow regime.. These data include
the deflection aﬁgle of the power jet after the int&raction process as
well as steady state velocity, static preasure and velocity vector pro-
files. Reynolds and Mach number based upon upstream stagnation
conditions and differential pressure across the nozzle are employed to
describe the several power jet flow conditions, The differential pres-
éure and mass flow rate through the controllport along with the geometry
serve to complete the description of the gxperiménts. Sample calcula-
tions are.presented in Appendix H of the power jet deflection angle as
well as the power and control port mass flow rates. These predictions
are based upon Simson's [27] model of the interaction process and the

free jet correlation.from this flow regime.

Jet Deflection Angle

Experimental investigations were performgd at a number of flow
conditions in the low Reynolds number compressible flow regime. In
these studies the power jet.floﬁ was subjected to a control pressure
from a transversely positioned jet; see Figure 27. This controllpres-

sure resulted in the deflection of the power jet away from the control
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port.' The deflection angle of the power jet was measured downstream
of the interaction zone and its value was compared to the prediction of
Simson's interaﬁtion model [27].

The power jet's momentum which is required for the prediction
of jet deflection angle is provided by the free jet data correlationm.
The-first step in determining the momentum consists of computing the
Reynolds and Mach number of the power jet from the upstream stagnation
conditions and the differential pressure across the supply port. Then
after employing Figures 59 through 64 to determine the required jet

parameters, the momentum of the power jet 18 calculated from expression

(153). Wwith the power jet momentum known the jet deflection angle may

be computed from Simson's interaction model, that is equation (115),
in terms of the control port pressuré and the interaction geometry,

A sample calculation of the power jet déflection angle is presented in
Appendix H.

Typical experimeﬂtal data are compared to predicted v#luee of
the power jet deflection angle in Figure 69. The independent vériable
in these tests was the control pressure which is given in terms of wm,
of oll (specific gravity 1.04) above the model's ambient pressure. The
deflection angle was determined by taking the best average of the jet's
centerline position at several stations downstream of the interaction
region; see.Figure.?O. Figure 69 11lustrates Simson's model in con-
junction with the free jet éorrelation provides a good deacription of
the experiﬁental data. Of the 18 deflection angles measured, the

maximum error in the'prediction was 1.9° while the average error was 1°,

-~

e w5 s i

A N e

)
£y

TR e e

ELTN

e




AN i
T
o

209

12 -

10 <4

M

B 546 0.183
@53  0.662
A 155 0.897

POWER JET DEFLECTION ANGLE, € (degrees) -

-

CONTROL PORT PRESSURE, Pl-Pm (mm,o0il)

Figure 69, Comparison of Predicted Values of Jet
Deflection Angle to Experimental Data
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The agreement between the calculated and measured values of jet deflec-
tion angle suggests the interaction process is not significantiy
affected by molecular effects in the regime investigated. That is the

regime described by

1x10'2_>_1<n;5x10“'

(185)
where Kh is the Knuﬂsen number baagd on nozzle width,'b.

Typical &eflectéd Jet veloeity profiles are compared in Figure
70.w1th the predictions of the data correlation. The time-averaged
velocity data in this figure have been nondimensionalized at each longi-
tudinal station by tﬁe corresponding prediction of centerline veloci;y.
It should be noted that the correlation was evaluated at the longitu-
dina) position of the corresponding traverse. Variationé of axial
distance traveled by the jet across the plane of the traverse were
found to be small and thus were not consi&ered in ﬁhe prediction., As
1s expected, Figure 70 illustrateg the velocit? profile at the trailing
edge of the control port, which is located one nozzle ﬁidth downstream,
is not in agreement with the prediction, Firatly, the velocity near
the control port edge is much higher than predicted., This would appear

to result from the pressure differential acrogs the control pert edge.

. 8econdly, the central portion of the velocity profile appears to be

skewed slightly away from the control port as a result of its force.
As the jet progresses downstream the asymmetries in the velocity pro-
file are smoothed by diffusion with the fluid at rest. This effect may

be observed in the velocity profiie four nozzle widths dovmstream, At
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this location the data correlation compromises a reasonable representa-
tion of the data. In general, it is observed that beyond a streamwise
station about three nozzle widths from the power jet exit plane the
correlation i1s in good agreement, |

Studies were made of the static pre#sure and veloecity vector
distributions in the deflected power jets, A comparison of these data
to profiles obtained in the free jetlinvestigation demonstrated that
the pressure and velocity vector prdfiles were essentially the same.
for positions greater than three nozzle widths downstream of the exit
plane. The comparison was made about the respective centerlines of

each jJjet at a common flow state and downstream position,

Control Port Flow Rate

Simson's model of the preassure controlled interaction process
describes the control porﬁ mass flow rate in terms of the power jet
description, control port differemtial pressure and interaction region
geometry. In ﬁhe following section Simson's model will be simplified
and subsequently evaluated for the present flow regime.

For the isoenergetic flow of an ideal gas with cdnatant specl-
fic heats, the expression for density presented in equation (151) may
be introduced into Simson's analytical model. The control port flow
rate found in equatién {130) becomes _
o T2

m

u/u_ dy
< (186)

m = 0o (P/P) a_h
mc .T m T_uc [l—B(!-.lfﬁc)zl

0
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Substituting the Gaussian velocity profile given in equation (148) into

the first term of the previous expression and integrating, yields : .

; --
4 et
’ ° hb P-m ac Yc!b . ) 2:

7 m o= —— 15—+ 0.8264 (y*/b-y /b) T, (B,n,) - (18D

RT

T . 01

S h b Vp(E, P , B K

g + 7 (y*/b-y /b) n," - 5=

PN IR

where R and TT'represent the gas constant and total temperature of the

gas, respectively.

The parameter'n2 in equation (187) is defined as

(x/b)2 (P,-P ) :
¥/t 33 % -y /o ;

N2 = y* /b - y_/b (188)

The function FZ(B,nz)-is

. b m |
I,(B,n) = ] —=——¢ (/3.2 (2D ny) (189)

=0 v2mtl

$(x) in the previous equation represents the cumulative distribution func—

tion which is tabulated in handbooks dealing with probability. The free jet
mags flow rate function, P2(B,n2), has been evalueted in terms of B and Ny

and the results are presented in Figure 71. A detailed description
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of the evaluation of the first term of equation (186) is pfeaented in
Appendix F.

The contrbl porﬁ mass fiow rate which is presented in equafion
(187) is completely specified in terms of the control port pressure,
the interaction region geometry, the free jet characteristics and the
supply nozzle flow. The free jet characteristics are evaluated at the
dowmstream position where the power jet passes the knife edge; see
Figure 27. This distance nondimensionalized by the supply jet width

may be expressed for small deflection angles as

(J3,/b) (X/b)
VST

s'/ (190)

A comparison of measured and predicted values of the control
port mass flow rate is presented in Figure 72 as a function of control
port pressure. These data are from several tests at the same flow con-
ditions and demonstrate the results are repetitive. The free jet
characteristics employed in the evaluation of expression (186) were.
determined from the data correlation, however, the mass flow rates from
the supply nﬁzzle were determined experimentally. It is noted that fig—
ure 72 illustrates better agreement for lower values of the control port
pressure. This 18 to be expected since the analysis has been restridted
to émall deflection angles which occur at low control port pressures,
For this research the control port mass flow rates which are calculated
from equation (187) are in reasonable agreement with experimental data.

The maximum error in the prediction is approximately 20 percent of the

maximum control port mass flow rate.
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Estimation of the Supply Nozzle Mass Flow Rate

The expression for the control port mass flow rate which was
formulated in the preceding section required the value of the power
nozzle mass flow rate, In order to make this expression useful for
design, the power nezzle flow must.be computed from the known values of
upstream stagnation condition, the pressure drop across the power nozzle
and its geometyy. The supply nozzle flow was cﬁmputed in Simson's in-
vestigation of high Reynolds number turbulent jets from these data.

In that case the pressure drop across the nozzle was used to calculate
the potential velocity which essentially filled the exit plane.: In the
present flow regime this procedure is not applicable, since very thick
boundary layers are'preseht.even for the highest Reynolds number cases.
In the following section a procedure will be described to estimate the
exit plane velocity profiles in the present flow regime. This method
is based upon the free jet data correlation and an assumed form of the
exit plane profile. The supply nozzle mass flow rate will be subse-
quently calculated from this profile,

Experimental data indicated the power jet's exit plane velocity

profiles could be represented by a power law distribution of the form

G/ﬁc = 1.0 for 0 <y <y, - (191)

_ yfo -y /"
u/uc = 1,0 - 77 = chb for y < :_b/Z

where n represents a variable profile distribution coefficient.
If 1t is assumed that the supply jet is not influenced by the

control port, the longitudinal momentum ﬁer unit height of the supply

SN LA

T
B u

T

TP
TR TR o
LA

T L

g ) b gl T

T

)




218

jet at the exit plane is

b/2

J, =2 I ouldy (192)
. _

For the isoenergetic flow of am ideal gas with constant specific heats,
the expression for demsity found in equation (151) may be introduced

into the preceding.equation. Equﬁtion (192) becomes

PG CTRE

J_=2p (P /P) u
T e b - @AY

dy (193)

Substituting the velocity profile given in equation (191) 1into the

previous expression and evaluating, yields

y /b '
J, = 4 (E§I§ P Bb [;53 + (1/2-y_/b) ¢1(B,ni] (194)
1

o 2 (bl
¢,(8,n) = m£0 B f (1—tln) (wt)) 40
0 _

1

The nozzle exit momentum function, ¢1(B,n), has been evaluated in terms
of B and n and the results are presented in Figure 73,

Solving equation (194) for ¢1(B,n), yields

J /b ¥ /] 1)
¢,(B,n) = - = [ o (195)
Sl v s SlUcEsRD

If it is assumed that the longltudinal momentum of the power jet is con-

served, then the momentum at the nozzle exit plane in the preceding -
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equation may be determined from the free jet data correlation, The
core width aﬁd centerline velocity at the nozzle exit plane may also be
computed froﬁ the free jet correl#tion. The function ¢1(B,n) is thus
known. The value of the profile diatribution coefficient, n, may be
determined as a function of ¢1(B,n) and B.from Figure 73.

The exit plane velocity profile is completely described by the
core width, centerline velocity and the profile distr:l;butibn coeffi-
cient, n, computed above. The mass flow rate from the supply po.rt: will
be estimated from this description., The mass flow rate per unit height
through the supply nozzle may be exprésged as |

b/2
311 =2 pudy | . (196)
Introducing into the previous equation the expression for density in
an isoenergetic flow process
b/2

my = 2 pp(®/Pp) “c[ |
0

u/uc

p— dy (197)
[1 - B(E/5)°) -
Substituting the assumed velocity profile which is presented in equa-.
tion (191) into the preceding expression and evaluating, yields the

expression for power nozzle mass flow rate

2B G bh [y /b ] - .
M T Tt (1/2-3_/b) ¢,(B,n) (198)
- 1
m - n, 2w+l
$,(B,n) = mgo B f (ldtl-) dt,
0
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The nozzle exit mass flow rate fuﬁction,¢2(3,n),has been eﬁaluated in
terms of B and n and the results are preseﬁted in Figure 74, It éhould'
be noted that the free jet characteristics in equations (194) and (198)
are evaluated at the nﬁzzle exit plane,

In summary, Ehe method for calculating the mass flow rate

through the supply nozzle consists of three steps. Firstly, the free

jet data correlation is employed to calculate the jet momentum, the core

width and centerline velocity at the nozzle exit plane, Secondly, after
solving equation (195) for ¢1(B,n) the profile distribution functicn, n,
is determined from Figure 73. Thirdly, using Figure 74 the mass flow
rate through the supply port nozzle is calculated from equation (198).
A complete description is presented in Appendix G of the evaluation of
the momentum and mass flow rate expressions at the nozzle exit plane.

A comparison is presented in Table 5 of calculated and measured
values of power nozzle mass flow rate. This information indicates a
paximum and average error in the prediction technique of approximately
10 percenf and 4.6 percent,'respecfively. The computed and meaaurgd'_
Qalues of power nozzle flow are in good agreement for both low Reynolds
number and high Reynolds number cases. In the fofmer the boundary layers
neet well upsatream of the nozzle exit, while in the latter a substaﬁtial
core exlsts at the exit plane., For intermediate Reynolds number cases,
at which the core terminates near the exit plane, the prediction is in
the greatest error. This would suggest the assumed power law distribu-

tion is somewhat in error for these exit plane profiles.
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Table 5, Comparison of Measured and
Computed Power Nozzle Mass

Flow Rates
I?;l:i.lc: &ile
Reynolds Number Mach Number (1lbm./min.) (1bm. /min.)

114 0,691 0.005662 0.00544
155 0.892 0.00774 10.00796
252 | 0.763 0.01079 0.0120
341 0.970 0.0144 0.01586
326 0.434  0.01574 0.0164
534 0.662°  0.02668 0.02796
546 0.183 0.02917 0.0292
700 0.222 0.03809 0.0388

Subscrigts:

¢ - Computed from power law profile and free jet
data correlation

e - Experimentally measured
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In summary, the calculated values of jet deflection angle,

using Simson's interaction model in conjunction with the free jet cor-

relation, are reasonably accurate, The maximum and average errors in
the jet deflection angles were found to be 1.9° and 1°, respectively.

This good agreement suggests the Iinteraction process is not aignifi-

" cantly affected by'molecular effects in the regime

-2 4

1 x 10 };Kn?_BxlO— (199)

where Kn is the Knudsen number based on nozzie width.

Considering the simplicity of Simson's interaction model, the
prediction of the control port mass flow rate uéing the measured value
of power nozzle flow is reasonably accurate. The maximum error in the
control port mass flow rate 1s'approximate1y 20 percent of the maximum
control port flow. If the predicted values of power nozzle flow are
emﬁloyed in the calculations, the maximum error in the contrel port mass
flow rate increases to'approxiﬁately 26 percent of the maximum control
port flow. Better agreement between measured and predicfed control port
mass flaw'rgﬁes is found for low control port pressures, This is to be
expected since the mathematical model is restricted to small deflection
angles,

A technique is presented for prédicting'the power nozzle mass
flow rate and thus making the expression for control port flow uaefﬁl
for deslign. This procedure is based on the free jet data correlation
and an assumed velocity profile at the nozzle exit plane, The maximum
and average error in this predict;on'is approximately 10 percent and-&f&_

percent, respectively.

T T T
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‘The deflected power jet's velocity profiléa are fouhd to be
distorted by the control port for positions near the interaction region,
However, through diffusion with the fluid at rest the velocity profiles
smoothed rapidly and were in good agreement with the data correlation

beyond a streamwise station three nozzle widths from the exit plane,
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CHAPTER VI

JET RECEIVER IMPINGEMENT EXPERIMENTS

Experimental Data

A complete collection is presented in Appendix E of the
experimental data which describe the impingement process of a free

jet upon a receiver in the low Reynolds number compressible flow regime.

These data include the receiver's output flow rate and pressure recov-
ery as a function of the power jet flow cbﬁdition, the position of the
jet with respect to the receiver inlet and the receiver loading.
Reynolds and Mach number based upon upstream stagnation conditions and.
differential pressure acrosg the nozzle are employed to describe the
several power jet flow conditions investigated. The control port's
differential pressure and mass flow rate along with the geometry serve
to identify the jet's location with respect to tﬁe receiver inlet, Re-_
ceiver loading was establisﬁed.by modulating the distance separating

the circular disk and the hole in the back plate of the receiver-

diffuser. 1In this manner the exhaust area from the receiver was var-
ted. Sample calculations are presented in Appendix H of the open load
flow rate and the blocked load pressure. These predictions are based

upon the jet receiver impingement models of Simson [27) and Reid [29]

in conjunction with the free jet data correlation from the present

research.
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Computation of the Open Load Flow Rate

The open load flow rate for small deflection angles was pre-
sented in equation (143) for Simson's model of jet receiver interaction.
Reyriting this expression

etd-2
m_=h J oG dy (200)
e-{

Since the power jet appears to emanate from the intersection of

the supply and control port centerlines, the deflection distance, %,

may be expressed as

(201)

The open load.flow rate may be evaluated for the low Reynolds
numbe; compressible flow regime in the same manner as the genefalized
mass flow rate function which is presented in Appéndix F. Introducing
the expression for density within an isoenergetic flow process iﬁto

expression (200) and simplifying, yvields

etd-£ -,~
: u/uc

dy (202)

o = h pT (Pm/PT) Ye

=,=.2

e—g [1-Blu/u)”]

The assumed Gaussian velocity distribution of a free jet may be

introduced into the previous expression and the result integrated. Be-
fore preceding with this integration, the possible velocity profiles
which can intersect the receiver inlet will be considered. A sketch

is presented in Figure 30 of the impingement of the deflected power jet
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upon the receiver inlet. In this sketch the receiver intersects only
the lower developed portion of the jet. The integrand in expression
{202) would thus consider-only the velpcity distribution outside the
potential core., For larger values of the deflection distance, £, the
appropriate mathematical expression for the potential core velocity
must be considered. It is apparent that the mathematical description
of the velocity profile which intersects the receiver inlet will vary
with jet deflection distance.

If it is assumed that the power jet's centerline is only de-

flected to the receiver's centerline, then four possible mathematical
expressions for the velocity distribution are required, The result of
evaiuating expression (202) for each of these distributions is presented
in the following section,

Configuration one is defined by the boundary

e -2y, | (203)

Within this regime the receiver intersects only the developed portion

of the free jet's velocity profile. The open load flow rate within

this region may be expressed as

hb P u |
o m a1
T, {0.8264 (y*/b~y_/b) [Ty(B,ng)-T,(B,n )1} (204)
T

where PZ(B,n) is defined in expression (189) and

(etd-2) /b - y /b

3T -y T (209)

S aAREAR EEA 1 dolmlbsid g sk A e B et



] 229
5 (e-8) /b - y /b
" T Ty*b -y _/b
i o
. : | i
{ Configuration two is defined by the boundaries 4
, Vo2 e 2 -y, (206) 5
| | d
e+d-f 2 y_
“ In this regime the lower edge of the receiver intersects the developed |
E portion of the jet while the upper edge intersects the core region. jf
§ The open load flow rate for this regime is E:
i o WP u [y /b - (e-2)/b Bi
o : m = = + 0.8264 (y*/b-y /b) T.(B,n,) 3
> r RT 1-8 N 2 > i
2 A
c o i
(207) 3
where n, is defined in (205). | |
i3 Configuration three is bounded by the region ?
i - ]
7 e-t < -y | (208)
: etd-L > Y.
g Within this regime the potential core lies between the upper and lower
% edge of the receiver. The open load flow rate for this condition is
. WP T [2y /b | -
- * /b=
RT :
T .
(209)
-._1
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: vhere n, is again defined in (205), however, n, is defined as
| —(e=2)/b - y_/b | _
111 n = * — ’ (210)
gd 4 - y*/b Yc/b |
Configuration four is defined by
etd-L <y, - )y
In this configuration the velocity profile at the receiver inlet is.
composed completely of potential coré. The open load flow rate for
this regime is
, hdP u : _
m o= : (212)
R‘TT(l—B)

Tt should be noted that the free jet characteristics which are
found in expressions (204), (207), (209) and (212) are evaluated at the

axial distance traversed by the jet to the receiver inlet plane., If

no potential core exists at the receiver inlet, configuratibns one

- .and three are sufficient to compute the open load flow rate.

Computation ¢of Blocked Load Pressure

Simson assumed that the blocked load pressure is equal to the

average of the total pressure of the power jet velocity profile which

is coincident to thé receiver inlet. For compressible flow this may be

expressed as

1) _pk/k-1
[ [ () 0B o
A - |
P = e ' _ (213)

B d
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where the integration above is performed over the inlet area.of the
receiver, A . Since the x-component of velocity, u, is essentially
equal in magnitude to the vector component of velocity, V, expression

(213) may be simplified to

Y qk/k-l
[ ra o+ o)

A :
r .

dy

Experimental Results

Experimental investigations were performed at a number of flow
conditions in the low Reynolds number éompresaible flow regime, In
these studies the power jet flow impinged upon a stationary receiver:
see Figure 29, Receiver centerline offset angles of ﬁ‘ and 10° were
considered in this research. At a recelver offset angle of 0° the con-
trol port pressure was adjuated to a zero value and consequéntly the
power jet and receiver centerlines were coincident. At a receiver
offset angle of 10° the control port pressure wag varied in order to
position the power jet at various offset angles with respect to the
.receiver inlet,

Typical experimental receiver mass flow rate and pressure re-~
covery characteristics are presented in Figufe 75 for coincident power
jet and receiver centerlines. The open load flow rate was determined

from these data by extrapclating the respective flow rate pressure

"recovery characteriatics to zero pressure, Comparisons are made in

Figures 76 through 78 of experimental and predicted values of open

load flow rate and blocked load pressure -for the case of coincidenf
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centerlines. The computation oflthese predictions from thé models of
Simson [27] and Reid [29] was performed with a digital computer pro-
gfam. This program made use of the free jet data correlation, the
power jet flow condition, control port pressure, receiver location and
geometry to calculate this informstion. The open load flow rate was
computed from the appropriate form of expression (200). The prediction
of blocked load pressure based on Simson's model was determined by in—.
tegrating expression (214) across the inlet plane of the receiver. The
estimate of blocked load pressure recovery suggested by Reid was deter-
mined from the computed value of the centerline velocity at the entrance
plane of the receiver, A description and listing of this'computer pro-
gram is presented in Appendix I.

The jet receiver interaction characteristics are presented in
Figure 76 of a power jet flow condition in which the Reynolds number is
107 and the Mach number is 0,.653. In the plot at the top of this figure,
the blocked load pressure 1s presented as a function of downstream re-
celver location, xr/b. The predicted values of this parameter based on
the respective models of Simson.and Reid are presented for the purpose
of comparison. In the plot at the bottom of this figure, the open load
flow rate nondimensionalized by the computed value of this Parametef is
again plotted against downstream receiver location. It may be observed
that for this flow condition both methods of predicting the block load
pressure are reﬁsonably accurate. The actual value of open load flow
rate, however, 1s less than 60 percent of that predicted at the nearest

receiver location investigated, The experimental values of this parameter

i




235

are observed fo decrease in comparison to the prediction fof larger
values of xrfb.

Presented in Figure 77 are characteristics of a flow condition
in which the Reynolds nu@ber is 252 and the Mach number is 0,763. The
predictions of biocked load preaéure from Beid's model are observed to
be the more accurate for small values of xr/b while.for larger values
of xr/b the predictions based on Simson's model.are the more accurate.
The calcuiated'values of open load flow rate for positions near the
power nozzle exit plane are obaserved to be very good. The actual values
of open load flﬁw rate are observed to diminish rapidly as xr/B in-
creases.

The characteristics of a flow condition in which the Reynolds
number is 566 and the Mach number 1s 0,368 are presented in Figure 78,
The predictions of blocked load pressure are seen to be reasonably
accurate for small values of xr/b while considerably.in error for larger
values of xr/b. The experimental data in comparison to either of the
prediction models demonstrate a much larger decrease In this parameter
with the separation distance. The calculated values of open load fldw
rate are again quite accurate near the nozzle exit plane. With increas-
ing values of xr/b, the experimental data again_dimiﬁish rapidly in
comparison to the prediction,

Comparisons aré presented in Figures 79 through 81 of typical
measured ;nd predicted values of open load flow rate and blocked load
pressure recovery with the receiver offset at 10°, These data were

obtained at a receiver location of xr/b = 5,5 for the same flow cases
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presented in Figures 76 through 78. Two methods were employed to

calculate the blocked load pressures shown in these figures. In the

former the blocked load pressure was calculated based on the method sug-

-

T T e e o P v T T

gested by Simson, That is the average of the total pressure profile

across the receiver inlet. In the latter this parameter was estimated

to be equal to the total pressure at the center of mass flow rate of the

velocity profile coincident to the receiver inlet, This method may be

viewed as an extension of Reid's "cowl" streamline approach to asym-

metric velocity profiles at the receiver inlet. The open load flow rate
was again computed from the appropriate form of expression (200)., The
calculatioh of the predictions was performed by the computer program
described in Appendix I,

The blocked load pressure and open load flow characteristics are
presented in Figuré 79 for a power jet operating at a Reynolds number of
107 and a Mach number of 0.653. The blocked load pressure and the open
load flow rate are presented as a function of control port pressure at
the top and bottom of this figure, respectively. It may'be observed
that in this flow case both methods for predicﬁing blocked load pressure
give a reasonable description of the data. The-experimentél values are
observed, however, to reach a maximum at a larger control port pressure.
This trend could stem from error in predicting the power jet deflecﬁion
angle. The measured values of the open load flow rate are found to be
much smaller than those prediﬁted. This trend was also observed in
Figure 76 for the case where Br = (}°, The measured values of open load
1 flow raté would appear to reach a maximum at higher control port pres-

sure.
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The characteristics of a flow case.are presented iﬁ'Figure 80 in
which the Reynolds number ja 252 and the Mach number is 0.763. The pre-
dicted values of open load flow rate are shown to be reasonably accurate
with respect to these data. This fact is in agreement with iﬁformation
found in Figure 77. The experimental data are observed, however, to ob-
tain a maximum value at a higher control port pressure. Both methods of
predicting blocked load pressure would also be reasonable estimates of
the experimental data. The measured values of blocked load preéaute,

ag In the case of the open load flow rate, obtain a maximum value at a

higher control port pressure, If the predictions were shifted such

that ma:iﬁpm values coincided, the method based on total pressure at
the center of mass would be the more accurate,

Characteristics of a flow case in which the Reynolds number is
566 and the Mach number is 0,368 afe preeentéd in Figure 81, The pre-

dicted values of open load flow rate are foumd to be in fair agreement

with experimental data, The data in comparison to the predictions

demonstrate a much faster rise of flow rate with conmtrol PoOTt pressure
and are observed to obtaiﬁ a maximum at a lower value of this parameter. -
The blocked load pressure data demonstrate the same trend in that the
pressure rises more quickly with control port pressure and reaches a
mgximum at a lower Qalue of this variable, In this flow case, the
technique based on the total pressure at the center of mass of.the pro-
file would be the more accurate egtimate of blocked load pressure,

In summary, the correlation of measured and predicted values of

open load flow rate demonstrated several trends, Firstly, the prediction"

TR
iyt

HE

oyt TR TR

LR

LR ETEES




A sk

sy b T

SIS .
- _‘?__“'—?I"_ﬁa?"':"h';-"'h

Lhote ke bos. e

OPEN LOAD FLOW RATE,

241

7 | | /——\\

——- Simson's Model [27]

BLOCKED LOAD PRESSURE, PB-Pa (mm.o0il)

2

=== Reid's Model [29]
1
0 T R R B ! —

| ) [ | B
0.0 0.4 0.8 1'2 1.6 2.0 2.4 2.8 3.2

CONTROL PORT PRESSURE, PlﬂPm (mm.o0il)

3 (1lbm. /min.)

m x 10

.
r

N
i

0 L 4 L | | i L ]
LI ] L] I ! 1

L T
0.0 0.4 0.8 1.2 1.6 2.0 2,4 2.8 3.2
CONTROL PORT PRESSURE, P,-P_ (mm.o0il)

1

Figure 80, Comparison of Measured and Predicted Values
of Recelver Characteristics for = 252,
M=0.,763, xr/b = 5,5 and Br = 10

o BT o
R S S A
s o E T !

g

P




&
. 242 R
3 ° g
L LT A 3
Y iy ”~ . N
v SRS o A ‘;jlr”” "
g A .
¥ ) i
i & L
b 4= R
% —_— Simson's Model [27]
§ ) ——=— Reid's Model [29]

o

2 o0 \ 1 1 I L1 1 1 f :

1 ] LB | ¢ | | 1 LB I ] |
o - O

0.25 0.5 0,75 1.0 1.25 1,5 1.75 2,0 2,25
' CONTROL PORT PRESSURE, P,-P  (mm. oil) ' !

1

T

[~ ]
s
|
1
AR o u AL e T TR e

A A

x 103. (1lbn. /min.)
= X
> EY
[ |
| ]

)
m
) o
=
[}
i

o

&
i
T

OPEN LOAD FLOW RATE,

0
I ! T I I I | I l
0.0 0.25 0,5 0.75 1.0 1..25 1.5 1..75 2.0 2,25

CONTROL PORT PRESSURE, P P (mm.oil)

1

Figure 81. Compai‘iaon. of Measured and Predicted Valuea
of Receiver Characteristics for Ry = 566,
M = 0.368, xr/b = 5.5 and er = 10°




- i
rra—a )

Mg R T L

imd

- —

243

technique was better for ghort receiver power jet separation diatances.
The measured values onOpen load flow rate were found to diminish
rgpidly in comparison to those predicted as xr/b was. increased. This
information would suggest that the jet boundary layers adjacent to the
top and bottom plates of the experimental apparatus were significant in
width at larger values of xrlb. Considering the numerical values, it
would appear that the low velocity boundary layer regions could provide
a leakage path back out of the receiver inlet, Secondly, the predic-
tions of open load flow rate when the receiver was offset with respect
to the power nozzle centerline were better for the lower Reynolds num-
ber flow cases, The receiver flow rate was found to increase more
rapidly with control port p;essure than was predicted. It is assumed
that the better correlation between an#lysis and data for the lower
Reynolds number flow cases was the result of wider more uniform velo-
city profiles which occur at these conditions,

. The éomparison of predicted and measured values of blocked load

pregsure recovery demonstrated several trends, Firstly, falr correla-

‘tion was achieved for both the respective models of Simson and Reid at

receiver positions near the power jet exit plane. For_larger recelver
separation distances and higher Reynolds number flow cases, the measured
values of this parameter were much lower than predicted. It should be
noted that this effect might again suggest power jet boundary layer
growth upon the constraining.plates of the experimental apparatus,
Secondly, the predictions of blocked load préssure when the receiver

was offset with respect to the power nozzle centerline were again better
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for the lower Reynolds number flow cases. The blocked load pressure
was found to increage more rapidly than predicted with control port
pressure in the higher Reynolds number flow cases,

Considering the present research, it would appear the cbmputa-

tion of open load flow rate and blocked load pressure from the

respective models of Simson and Reid is justified where two conditioms

are met, That is, when the flow is substantially two-dimensional and

the éoincident power jet velocity profile is fairly large and uniform.
For conditions in which the jet flow was suspected of being three-
dimensional, the measured values diminished rapidly in comparison to
those predicted. The one exception to thig rule was the blocked load
pressure recovery for large separation distances at low Reynolds num-
bers. The correlation was observed to be poor for situvations in which
the power jet was small in comparison to the receiver inlet or the co-
incident velocity profile was very nonuniform. It should be peinted

out that these conclusions are generally in agreement with Reid's ex-

perimental results. Reld indicated that Simson's predictions of open
load flow rate and blocked load pressure were better for larger power
jet receiver separation distances, That is, at positions where the

jet profiles were wider and more uniform over the receiver inlet

plane.
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CHAPTER VII

CONCLUSIONS AND SUGGESTIONS

FOR FURTHER RESEARCH

Conclusion

Steady state and fluctuating plane jet characteristics were
compared to analytical thedrieé and experimental data from previously
investigated flow regimes. The comﬁarison of high Reynolds number flow
cases from the présent research with a turbulent incompressible plane
jet [8] demonstrated somewhat similar steady state characteristics. The
propagation and growth of the turbulent shear layers, however, is much
slower for even the higheét Reynolds number case consldered in this in-
vestigation,

The compa:ison of a low Reynolds number case from this research
to a laminar incompressible jet with apprbximately the same Reynolds
number [18] indicated very similar characteristice. Steady state jet
characteristics from the present research were compared to flow data
from the.inﬁestigation of Anderson [21]., These data exhibited similar-
ities és to the qualitative effect of heynolds and Mach number upon the
time-average velocity profiles. Tﬁe centerline velocity decay and jet
spread rates were found, however, to be quite different at approximately
the same flow conditions. A possible explanation of these differences
could be the respective nozzles used in the investigations. This_would

suggest nozzle geometry is important to the velocity distribution in this

regime,
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The experimental data indicated the following conclusions upon

the structure of a plane jet in this regime:

T e T e

1. Lower Reynolds number and higher Mach number flow condi-
tions retard the growth of turbulent free shear layers;

thias observation is in agreement with the predictions

from stability theory by Curle [23] and Pai [24].

2. The power profile solution of Schlichting [15] is not in
agreement with the latter up to 20 nozzle widths from the
exit plane for the lower Reynolds number jet flows,
although it would appear to approach this distribution

in the limit,

3. Jet flows in this regime may be composed of a potential
core regime, a laminar transition regime where the turbu-
lent shear layers have not met and their effect is small,

a turbulent transition region beyond the coalescence of

the free turbulent layers and a fully turbulent zone.

4, Not all four regions may be present in a single case.
This is apparent since no laminar transition region
existed for high Reynolds ﬁumber conditions. Likewise,
no core reglons were found for low Reynolda number flows.

The experimental data demonstrated the jet's longitudinal

velocity profile could be described by the Gaussian distribution

2
G/Ec -e 8N g Y LY - (215)
Y SV &
u/u =1 for -y <y <y
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where the profile shape parameter n is defined as

y/b -y /b

n = oy [ —— Y _ ' | (216)
c
A correlation of the timghaverage component of velocity in thé
longitudinal direction was formulated based on this velocity distribu-
tion. The correlation employs only simple calculations and graphs to

describe the jet's centerline velocity and profile shape. The predic-

tions of the data correlation up to 10 nozzle widths downstream are .

| expectéd to be within approximately five percent for the centerline

velocity gnd 10 percent for the jet width parameter n. The cofrelétion
is expected to be of sufficient #ccuracy for dgsign purposes.

The data from the interaction portion of this research were
compared to the predictions of Simson's [27] ﬁodel. The calculated
values of jet deflection angle, using this model in conjunction with
the free jet data cbrrelation, are reasonably accurate. The maximum
and average errors in the jet deflection angles were found to be 1,9°
and 1°, respectively. This good agreement suggests the interaction
process 18 not significantly affected by molecular effects in the

regime

2 ~4

1x10° 2K >5x10 (217)

where K 1s the Knudsen number based on nozzle width.
Considering the simplicity of Simson's interaction model, the
prediction of the control port mass flow rate using the measured value

of power nozzle flow is reasonably accurate, The maximum error in the
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contrel port mass flow rate is gpproximately 20 percent'of the maximum
control port flow. if the predicted valuves of power nozzle flow are

employed in the éalculations, the maximum error in the control pbrt

mass flow rate Increases to approximately_26 rercent of the maximum con-

trol port flow. Better agreement between measured and predicted control

port mass flow rates is found for low contrel port pressures.' This is

' to be expected since the mathematical model is reqtticted to small de-

flection angles.

A technique is presented for predicting the power nozzle mass
flow rate and tﬁus making the expréséidn for control port flow useful
for desig@. Thia procedure is baqed on the free jet data. correlation
and an assumed velocity profile at the nozzle exit planef- The ﬁaximum
and average error in this prediction is approximately 10 percent and
4.6 percent, respectively.

The deflected power jet's velocity profiles are found to'be
distorted by the control port for positions near the interaction regiom.
However, through diffusion with the fluid at rest, the vglocity profiles
smoothed rapidly and were in good agreement with the data correlation
beyond a streamwise etafion three nozzle widths from the exit plane,

.. The data from the Jet receiver interaction investigation were
ccmpare& to the predictions based_upou the respe;tive models of Simson
[27] and Reid.[29]; Attempts to compute the blocked load pressure and
open load flow rate characteristica from these models in conjunction
wifh the free jet_data cdrrelation have pfoduced'mixed results. The

correlation of measured and predicted values of open lqad flow rate and




Rk ARt

Foi by v B0

249

blocked load pressure were generally better'fbr short receiver power
jet separation distances and decreased in accuracy for larger separa—
tion distances, This effect was attributed to boundary layer growth
on the top and bottom plates of the experimental apparatus,

For situations in which the receiver was oifset with respect
to the power nozzle centerline, the correlation was better for lower
Reynolds number conditions. The receiver's flow rate and pressure
characteristics for the higher Reynolds number flow cases were found
to increase more rapidly with control pdrt pressure than was predicted.
It is assumed the better correlation between analysis and data for the
16wer Reynolds number cases was the result of the wider more uniform
velocity profiles which occur at these conditions.

In summary, neither the models of Simsoﬁ.or Reid are generally
adequate to describe the blocked load pressure and open load flow char-
acteristicaf For situations in which.the flow was assumed to be sub-
stantially tﬁo—dimensional and fairly uniform over the receivef inlet,

the predictions were adequate descriptions of the results.

Suggestions for Further Research

Further experiments which could result in a better description
of a plane jet in this flow regime are recommended in the paragraphs
that follow.

Studies of plane jet characteristics at supersonic Mach numbers
are suggested. Such studies ﬁould indicate the effect of aﬁ increased
degree of compressibility upon the free jet's structure. O0f special

interest is the effect of higher Mach number conditions upon the
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transition process from lamimar fo turbulent flow. Equipment which is
more accurate and sensitive wouid be required to maintain the flow ;ﬁd.
measure the flow field in such a research.

Further experiments are suggested to determine the effects of
nozzle radius of curvature and aspect ratio upon the flow field. The
poor correlation in steady atate'characteristics.between the present
research and thﬁt of Anderson [21] could suggest the nozzle radius of
curvature is an important parameter. Measurements of the boundary layer
grdwth on the top and bottom plates of the apparatus would provide use-
ful information., These data are fequired to describe the overall energy
in a jet f}ow. It.would also be useful in interpreting the experimental
results of the power Jjet receiver interaction study.

Experimental meﬁsurements of the x and y-components of the
steady state and fluctuating velocity field are suggested. The evalua-
.tion and comparison of these data to similar characteristics from high
Reynolds number turbulent jets could ﬁroﬁide further information on
turbulent tranaition.

Jet interaction experiménta at higher values of Knudsen.number'
afe recommended, Such experimenté would indicate thelflow regime in
which molecular effecta.become important to the interaction process.

It is anticipated; at sufficiently rarefied flow'conditiqns, these ex- .
reriments woulq demonstrate the control flow substantially passing |
through the power jet without deflecting it, More sensitive equipment

would be required for such an investigation.
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Experimental studies of the physical phenomena resulting from

‘the interaction of two and three-dimensional velocity distributions

upon a rectangﬁlar receiver are suggested, It 1s hoped this investi-
gation would lead to a more rational model of flow and pressﬁre re-
covery than is presently available. It would be suggested auch
experiments first be performed at flow conditions consistent with

operational fluidic devices.
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APPENDIX A
ANEMOMETER CALIBRATICN

The anemometer sensing element was maintained at a constant
temperature during the caljbratiom pro'cedure and the subsequent research.
This was accomplished by an electronic bridge circuit which was found in,
the anemometer module. A high gain gmplifief vwhich was connected across
the center of the bridge controlled the curreﬁt flow through the bridge
such that the resistance of the sensor was maintained equal fo that of
a control resistor. The electronic circuit thus cqntfolled the resigt-
ance and hence the temperature of the anemometer senscor in the flow
field. The voltage drop across the sensor 1s proportional to both the
electrical current flowing through as well as the heat transfer from
this device. This he#t transfer is a function of the velocity of the
fluid passing the sensor. The voltage dfop across the sensor thus may
be used to measure velocity, however, a calibration preocedure is re-
quired to eétabliah the relationship between the voltage drop and the
velocity in the flow field.

The heat tramnsfer, H, from a sensor in a gas is in general a
function of the fluid wvelecity, V, as well as the sensor's geometry,
static pressure in the gas, P, static temperature in the gas, T, den-
sity of the gas, 0, the temperature of the sensor, Tw, as well as
properties of the gas, M, Cos k and R. This assumes that the radiation

heat transfer between the sénsor and surroundings does not vary with
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position in the experimental model. This assumption was checked by o It

evacuating the model to a low absolute pressure and then determining
the heat tramnsfer rate from the sensor in still air as a function of H;
various positions in the model. No detectable variation in heat i .
transfer rate was found. In the present research a single sensor was _ WE

- employed which was held at a constant temperature, This served to : ]

gimplify the calibration procedure. : !
1f the gas flowing past the sensor is assumed to be ideal and 1”
the flow process in the jet is assumed to be isoenergetic, then the : Nl

static temperature in the gas is

T=T, - VZIch Cp : (218) e

where TT is the stagnation temperature of the flow.
For an ideal gas at a constant static pressure, density is omly

a function of temperature, thus

p=po(l) (219)

The properties of the gas and consequently the heat transfer
from a constant temperature sensor in air is a funetion of only velocity

for a fixed stagnation temperature and a fixzed ambient pressure

H = H(V) (220)

In summary, the voltage drop across the anemometer sensor is proportional
to only velocity for flow about a single sensor for a fixed gas, stagna-

tion temperature and ambient pressure.
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Baaed'on_the preceding discussion it is apparent that both the
- ambient pressure as well as the total temperature mugt be maintained.
comstant between the:calibration procedure and subsequent research.

i The velocity fleld used in the calibration was cbtained by allowing air

to flow from the supply reservoir through the supply port into the ex-

perimental model. The control port and the receiver diffuser were
removed from the apparatus during calibration. Calibration data were

f : taken for static pressure levels iﬁ the model of approximately 0.51 mm.
. bg., 1 om, hg,, 2 mm. hg., 5 mm. hg,, 10 om, hg,, and 20 mom, hg. These

pressures were maintained comstant to within i0.0115 mm, hg. and %0,0038

ﬁ mm., hg. for static pressure levels of 5 mm, hg. and above and 2 mm. hg.

and below, respectively,

Measurements of tﬁe stagnation temperature in the sgupply reser-
voir of ﬁhe experimental model indicated that during a particular
experimental run the total témperature was essentially constant. How-
ever, over a period of several months the upstream total temperature was
foumd to vary as much as 5°F_about the valve 72°F. The stagnation
temperature was considered constant, at least with respect to a parti-

cular experimental run. As a check on the assumption of constant

stagnation enthalpy in the flow, measurements were made of the stagna-
tion temperature in the test model. The anemometer was used to measure
the temperature near the jet flow by determining the change of resist-
ance of the unheated sensor. Thermocouples were used to measure the

temperature in fixed position taps in the supply reservolr and experi-

mental model. These measurements indicated the stagnation temperature
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in the model was essentially identical to the.supply chamber tempera-,
ture,

Two techniques were emfloyed in the calibration of the anemo-
meter. The first method of calibration consisted of measuring the
velocity at various positions in the jet flow with an impact probe,

The anemometer sensor would then be positioned in the same locations

and the voltage drop across the sensor determined as a function of the
known velocity. A cathetometer was used in conjunction with reference
marks on the model's base plate to insure the locations were matched.
The second method consisted of determining the velocity of the potential
core at thg exit plane of ;he jet and then measuring the voltage drop
across the sensor as a function of this known velocity., The velocity

in the potential core was determined from inviscid perfect gas relation-
ships by using the pressure drop across the nozzle, the upstream
stagnafion temperature and the model pressure.

Of the two methods described, the velocity calibration in the
potential core was considered the more exact. This was due to the large
relative size.of the iﬁpact probe used in the calibration in comparison
to the jet flow 1n.which it was positioned. This large size was re-
quired to maintain the probe’s Reynolds number sufficiently high in
order to ingure the validity of the calculation of velocity from invis-
cid perfect gas relationships. _Sherman [30] studied the effect of iow
Reynolds number on impact probé operation. He concluded the shape of
the probe employed in this research was the best for low Reynolds number

conditions. However, for Reynolds numbers of less than 70 based on free
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stream conditions and probe diameter the use of perfect gas relation-
ships to calculate velocity was in error. This error was found to be
very significant for Reynolds numbers lower than 20.

Experimental studies demonstrated that the optimum location of
the impact probe during calibration was a position on the centerline of
the jet flow several nozzle widths downstream of the exit plane. If
the probe was positioned nearer the exit plane, it was found to block
the flow from the nozzle, Veloclty measurements made at positions far-
ther downstream of this optimum location demonstrgted conaiderable
scatter. It is assumed that this scatter resulted from the interaction
of the probe and the highly turbulent flow in this region.

The primary concern.in employing the pressure ratio technique
for calibration was insuring the existence of a potentlal core at the
jet's exit plane, Two rather simple tests were employed to insure the
existence of this core. First, a scan was made across the exit plane
to insure the existence of a constant voltage and hence a constant
velocity region. Secondly, the probe w§§ meved downstream of the exit
plane te insure the cofe existed a sufficient distance downstream of
the nozzle's exit. Data were not taken unless both of the criterion
were satisfied,

Two techniques were utilized'for measuring the steady state
voltage drop.across the anemometer sensor. This was neceséary since as
the model pressure decreases the sensitivity of voltage drop across the
sensor to velocity also diminishes. For model pressures of 5 mm, hg,

and above the standard voltmeter in the anemometer module provided
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sufficient sensitivity, however, for ambient pressures of 2'mm. hg. and
lower this voltage was aﬁplified. For these low pressure conditions

the anemometer voltage signal was introduced into one input of an oscil-
loscope. A potentiometer which was calibrated to the voltage drop across

the sensor in still air at that model pressure was introduced into the

other oscilloscope input, These two voltages were measured differenti-

ally and amplified. A low pass filter was employed to smooth the

anemometer voltage input to the oscilloscope. The break frequenéy on

this filter was 50 ﬁertz.

In order to illustrate how the anemometer calibration data were

obtained, a sample calculation for the impact probe will be presented.

Calculation of the velocity from the impact pressure at one con-

dition may be illustrated with the following data:

measured impact pressure above model pressure = 5,5 mm. oil

model static pressure = 66,21 mm. oil

Pm/]?1 = 66,21/71.71 = 0,9233 (221)

From isentropic flow tables for the pressure ratio of 0.9233

the following relationships are defined:

M=0.3 3 T/Ip = 0.9774 (222)

From the definition of the speed of sound and the Mach number

c-/kirgc ; M= v/c (223)
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For this test IT = 532°R where R denotes degrees Rankine. The sonic

velocity for air may be determined from the previous relation and is

AT/t kRT 8, (224)

(r]
"

]
|

SO I G0

1118 ft./sec.

o]
"

The velocity is thus
V= Mc : (225)
v = (0.34)(1118)

Vv = 380 ft,/sec.
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APPENDIX B

CALCULATION OF STEADY STATE AND FLUCTUATING

COMPONENTS OF VELOCITY

Both steady state and fluctuating components.of velocity were
determined by means of the hot film anemometer, The calibration of
this instrument was described in Appendix A, A typical calibration
curve which was obtained for a model pressure of 5 mm. hg. may be seen
in Figure B2, Employing'this curve it is posaibie to demonstrate tﬁe

calculation of both steady state and fluctuating components of velocity

from the measured voltage drops.

Calculation of Steady State Velocity

The calculation of the steady state velocity may be illustrated

with the following data:

measured voltage at point of unknown velocity = 2,46 volts

measured voltagé at point of zero.velocity » 2,185 volts
Ael = 2,46 - 2,185 = 0,275 volts - (226)
From Figure 82 the steady state velocity is 477 ft./sec.

Uncertainty in Steady State Velocity Measurements

The factors influencing the accuracy of the steady state velo-
city measurements would include the sensitivity and reading error of

the instrumentation as well as variations in the model static pressure
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during an experimental run. It should be noted that changes of total

temperature between runs should not affect the accuracy of these mea-

surements. That is since the anemometer readings were made with

respect to the voltage level in the gas at rest, the effect of changes

of total temperature between runs is eliminated.
It may be assumed that the weasured value of steady state velo-
city, u, is a function of the voltage drop across the sensor, e,, and

the static pressure in the model, P
u=u (el,?ng _ (227)

The effect of variations of voltage drop and model pressure from their

true values upon the velocity may be written as

- _Ju 3u
Au = e ﬁel + B ﬁPm (228)
: 1l Pm n el

The previous expression represents the error in the computed -

steady state vélocity as a function of the errors in voltage aﬁd model

pressure, If it is assumed that an infinite number of velocity measure-

ments are made, the uncertainty in this measurement may be expressed as

3 %! 2 1172

2 _
W= = W + w
u [3e1 P e] {aPm 5 Bel p PO
m m

(229)

Wos W, and wpm represent the uncertainties in velocity, voltage and model

pressure, regpectively.

Shown in Table 6 is the computed uncertainties associated with

the steady velocity measurements in this research. These values were

Lotibsbaif. . TN PR S S RIS
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computed for both zero velocity and the maximum velocity'for each of
the model pressure levels considered. These data indicate the uncer-

tainty assoclated with the range of experimentation.

Table 6. Uncertainty in Steady State
Velocity Measurements

Model Pressure, Uncertainty in Speed Uncertainty in Speed

P (um. hg.) at u=0 (ft./sec.) at u=u___ (ft./sec.)
20.0 0.745 3.125
10.0 2.04 : 12,51
5.0 5.52 22.31
2.0 2.7 : 19,26
1.0 8.75 10,32
0.51 22.03 13.51

It could be argued that the uncertainties presented in Table 6
are optimistic, since they assume the anemometer calibration data are’
absolutely correct. It is rather difficult to estimate the uncertainty
assoclated with the calibration procedure, however, it should be more
accurate than the actual measurement of an unknown velocity. This is:
true since the calibration curves are based on the weighted average of
a number of individual data points and, therefore, are more accurate
than a single velocity measurement. A pessimigtic appraisal of the
total experimental uncertainty in the measured value of velocity would
be to assume that the;same uncertainty existed in the calibration and
subsequent use of the anemometer. If the calibration and use of the
d#vice are uncorrelated, the uncertainties found in Table 6 would in-

crease by approximately 41 percent for this pessimistic assumption.
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:3 Calculation of the uncertainties in Table 6 from expression ﬂﬁ
i? (229) may be illustrated by the foilowing data. For a model pressure %%
I of 5 mm. hg. and for a steady state velocity of ze¥o ?%
u | 1100 ft:fsec. aell - 0.04 Volts (230) EE
Bel Pm volt : BPm n ‘ gm, hg. éi
uncertainty in voltage, v, = 0.005 volts - | Ei
uncertainty in model presaure,'wpm = 0,0115 mm, hg. | k?
Introducing the previous data iﬁto equation (229), yields .3§
. ' i
we = {[(1100)(0.005)1% + [(0.04)(1100)(0.0115)12}*/2 = 5.52 £e. /aec. \”
Il
(231) | I:!:
ﬁ'ﬂi
Calculation of the Fluctuating 1”
Component of Véloci;y W$
A true mms voltmeter was employed in this research to measure ﬂﬂ
the fluctuating component of velocity in the free jet. An explanation ﬂ%
of how the fluctuating component of velocity was calculated may be ﬂt
made by considering the factors influeﬁcing this voltage. %%
The electrical output from the anemometer is composed of two 1;6
fluétuating signals, that is electronic noise and thelfluctuation of Siﬁ

voltage due to turbulence in the jet flow. This may be expressed as

e = e, + e, (232)

where e, and en represent the signal and noise voltages, respectively.

e L P T T N I T T PRIV T PP
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Since the signal and noise are uncorrelated the output of the volt-
meter is
/2 "2 T2 '
e, = e, + e - (233)

The rms value of the signal from the previous expression is

FJETEY e

*

With the signal separated from the electronic noise it is pos-
sible te obtain the fms value of the velocity fluctuations. The

_fluctuating component of velocity may be expressed as
u' - £ (M e, » P, u] (235)

For constant values of u and Pm the preceding expression may be aimpli-

fied to

/:?- ' (236)

Pm,ﬁ

That is, the rms values of velocity and voltage are related by the

slope of the anemometer calibration curve at the appropriate static
pressure and average velocity.
Calculation of the fluctuating component of velocity from ex-

perimental data may be illustrated with the following data for a static

pressure level of 5 mm. hg.:

rms value of voltage reading v ei = 0.0092 volts

Tme vﬁlue of electronic noise v ei = {,0046 volts
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The value of the true éignal from expression (234) is
/e = /(0.0092)% ~ (0.0046)2 = 0.00795 volts (237
The average value of velocity at which this data point was taken is
162 ft./sec. From Figure 82
du . ft./sec, _
Serl, < 1490 ==2ri=Ce (238)
P ,u
m
The value of v u'Z from expression (236) is thus
Y u'? = (1490)(0.00795) = 11.8 ft./sec. | (239)

Uncertainty in Fluctuating Component

of Velocity Measurements

The measured value of the fluctuating component of velocity

may be expreased as
Ju? =k /el - (240)
e -]

where Ke 18 represented by

K =2 _ ' E (241)
1|P ,u

m
The effect of errors in the rms value of voltage, the model pressure
and the average velocity upon the fluctuating component of velocity

may be written as
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AV u?2 aKkAY ei + {J ez 3@2{ AP + |/ e2 §=E- Au
e L mlo m -] u P
(242)

The previous expression represents the error in the computed
rms value of the velocity as a function of errors in the rms value of
voltage, the model pressure and the average velocity, If it is assumed
that an infinite number of measurements of the fluctuating cémponent
of velocity are made, then the uncertainty in this parameter may be

expressed as

2 — )2 /:aK 2 f-._..—a]( 2
Yt - “ew“i *+ ei 3Pe|-wm + e';’ B'ﬂe-\ va
_ “mlu P Pm

(243)

w / w/ 2
u'z, ei s wpm and we represent the uncertainties in the rms value

of velocity, rms value of voltage, the model pressure and the average
velocity, respectively. If the preceding expression is divided through
by the mean square velocity (expression (240) squared), an expression

for the normalized uncertainty in the fluctuating component of velocity

B, el B, )

results

/T /_

(244)
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Showm in Table 7 is the computed percentage uncertainties asso-
ciated with the fluctuating component of velocity. These values are
computed for both the maximum and minimum steady state velocity for
each of the model pressure levels considered. These data thus indicate
the uncertainty associated with the range of experimentation. It should
be noted that in the calculation of the information in Table 7 the per-
centage uncertainty in the rms value of voltage has been assumed to be
five percent for each case, The rms voltmeter and the reading error
associated witﬁ this device are certainly not that large; however, the
main error associated with cbtaining the fluctuﬁting component of volﬁ—
age ls the separation of the nolse and true signal voltages.

Table 7. Percentage Uncertainty in Root
Mean Square Velocity Measurements

Model Presaure, Percentage Unéertainty Percentage Uncertaiaty

P_ (mm. hg.) /= Vi -
» tm/u?ati=0 in Y u'“ at u=u

max
20.0 5.45 5.01
10.0 5.03 . 6.05
3.0 5.07 7.17
2.0 5.01 g.18
1.0 5.05 5.01
0.51 5.06 5.44

Calculation of the uncertainties in Table 7 from expression
(244) may be illustrated by the following data. For a model pressure

of 5 ﬁm. hg. and a steady state velocity of zero
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K _ K
el . ft./sec. ) e -
m|u m
ft./sec " ez :
K, = 1100 ~=L25e — = 0.05
/ 2
e
8
wpm.- 0,0115 mm. hg. 3 we = 5,52 ft./sec,
Introducing the previous data into expression (244) yields
"V w? 2 1 2
-—:= {(0.05) '+ [(~370) (3555 (0.0115) ] (246)
/ our?

1/2
+ [(1.47)(i%35)(5.52)]2}

= 0.0507

w /utz .
u‘2

Thus the uncertainty assoclated with this measurement is 5.07 percent.
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APPENDIX C
FREE JET DATA

Flow Conditioms

A tabulation of the flow conditiomns considered in the free jet
investigation is presented in Table 8, The absolute pressure in the
experimental model and the differemntial pressure across the supply
nozzle serves to ldentify these c#ses. The Reynolds and Mach numbér
based on the width of the supply nozzle and measufed conditions at the
centerline of the nozzle exit plane are.also presented.

The calculation of the Reynolds and Mach numbers found in Table
8 from the measured values of veloclty at the centerline of the nozzle
exit plane, ;0’ model ambient pressure, Pm’ and upstream total tempera-

ture, T, , may be summarized by the following equations.

T!
If it is assumed that the flow is isocenergetic, the static tem-

perature, T, at the centerline of the nozzle exit plane may be expressed

as
T=T, -92/2 C eI
T 0 /8¢ P '
The sonic velocity of the flow is given by
c=VvkRTg (248)

The value of tﬁe Mach number may be found from the definition

M= Gyle - )
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The value of the Reynolds number may be determined from the definition

R, = pﬁob /u (250)

If it is assumed the gas 1s ideal, then density may be expressed as

p = Pmlfa (251)

Assuming the viscosity of the gas is proportional to the square root of

temperature, then viscosity may be expressed as

U= (T/T) 12 (252)

The calculation of the Mach number and Reynolds number may be

illustrated with data from the third flow case in Table &,

measured velocity = 725 ft,/sec.
model pressure = 1.0 mm. hg.

upstream total temperature = 532°R
From expression (247) the static temperature may be determined
T = 532 - (725)° / (2)(32.2)(778)(0.24) = 488°R (253)

Inserting the value of static temperature into expression (248) yields

the speed of sound

c = ¥(1.4)(53.34) (488) (32.2) = 1083 ft./sec. . (254)

The value for the Mach mumber may be computed from equation (249)
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M = 725/1083 = 0,67 - (255)
The density of the gas may be computed from expression (251) and is

p = (1.0)(2.783) / (53.34)(488) = 1.069 x 107% 1bm./£.3 (256)

Eatsptdadia

The viscosity of the gas from expression (252) is

A

Eoel

W= 0.37 x 1070 %g-g- = 0.3686 x 100 1bf.sec./ft.2 (257)

EX

e

Introducing the values of densitj and viscosity into expression (250),

R

yields ﬁ
J:
- -6 ;
R = (1.069 x 10 ")(725)(0.0167) / (0.3686 x 10 ")(32.2) i
R, = 109 (258) :
Free Jet Velocity Data _ | ?
A tabulation of the time-averaged and fluctuating components ?
of velocity which were measured in the free jet inveétigation is pre- ﬂ
sented in.Tables 9 through 23. A description of how this information
was obtained from anemometer data and a discussion of experimental 3
; error associated with these measurements is presented in Appendix B. %
; The free jet data have been presented in a nondimensional form ;

in that all length units and velocities have been divided by nozzle

width, b, and steady state velocity at the centerline of the nozzle

3 exit plane, GO’ respectively. Values of x represent distance down-
stream of the nozzle's exit plane and values of y represent distance

from the centerlime of the jet. It should be noted that the centerlines

T
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of the experimental jet and experimental apparatus did not exéctly
correspond, This asymmetry was attributed to slight imperfections in
the nozzle blocks. The maximum offset angle between the jet and appéra-
tus centerline was found to be -1.9°, Ho attempt was made to correct

the experimental data for the slight error associated with traversing

the jet profiles normal to the device's centerline rather than the jet's

centerline,

Free Jet Static Pressure Measurements

Static preasure traverses are presented for several flow cases
in Tables 24 through 26, Differential pressure measurements between
the model ambient and the jet are expressed in mm, of oil which has a

specific gravity of 1.04.

Free Jet Velocity Vector Measurements

Velocity vector traverses are presented for several flow cases
in Tables 27_through.29. The angle of the jet's velocity vector with
respect to the centerline bf the apparatus is presented as a function
of the nondimensional distance from the jet's centerline. The éign
convention established in these data 1s such thaﬁ a positive y-value

produces a vector whose angle is 90° to the apparatus centerline.
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Table 8, Experimental Free Jet Conditions

Model Pressure, Differential Nozzle  Reynolds Mach

Pm {mm. hg.) Pressure (mm. hg.) Number Number |ﬁ
i||.| [
0.51 0.199 47.7 0.591 ' I
1.0 0.149 : 64.2 0.416 [
1.0 0.406 109 0.670 0
1.0 0.780 152 0.885 i
2.0 0.321 142 0.457 - o)
2,0 0.937 255 0.761
2,0 1.600 336 0.956
5.0 0.436 ' 262 0.347
5.0 0.666 325 0.426
5.0 1.645 515 0.646
10.0 0,410 359 0,240
10.0 0.981 558 0.368
10.0 - 1.542 705 0.458
20.0 0.478 546 0.183
20.0 0.658 645 0.216
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Table 9. Free Jet Velocity Measurements;
R, = 47.7, M = 0.591, uy = 645 ft./sec,

JREnp——
PR

Tt CERY e = e A PR g e T

Ty AT

_ x/b y/b §E, o wfE, Yu'¥ay x 107 |
y 0.0 0.0 1.0 0.0 i
: 0.25 0.0 0.884 0.0 ~
1.0 0.0 0.807 0.0 F
2.5 0.0 0.721 0.0 i
5.0 0.0 0.674 0.0 ;
7.5 0.0 0.626 0.0 ;
10.0 0.0 0.572 0.0 £
15.0 0.0 0,481 0.0 a
20.0 0.0 0.426 0.0 !
y *No turbulence was detected in the jet.
I
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Table 10. (Continued)

h x/b v/b a/4, a/d, Yo' lu, x 102
g 6.0 -1.54 0.156 0.0
ol -1,17 0,376 0.0
: -0.90 0.597 0.0
g -0,67 0.797 0.0
N -0,52 0.871 0.0
8 -0, 44 0.891 0.0
i -0,23 0.965 0.0
M -0.02 - 0.718 1.0 0.0
‘ 0,19 _ 0.965 0.0
w _ 0.35 0.926 0.0
: _ 0.49 0.871 0.0
' _ : . 0.67 0.779 0.0

_ . 0,78 0.706 0.0
1.04 | 0.559 0.0

1.33 0.376 0.0

. 1.66 0.156 0.0

10.0 -2.02 : 0.214 0.0

: -1.56 | 0.431 0.0

-1,19 "0.645 0.0

-0.93 0.711 0.0

-0.61 0.883 0.0

-0,27 0.949 0.0

0.0 0.637 1.0 0.0

0.01 0.990 0.0

0.29 0.969 0.0

0.53 0.904 0.0

0.80 0.818 0.0

1.02 0.731 0.0

1.22 0.604 0.0

1.53 0.473 0.0

1.74 0.345 0.0

2,19 0.173 0.0

15.0 0.0 0.569 0.0

20.0 “2.42 - 0.277 0.0

-1.77 0.547 0.0

-1.07 0.820 0.0

-0.59 0.940 0.0

B -0,07 0.503 1.0 0.0
: : 0.51 0.97 0.0
1.29 0.70 0.0

1.75 0.547 0.0

2.37 0.306 0.0
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&{ Table 12, Free Jet Velocity Measurements; é
3 R, = 152, M = 0.885, G, = 930 ft./sec. F‘J
) | i
B x/b y/b E}Eo : E/Gc Y u_"ifao x 10° %
i 4!
0.0 0.0 1.0 0.0 i
s 0.25 0.0 0.930 0.0 i
0.5 0.0 0.940 0.0 :
1.0 0.0 0.918 0.0 ;
2.0 0.0 0.854 0.0 ;
400 000 00721‘ 0.0 i
6.0 0.0 0.690 0.0
10.0 0.0 0.642 0.0
15.0 0.0 0.592 0.0
20.0 0.0 0,553 0.0
#No turbulence was detected in the Jet. ;
Table 13. Free Jet Velocity Measurements;
R, = 142, M = 0.457, EO = 507 ft./sec.
%/b y/b 5/5, /s, u¥s, x 107
0.0 0.0 1.0 0.0
0.5 0.0 0.976 0.0
1.0 0.0 0.943 0.0
2,0 0.0 0.917 0.0
4.0 0.0 0.838 0.0
6.0 0.0 0.785 0.0
10.0 0.0 0.709 0.0
15.0 0.0 0.661 0.0
20.0 0.0 0.605 0.0
¥Turbulence detected in the jet at x/b = 10.,0.
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Table 14, {(Continued)

x/b y/b G/GO u/u w'2a. x 10
6.0 -0.47 0.817 0.888
-0.35 0.937 0.0
-0.15 0.990 0.0
-0.01 0.755 1.0 0.0
0.31 0.937 0.0
0.45 0.846 0,932
0.55 0.737 1.129
0.68 0.616 0.947
0.79 0,491 0.821
0.95 0.308 0.505
: 1.13 0.154 0.477
10.0 ~1.15 0.170 0.679
-0.96 0.310 1.02
-0,79 0.450 1.49
-0.65 0.650 1,90
-0.52 0,770 1.78
-0.38 0.910 1,28
-0.18 0.708 1.0 0.0
0.21 0.975 0.0
0.36 . 0,880 2,06
0.53 0.750 - 2.07
0.68 0,620 1,77
0.76 0.530 1.58
0.96 0.340 1.17
1.19 0.170 0.837
15,0 0.0 0.683 0.0
20.0 0.0 0.664 0.0
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336, M = 0.956, ;o = 985 ft./sec.
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Free Jet Velocity Measurements;
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Table 16. Free Jet Velocity Measurements;
R, = 262, M = 0.347, u, = 389 ft./sec.

x/b y/b u/uo ﬁ/ﬁc Y 1:'-2/1-10 x 104
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*Turbulence detected in the jet at x/b = 3.0,
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Table 17. (Continued)

Fii: . x/b uﬁ\ﬂu m\ﬂ.—o MNHI.-_H ¥ .r—lqu\ﬂc b4 .._.ON
e 6.0 0.14 0.965 0.0
= 0.23 0.896 0.583
£ 0,36 0.754 0.861
= 0.50 0.565 0.986
- 0.61 0.426 1.02
e 0.81 0,233 0.884
¥ 1.03 0.067
8 10.0 -1,13 0.106 1.01
- -0.89 0.248 1.45
L -0,71 0.418 1.98
: -0.57 0.563 2.42
] -0.41 0.693 2.46
% -0.28 0.858 1.60 4
-0.13 0.955 1.00 :
0.08 0.902 1.0 0.0 E
0.12 0.983 1,03 %
0.19 0.950 1.44 ”
8 0.30 0.858 1.79 :
" 0.39 0.745 2,28 Il
: 0.60 0.525 2.67 T
0.73 0.383 2.46 |
5 0,90 0.225 1.79 :
] 1.22 0.047 0.804 IR
. 15.0 0.0 0,833 1.78 J
20,0 Q.0 0.592
4
: i1
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(Continued)
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r _ Table 19. Free Jet Velocity Measurements;

b - R, = 359, M = 0.24, u, = 270 ft./sec.
%’ x/b ylb  u/g, wi, Vu'da, x 10
- 0.0 0.0 1.0 0.0

ﬁ?:l 3.5 Oco 100 0‘0

4 4.0 0.0 0.996 0.0

L 6.0 0.0 0.978 0.0

o5 10.0 0.0 0.930 0.326
8 12.5 0.0 0.886

i 15.0 0.0 0,818 5.88

5 17.5 0.0 0.675

8 20.0 0.0 0.608

i

: _ ' *Turbulence dete_cted in the jet at x/b = 0.25,

g‘ Table 20, Free Jet Velocity Measurements;

ﬁg o | R, = 558, M = 0.368, u, = 410 ft./sec.
a't x/b ' y/b u/ﬁo _11/1-1c v u'zluo x 102
0.0 0.0 1.0 0.0

5 5.0 0.0 1.0 0.0

| 5.5 0.0 1.0

- 7.5 0.0 0.983

10.0 0.0 0.967 13.0
12.5 0.0 0.7%4

i 15.0 0.0 0,639 13.3

i 17.5 0.0 0.594

o 20.0 0.0 0,566 11.7

i: *Turbulence detected in the jet at x/b = 0,25.

& |

i
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Table 21, Free Jet Velocity Measurements;
R, = 705, M = 0.458, EO = 507 ft./sec.
x/b y/b 8/%, oG, Ju?i) x 102
0.0 0.0 1.0 0.0
5.0 0.0 1.0 0.0
6.5 0.0 1.0
7.5 0.0 . 0.987
10.0 0.0 0.904 S 15.2
12.5 0.0 0.710
15.0. 0.0 0.634 13.1
17.5 0.0 0.606
20.0 0.0 0.579 11.1

‘#Turbulence detected in the jet at x/b = 0.25,
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Table 22, {(Continued)

x/b T m\mo : ufu_

6.0 0.16 0.967 3.16
0.26 0.804 3.49
0.44 0.505 2,68
0.57 0.310 1.99
0.66 0.163 1.55
| 0.81 0.060 1.11
10.0 ~  -0.86 0.103 4.04
~0.69 0.264 7.03
~0.47 0.489 11.8
-0.37 0.707 14.2
-0.16 0.920 11.1
-0.03 0.945 1.0 10.4
0.18 0.954 10.4
0.29 0.822 12.7
0.39 0.667 11.8
0.50 0.448 9,38
0.60 0.328 7.73
0.74 0.224 4,03
0.92 0.075 2.33
1.11 - 0.029 1.80
15.0 0.0 0.680 11.9
20,0 0.0 . 0.587 10.1
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Table 24, Free Jet Static Pressure Measurements;
R, = 336, M = 0.956, u, = 985 ft./sec. L
. éf
iy
P=-P |
x/b y/b (mm.oil) %
3.0 -0.71 20.05 i
=0.47 ~0.20 i
~0.27 ~0.40 . N
~0,12 - -0.70 - 1
0.05 -0.75
0.19 -0,50 ] 55
0.39 -0.35 )
0.52 -0.10 EI.'
0.71 0.0
6.0 -0.73 0.0
-0.49 -0.20
~0,29 -0.35
-0.15 -0.70
0,01 -0.80
0.17 -0.65
0.37 -0.35
0.50 -0.15
0,89 0.0
10.0 ~1.09 0.0
~(.78 -0.15
-0.53 -0.40
-0,29 -0.55
0.02 -0.75
0.36 -0.,55
0.41 -0,45
0.60 ~-0.25
0.83 ~0.10
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F Table 25. Free Jet Static Pressure Measurements; Tﬁ
| R, = 325, M = 0.426, uj = 468 ft./sec. V
: _ y
i
__.m. x/b y/b (mm. oil) . 1
, 3.0 -0.91 0.0 1
-0,62 -0,05 .
-0.50 -0,15 2
__ - -0.18 -0.40 :
m_ 0.04 -0.55 _
0.17 0,45
| 0,27 -0.30
0.41 -0.15
0.61 ~0.05
0.86 0.0
6.0 -0.78 0.0
. -0.61 -0.05
_ _ -0.46 -0.15
_ : 0,22 -0.30
~-0.07 ~0.55
0,05 -0.60
0.22 -0.45
0.42 -0.25
0.62 -0.10
0.99 0.0
10,0 ~0.95 . 0.0
. -0.80 - =0.05
-0.50 -0,15
i -0.34 -0.30
. -0,03 - -0.55
m 0.12 ~0,45
“ 0.36 —0.30
| _ _ 0.56 -0.15
_ 0.84 0.0
|
|
-
_
_
_.
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Table 26. Free Jet Static Pressure Measurements;
R, = 705, M = 0.458, u, = 507 ft./sec.

P-P
x/b y/b : (mm, o0il)
3.0 -0.56 0.0
' -0.41 -0.25
~0.28 - =0,65
~0.17 . =0,90
-0.11 -1.05
-0,01 -1,15
0.18 0,95
0.26 -0.80
0.34 ~0.45
0,48 ~0.15
. 0.55 -0.,05
6.0 . -0.78 -0.05
-0.66 : -0.15
~0.47 -0.25
~0.30 -0,55
0,24 ~0.70
~0.05 -1.05
- 0.09 : -1,20
0,22 ~1.00
0.39 -0.50
0.48 -0.30

0.69 0.0




o Table 27. Free Jet Velocity Vector Measurements;

R, = 336, M = 0.956, u, = 985 ft./sec.

2
x/b v/b (degree)

3.0 -2,32
-1.60

-1,18

-0.85

~0.65

0.29

| 0,85
il 0.96
1.09

1.23

1.39

1.66

6.0 . -2.55
-1.98

-1.60

-1.47

-1,22

=0.87

-0.68 : -

~0,30 . -

~0,08

0.12 -

0.32

0.75 -

1.03 -

1,15 -

1.44

1.71

2.31

10.0 -2,38
-2.13

=-1.90

-1.74

-1.36

-1.24

~0.99

~0,79

-0.31
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Table 28, Free Jet Velocity Vector Measurements;

R, = 325, M = 0.426, u = 468 ft./sec.

X

H T
Lo S

. '8
x/b yv/b (degree)

3.0 -2.05
-1.53
-1.34
-1.17
0,95
-0.64
~0.09

0.66
1.01
1.14
1,35
1.91

6.0 -2.01
-1.66
-1.59
-1.45
-1.16
0,90
-0.21

0.18
0.61
1.04
1.23
1.38
1.52
2.04

10.0 -2.44
-2.13
-1.75
-1.67°
-1.49
-1.29
~0.80
-0.68
-0.08

0.28
0.90
1.44
1.64
1.73
2.12
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Table 29. Free Jet Veloclty Vector Measurements;

R, = 705, M = 0.458, mo = 507 ft./sec.

5]
x/b o y/b (degree)

3.0 ~1,70
-1,37
-1.10
-0.73

0.48
0.59
0.82
1.04
1.64
2.46

6.0 =1.28
-1.10
-0.90
-0.68
-0.25

0.54
0.86
0.99
1.48
1.76
2.64
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APPENDIX D

JET INTERACTION DATA

Flow Conditions
A tabulation of the powerijet flow conditions considered in the
jet interaction investigation is presented in Table 30, Thé absolute
pressure in the experimental model and the differential pressure across
the primary nozzle serves to identify these data éases. The Reynolds

and Mach.numbers of the power jets which are calculated from the free

"jet correlation are also presented.

Jef Deflection Data

A tabulation of measured steady state velocity profiles and
centerline positions of the deflected power jets is presented in Tables
31 through 38. These data are presented for a constant power jet flow
as a function of the control port dif ferential preBSufe above the model
ambient, The indicatiﬁg fluld has a specific gravity of 1'04f Values
of the power jet and control port mass flow rates which were obtained
with calibrated rotameters are also presented. A discussion of the
method of obtaining the steady state ﬁelocity'prgfiles from anemometer
data and a description of the expefimental error.associated with these
measurements is presented in Appendix B, The deflected power jet's
centerline position was located by taking parfial velocity profiles.

The jet’s centerline was established as the mid-point of these pro-

files.
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Values of x represent parallel distance downstream of thg power
nozzle's exit plane and values of y represent normal distance frdm the
apparatus or power nozzle centerline. It should be noted that'the.cenf _
terlines of the deflected jét and the power nozzle were offset. The
lateral probe traverses cut across different axial stations in the de-
flected jet. The axial atation of the deflected jet profiles, s/b, at

the arbitrary probe traverse coordinates x/b and y/b may be expressed as
s/b = (x/b-1/2) cos 8 - y/b s8in 6 + 1/2 (259)

where © represents the deflection angle of the jet with respect to the
power nozzle centerline, Applying the previous expression to the velo-
city profile data indicates the variation of s/b across the experimental
profiles increases with downstream distance, The maximm magnitude of

this variation for deflection angles of less than 10° was found to be

~ 0.45 nozzle widthg at the station x/b = 10,0, The axial distance

travgled at the centerline of the profile yhich is intersected by the-
probe traverse is within two percent of the longitudinal traverse coor-
dinate, x/b, for deflection angles restricted to less than 10°.”'It
should also be noted that the normal distance from the deflected jet's
centerline differs by the cosine eof the deflectiﬁn angle from the dis-

tance to the centerline of the lateral traverse coordinate, y/b.

Deflected Jet Static Pressure MEésurements

Static pressure traverses of the deflected power jet are pre-

gented for several flow cases in Tables 39 and 40, Differential pressure

v memamow s . VUSSRV DI ST NI PO - JEYSOPR O SV WSRO VAN SR el §
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measurements between the model ambient are expressed in mm., of oil

which has a specific gravity of 1,04,

Deflected Jet Velocity Vector Measurements

Velocity vector traverseas are présented for several flow cases
in Tables 41 and 42, The deflection angle of the jet with respect to
the power nozzle centerline is presented as a function of normal dis-
tance from the apparatus or power nozzle centerline. The sign conven-
tion established 1is such that a positive y value produces a vector whose

angle is 90° to the apparatus centerline.

e e by o T A e SRR, L e




Table 30. Experimental Jet Interaction Conditions

Mach |

Model Pressure, Differential Nozzle Reynolds

Pm'(mm.hg.) Pressure (mm.hg.) Number Number
1.0 0.443 114 0.691 -
1.0 G.815 155 ¢.892
2.0 0.939 252 0.763
2.0 1.639 341 0.970
5.0 0.673 326 . 0.434
5.0 1.720 534 0.662
20.0 0.478 546 0.183
20.0 0.742 700 0.222




Table 31,
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Deflected Jet Velccity Measurements;
R, = 114, M = 0.691, 311 = 0.00544 lbm./min.

o

: Yo -y Pl-Pm mc
x/b y/b (ft./sec.) uluc (mm.0il)  (lbm,/min.)
6.0 ~0.74 1.0 1.10 0.000611
10.0 =1,30 1.0
15,0 =-1.94 1.0 :
1.0 ~1.62 0.087 1.90 0.001130
~0.98 0.379
-0.84 0.597
-0.73 0,800
-0.64 0.876
=0.50 0.920
-0,33 0,979
-0.15 633 1.0
0,04 0.979
0.27 0.920
0.39 0.856
.56 0,813
2.0 ""1-90 0.131
-1.56 0.239
-1.35 0.434
~1,.24 0,587
- =1.11 0.760
=0,99 0.912
~0,.85 0.978
~0.64 582 1.0
=0.50 1.0
=0.38 0.978
-0.30 0.954
(.19 0,931
-0,.05 0.890
0.12 0.824
0.29 0.613
.40 0,367
_ 0,54 0.218
4,0 ~2.61 0.096
~2.32 0.239
=2.05 0.453
-1.91 0,619
~1.75 0.810
-1.59 0.928
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Table 31, (Continued) -
u P.a 0
c e 1 -
x/b y/b (ft./sec,) cxcn (mm, 011) (1bm. /min.)

4,0 -1.31 532 1.0 ;
-1.15 : 0.974 :
-0.90 | 0.974
-0.71 | 0.953 g
~0.44 - 0.904 : m
-0.26 0.737 2
-0.07 . 0,522
0.27 0.192 i
7.5 -3.87 0.101 y
-3.54 0.251 B
-3.28 0.399 e
-3.05 0.600 ;
-2.84 0.774 3
-2.69 0.901 :
~2.47 506 1.0 w
-1.96 | 0.976 i
-1.76 0.976 | : | i
-1.31 0.901 ¥
-0.98 0.676 w
-0.71 0.476 I
-0.50 | 0.300 i
=0.20 0.124 . : F
. : 0.30 0.000215 : gk

0.60 0.000392

0.85 0,000559

1.20 0.000753

1.65 0.000998

0.40 0.000262

0.85 0.000559

1.15 0,000753

1.65 0.000998
B :

4
L




308 3
i
Table 32. Deflected Jet Velocity Measurements; f
R, = 155, M = 0.892, m, = 0,00796 lbm./min. ;i
- 8 PP 2 i
_ 3 - ,= 1 m c .
x/b - y/b (£t./sec.) /% (mm.0il)  (ibm./min.) 5
6.0  -0.43 1.0 1.10 0.000452 i
10.0 -0,68 1.0 @
15‘0 -1‘14 1.0 ) E
6.0 -0,87 1.0 2,00 0.000770 8
10.0 -1.47 1.0 :
it
5 i
Table 33. Deflected Jet Velocity Measurements: | ,r
R, = 252, M = 0,763, m, = 0.0120 1bm./min. - i
' Gc: g PI-Pm :nc
x/b y/b (ft./sec.) u/_uc (mm.oil) (1bm. /min.)
6.0 -0.85 2.20 0.001358
10.0 "'"1.51 . )
15.0 -2.22
6.0 -1.41 3.60 0.002123
10,0 -2,41
15.0 -3.67
0.85 0.000523
1,45 0.000679
1.85 0.000888
2,15 0.001150
2.60 0.001280
0.75 10,000340
1.15 0.000549
3 1,65 '0,000758
4 2.30 0.001098
| 2.55 0.001411

e g
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Table 34, Deflected Jet Velocity Measurements;
R, = 341, ¥ = 0.970, m» = 0,01586 1bm./min.
u ) J m
[ - 1 m [
®/b . y/b {ft./sec.) _..\cn. {mm.oil) {1bm. /min.)
3.0 -1.49 0.070 3.40 0.001510
-1.35 0.204 .
-1.21 0.336
-0.79 0.742
-0.75 0.821 -
=0.61 0.900
-0.52 0.970
-0.38 - 817 1.0
0.06 0.766
0.18 0.641
0,37 0.352
0.46 0.204
0.63 0.063
6.0 -0.79 1.0
10.0 -2.98 0.070
-2.69 0.228
-2.55 0,352
-2.32 0.571
-2.19 0.723
-2.07 0.820
-1.63 . 0.955
=1.42 690 1.0
-0.87 0.880
-0.65 0.673
-0.56 '0.588
=0. 40 0.422
=0,.23 0,255
=0.02 0.091
15,0 -2.22 1.0 .
6.0 =1.20 1.0 5.05 0.002123
10,0 -2.08 1.0 :
15.0 -3.14 1.0
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Table 35, (Continued) L
o
P -P h H
c - 1 m A )
x/b y/b (ft./sec.) u/uc {mm.o0il) (1bm./min.)
10.0 =1.45 412 ‘1.0
-1,22 0.940 . 3
-1.02 0.793 B
-0.79 . 0,539 | g
- =0.63 0.379 | i
-0.45 | 0,199 -
-0.19 0.049 K
15.0 -3.74 0.080 -
-3.34 0.280
-3,09 0,472
-2.81 ' 0.680
=2.43 0.968
-2,32 - 375 1.0
=2.14 0,968
-1.91 0. 840
-1.58 0,592
=1.33 0.400
~1.14 0,253
=0,71 0,053
6.0 -1.12 1,0 2,30 0.002280
10.0 =2,07 1.0
15.0 -3.13 1.0

SR SIS L PSSR S NSV APINTRLRUIY" ¢ DR UCLRIRT T 4 W W R L 11’ 10 AT
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Table 36. Deflacted Jet Velocity Meagurements; vy
R, = 534, M = 0.662, &1 = 0.02796 1bm./min. %

";I:
u P.-P o
c - 1 ™m c _ A
x/b y/b (ft./sec.) u/uc (mm,011)  (lbm./min.) .ﬁ
6.0 -0.43 1.0 2,30 0.001842
10.0 =0, 80 1.0
15.0 -1.29 1.0
6.0 -0,82 1.0 3.80 0.002460
10.0 -1.39 1.0
15.0 -2.03 1.0 :
6.0 =1.03 1.0 5.40 0.003425
1.0 -1.83 1.0
- 15.0 -2.76 1.0
0.85 0.001019
1.40 0.001437
2.45 0.001829
3.15 0.002195
4.40 0.002979
4,95 0.003397
0.25 0.000627
1.10 0.001098
1.60 0.001385
2,35 0.001803
2.85 0.002038
4.00 0.002665
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Table 37. Deflected Jet Velocity Measurements;
Re = 546, M = 0,183, = 0.0292 1bwm./wmin.
- ]

/b uc: 3 ,— Pl-Pn 'c
¥ (ft. /sec.) c {mm.01)) (1lbwn. /min,.)
=0.46 1,0 - 0,80 0.001986
-0.93 1.0

- =1,51 1.0 :
~0.96 1,0 1.60 0.003660
"=1,82 1.0
~2.84 1.0
0.35 0.001359
0.50 0.001777
0.75 0.002038
1.05 0.002613
1.30 0.003293
2.10 ~ 0.005017
0.85 0.002300
1,15 0.003031
1.40 0.003554
- .75

0.004207
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Table 38, Deflected Jet velocity Measurements;

R, = 700, M = 0,222, m

g - 0.0388 1lbm./min.

L ikt D

R et LaRS N

v P,-P n
c . - l ' m c
x/b y/b (ft./sec.) u/u (mm.oll) (1bm. /min.)
6.0 =0.56 1.0 1.35 0.002505
10.0 ~1.16 1.0
15.0 -1.86 1.0 :
0.0 ~0.44 0.712 1.85 0.003480
—0.39 0.935 .
-0,33 244 1.0
=0.15 0.967
0.0 0.950
0.14 0.935
0.36 0,902
0.40 0,836
0.44 0,631
3.0 -1.12 0.045
=1.05 0.131
-0.98 0.254
- 0,87 0.545
0,77 0.778
~0.65 0.967
-0.58 244 1.0
~0.29 1.0
=0.14 0.967
~0.02 0,778
0.08 0.545
0.16 0.348
0.26 0,209
0.34 0.106
| 0.42 0.033
6.0 -1.68 0.045
~1.56 0,139
~1,46 0.266
-1.37 0.431
~1.26 0.681
~1.14 0.902
~-1,00 ' 0,983
-0.88 244 1.0
-0.69 0,967
=0.51 0.780
=0.42 0.632
-0.32 0.431
~0.22 0.266
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Table 38, (Continued)

i - . a, L PP ﬁc
' x/b y/b (ft,/sec.) u/ Ye (nm.o0il) (1lbm, /min.)
6.0 ~0.09 0.123
5 0.01 0,041
i 10.0 -3.04 . 0.034
& _ -2.64 0,068
£ ~2,46 0.152
b -2.31 0.250
3 ~2.16 0,394
-2,00 0,606
~1.76 _ 0,932
-1.60 236 1.0
-1,33 0.834
-1,17 0.652
-0.99 . 0,407
~0.84 - 0.250
-0.71 0.123
-0,55 0.055
0,34 - 0.025 -
6.0 ~1.04 1.0 2,55 0.004710
10.0 -1.97 1.0 '
15,0 -3.11 1.0
i
: |
|
i

g e
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Table 4], Deflected Jet Velocity Vector Measurements;

R, = 341, M = 0.97, m, = 0.01440 Ibm./min,

P -
(oom. 01 1) | (degree)

3.0 _ -2.72 3.40
- =2,25
-2.13
-1.94
-1.74
-1.38
| ~1.16
b, ) DoNN
3 0.50
i | | 0.75
b 0,92
3 10,0 4,41
-4,00
| -3.71
i _ -3.55
1 -3,30
.H -2.90
. -2.39
i -2,25
0| ~2.03
; -1.96
Hm -1.85
__; -1,25
-0.67
m _ -0.22
0.08
0.40

x/b y/b
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Deflecced Jet Velocity Vector Measurements;

Table 42,

= 326, M = 0.434, 311 = 0.01574 1lbm./min,

R
e

_ 0
(degree)

Pl-P
{mm.0il)

y/b

x/b

5555000505555555050555555050
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APPENDIX E
JET RECEIVER IMPINGEMENT DATA

Flow Conditions

A tabulation of the power jet flow conditions in the jet receiver
impingengnt investigation is presented in Table 43. The absolute pres-
sure in the experimental model and the differential pressure across the
primary nozzle identify these cases. The Reynolds and Mach numbers of
the power jet flows presented in this table are calculated using the

free jet data correlation.

Receiver Interaction Data

A tabulation of measured receiver jet interaction data is pre-

_sented in Tables 44 through 48, These data are presented for a con-

stant power jet flow as a function of the control port differential

pressure, receiver location and receiver loading,

In the interaction region of the device, the power nozzle and

control port mass flow rates were obtained with calibrated rotameters.

The control port-pressuré above the model ambient is presénted in terms
of mm. of oil (specific gravity 1.04). The positions of the control
and supply ports ére identical to that in the inferaction study,

The position of the receiver was determined by its radial
location and offset angle. The receiver's cqntérline was located
upon a radius of lquth xr'ﬁhich emanated from the intersection of

the control and supply port centerlines; see Figure 29. This distance

P RPN SN 2 1




- -'.-, T 1 m oy s e A L

nondimensionalized by the power nozzle width is represented by xr/b'
The offset angle of the receiver's centerline with respect to the power
nozzle centerline is Br. Receiver offaset angles of 0° and 10° were con-
sidered in this.reaearch. At a receiﬁer offset angle of 0° the control
port pressure was adjusted to a zZero value and thus the power jet and
recelver centerlines were coincident. At a receiver offset angle of

10° the control port pressu:e'was varied th;ough a range of values and
conseguently the power jet was positioned at # number of offset angles
with respect to the receiver inlet,

. The receivef loading was established by modulating the distance
separating a circular ‘disk and the hole in the back plate of the receiv-
er; see Figure 35. A load of zero revolutions indicated the hole was
closed tight and the receiver was blocked. The load was varied in
integer'turns.of the disk. The static pressure at the receiver exit
was measured by a diffefential manometer. Its value above.the.model'
ambient pressure (Pr-Pm? is preéented in terms of mm. of oil (apecifiq'
gravity 1.04). The mass flow rate through the recelver, ar’ waa detef—
mined as a function of receiver pressure and loading by calibration. -
Previoua.to this investigation the nozzle blocks were removed from the
supply port of the expefimental apparatus. The receiver inlet was then
gealed into Ehe sﬁpply port and measuréd quantities of flow were passed
through the device, Calibration curves were established at constant
values of model pressure which relate the mass flow rate through the
receiver exit as a function of receiver exit pressure and receiver load.
These calibration data were subsequently used to compute the receivér

flow rate in the experimental study.
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Table 43, Experimental Jet Receiver
Impingement Conditions

Model Pressure Differential Nozzle Reynolds Mach
P (mm,hg.) Preasure (mm.hg,) Number Number
1.0 0.394 107 0.653

2,0 0.939 252 0.763

5.0 1.683 530 0.657
10.0 0.980 . 566 0.368
20.0 0.482 549 0.184




Receiver Interaction Measurements;

Table 44,

= 107, M = 0.653, E’ni = 0.00532 1bm./min. -

R
e

P -P
r m
{mm,o01l)

103
(lbm.fmin.l_

o
m X
x

Load
(Revolutions)

° x10°

c
(1bm. /min.)

Pl-P

(mm.oil):

/b

b3
r

(degree)
0.0
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Téble 44, (Continued)

: o 3 : o ' 3

. Pl-Pm m, x_lO Sr . " Load n x 10 Pr-Pm
{mm.o0il) (1bm. /min.) {degree)} r (Revolutions) (1bm. /min.) (mm,0il)
0.0 . 3 0.21 0.35
0.30 0.206. | | 0.45 0.75
0.60 - 0,390 _ _ Q.54 0.90
0.85 0.55%5 ; 0.66 1.10
1.20 0.740 : 0.8%9 1.50
1.65 0.981 . 0.89 1.50
0.0 6 0.61 0,25
0.30 0.206 0.98 0.40
0.60 0.390 . ) : 1.10 0.45
0.85 0.555 1.10 0.45
1.20 0.740 1.40 0.60
1.65 0.981 | 1.40 0.60
0.0 14.0 9.5 0 0.0 0.35
0.40 0.261 0.0 0,55
0.85 0.555 0.0 0.80
.15 C0.740 0.0 1.35
1.65 0.981 0.0 1.70
0.0 3 0.14 0.25
0.40 0.261 0.18 0.30
0.85 0.555 0.30 0.50
1.15 0.740 0.42 0.70
1.65 0.981 : 0.51 ¢.85
0.0 6 0.13 0.05
.40 0.261 0.25 0.10
0.85 0.555 0.50 0.20
1.15 0.740 0.50 0.20
1.65 0.981 0.87 0.35

\£43




Table 45. Receiver Interaction Measurements;
R, = 252, M = 0.763, Ei = 0.0120 Ibm,/min,

hd 3 o 3 " -
Pl-Pm mc x 10 Br /b' Load | n x 10 .Pr--Pm
(mm, 0i.1) {lbm. /min,) (degree) X! (Revolutions) (Ibm, /min.) (me1, 011)

0.0 - 0.0 - 2.5 0. _ 0.0 " 9.35

' .2 2.93 9.30

3 5.35 6.40

4 6.65 4.65

6 8.05 3.20

5.5 0 0.0 6.90

: 2 - 2,20 8.70

3 5.00 5.85

4 6.45 4.50

6 7.55 2,90

9.5 0 0.0 4,50

' 2 1.32 3.75

3 2.75 2.75

4 3.55 2.00

' 6 4.30 1.45

14.5 0 0.0 3.08

2 0.87 2.35

3 1.65 - 1.55

4 1.75 0.90

: 6 2.20 0.70

0.0 10.0 5.5 0 0.0 2.75

0.35 0.261 | 0.0 4.85

0.85 0.523 : . 0.0 5.60

1.45 0.680 . ' 0.0 5.70

~1.85 0.863 0.0 5.95
2.15 . 1,155 0.0 6.15 et
2,60 1.307 0,0 in

6.05




Table 45. (Continued)
° 3 o 3
Pl-Pm m x 10 Br o Load mr x 10 Pr—Pm
{mm.oil) {lbm./min.) (degree) *r {(Revolutions) {lbm, /min.) (mm.oll)
0.0 . 3 1.17 1,10
0.35 0.261 2.45 2.40
0.85 0.523 3.40 3.55
1.45 0.680 3.85 4,20
1.85 0.863 45,52 5.15
2.15 1,155 4.85 5.65
2.60 1.307 5.20 6.15
0.0 : 6 2.10 0.65
0.35 0.261 2.95 0.95
0.85 0.523 4,40 1.50
1.45 0.68C 5.45 1.90
1.85 0.863 6.80 2.50
2.15 1.155 7.40 2.80
2.60 1.307 : 7.55 2.90
0.0 . 10.0 : 9.5 0 0.0 0.75
0.75 0.340 ' 0.0 2,25
1.15 0.523 0.0 3.20
1.65 0.732 0.0 4.20
2.30 1.124 0.0 4,80
2.50 1.333 0.0 4.90
0.0 3 0.55 0.50
0.75 0.340 1.28 1.20
1.15 0.523 1.80 1.70
1.65 0.732 2.22 2.15
2,30 1.124 2.70 2.70
2.50 1.333 2.75 2.75
g
o
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Table 45. (Continued)

(1bm. /min.)

W O =~ O
S oW inln
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0.340
0.523
0.732
1.124
1.333

(Revolutions) (lbwm. /min.) {mm.oil)
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Table 46. Receiver Interaction Measurements;
R, = 530, M = 0.657, ‘?'1 = 0,0276 lbam./min.

o 3 . o 3
P —Pm L x 10 9 _ m, X 10

r x /b Load PP
(mm.oil)  (1bm,/min.) (degree) T (Revolutions) (1bm, /min,) (om,0il)

0.0 0.0 2.5 0.0 19.45
8.70 18.05
14.20 13.55
18.30 10.90
22.10 7.25
g.0 ' 15.45
7.30 ' 14.45
13.70 12.75
18.45 11.00
20,20 6.35
0.0 8.45
4,20 6.55
7.75 4.70
9.65 3.60
11.20 2.35
4.80
3.65
2.30
1.65
1.15
2.50
10.10
11.10
10.90
11.10
12.05
13.75

5.5

9.5

14.5

=
[=]

o= - B = I XY

0 0.261 10.0 5.5
85 0.967

.40 1.360
4

1

4

9

L] * *

5 1.777
5 2.170
0 2.930
5 3.450
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Table 46. (Continued)

° 3 : o 3
Pl-Pm m,. X 10 Br _ . Load o mox 10 _ Pr-Pn
(mm.o0il1) (1bm./min,) (degree) T {Revolutions) - (lbm. /min,) (mm,011)
0.0 0.261 3 3.70 " 1.50
0.85 0.967 8.00 4,95
1.40 1.360 10.80 ' . 8.45
2.45 1.777 . 11.70 9.75
3.15 2.170 _ 12,40 10.80
4.40 2,930 ' 14.75 _ 14,40
4.95 3.450 14.90 14.65
0.0 0.261 6 6.00 0.80
0.85 0.967 11.30 2.40
- 1,40 1,360 : 14.35 3.65
2.45 1.777 16.70 4.70
3.15 2,170 18.00 ' 5.30
4.40 2.930 : : 20.30 6.40
4,95 3.450 ‘ 20.60 6.55
0.25 0.601 10.0 9.5 13 0.0 0.50
1.10 1,122 - 0.0 6.55
1.60 1.360 0.0 7.60
2.35 1.777 6.0 8.35
2,85 2,065 0.0 8.50
0.25 ¢.601 3 1.1¢ 0.40
1.10 1.122 6.80 3.75
1.60 ~ 1,360 7.40 4.35
2.35 1.777 7.90 4.90
2,85 2,065 8.25 5.25
0.25 0.601 ' 6 . 1.60 0.15
1.10 1.122 10.10 1.95
1.60 1.360 11.00 2.25
2,35 1.777 ' ' 11.30 2.40 w
2.85 o

2.065 : ' 12.10 2.70
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Table 47. (Continued)

3

P, -P ®_ x 10 6 | 2 x 103 P_-P
1l m c 4 x /b Load r rm

(um,01il) (1bm. /min.) (degree) Y {Revolutions) (1bm, /min,) (mm.oil)
0.40 0.901 : _ 7.50 2.35
0.80 1.098 9.70 3.60
1.20 1.648 11.10 4.50
1.55 2.040 . 11.20 4,60
2.15 2,613 12.30 5.40
0.0 0.418 : 6 4.90 0.35
0.40 0.901 . . 10.10 1.10
0.80 1.098 13.40 1,70
1.20 1.648 - 16,10 2,25
1.55 2.040 - _ 16.30 2.30
2.15 2,613 _ 17.20 2.50
0.0 0.522 10.0 9.5 ¢ 0.0 2.20
0.50 1.150 0.0 3.20
0.90 1.462 0.0 3.50
1,35 2.040 0.0 3.95
2.00 2,535 0.0 4.25
2.35 2.872 0.0 4.25
0.0 0.522 : 3 4,70 1.20
0.50 1.150 6.30 1.80
0,90 1.462 7.00 2.10
1.35 2.040 7.50 2.35
2,00 2,535 7.80 2.50
2.35 2,872 8.10 2.65
0.0 0.522 6 8.70 0.85
0.50 1.150 . 9.80 1,05
0.90 1.462 10.40 1,15
1.35 2.040 . 10.70 1,20
2,00 2.535 11.50 1.35 W
2.35 2.872 . o 11,20 1.30 e
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Table 48. Receiver Irit:eréction Measurements;
R, =549, M= 0,184, &, = 0.0293 lbm. /oin.

) ° 3 ) ' ° 3
Pl-Pm mc x 10 Br » Load n.r x 10 Pr-Pm
_{mn, 011) (1bm. /win,) __ (degree) X (Revolutions) (1bm./win.) (;m,oi1)
0.0 0.0 2,5 0 0.0 5.65

. 2 9.40 : 5.35

3 15.80 4,15

4 19.20 3.30

6 21.40 2.10

5,5 0 0.0 4.65

2 - 7.70 3.75

3 12,90 © 2,85

4 15.90 2,30

6 18.70 1.50

9.5 0 0.0 3.65

2 4,90 2.05

3 8.20 1.30

4 9,70 . 1.00

6 11.70 0.70

14.5 0 0.0 2.45

2 4.50 1.85

3 7.80 1.25

4 9.30 0.95

. 6 10. 40 0.60

0.0 0.417 . 10.0 5.5 0 0.0 0.35

0.35 1.360 : 0.0 3.70

0.50 1.777 0.0 4.15

0.75 2.065 0.0 4.20

1.05 2,613 0.0 3.85
1.30 3.290 0.0 3.85 w
2,10 5.040 0.0 4.00 S
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APPENDIX F

DERIVATION OF FREE JET MOMENTUM

ARD} MASS FLOW INTEGRALS

The experimental data demonstrated the plane jet's steady state
longitudinal velocity profile could be déscribed-by a simple Gaussian

distribution, The foxm of this expression is

- -4.6n2
= e 4.6n

u/uc for e >y 2 - (260)
Yo 2y L™
u/.uc =1 for -y <y <y,
The value of n is given by
y/b -y /b
(261)

ne= v*/b — yc/b

A sketch of the profile is presented in Figure 57.

Momentum Integral

The momentum per unit height of the jet in the x-direction from

arbitrary positions yl to y, may be written as

Y2 _ _
3 - J o & dy | (262)
Y1
For an ideal gas with constant specific heats within an iscenergetic

mixing process (constant total temperature}, the relationship between

L I GO S L N 1 U R W wid . -

Pk g,
RIS RN,

3

Ay j.ﬁ._ﬁi_. ;,"{:’ H-‘.:"'l



: static and total temperature in the jet is

7
T=T [1"2g ¢ 1 ]

(263)
c p T

V in the previous expression representa the average speed of the velo-

city vector. The expression above may be simplified by introducing

an identity for constant pressure specific heat

T-TTl—(kzl)(‘_’z ]
k T

—~ (264)
g RT
Using the ideal gas equation of state p may be written as
P = oy (B/R)(T,/T) (265)

Selving for p vields

| ) _-oT (P!PT)

- 221 (266)
k-1, {V '
e alts

\ where CT is the sonic velocity based on the total temperature.

For a single flow case the density at any position in the jet

is a function only of the velocity at that point. Experimental studies

have fndicated the x-component of velocity, u, can be substituted for V

in expression (266) with a maximum error in the value of p of 0.02 per-

cent, After this substitution equation (262) may be written as
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Y3 oy (/B3 a2 |
1= a4y - (267)

v [1 - &Y [%T-]z]

Nondimensionalizing the preceding equation gives

yZ =~ 2

3=p, (®/R,) 502 J' e
T T ¢

71

— dy . (268)
[1 - B(u/u)")

The nondimensional velocity profiles given in equations (260)
and (261) may be inserted into the previous expression and the fesult
integrated.' The mosf general case of this integration is from a posi—l
tion at the centerline of the jet to some afbitrary position beyond the

potential core region.

. | ) 2
(& 4.6n )

dy (269)
-4.6n2)2

. . ) Ve 1 Yo

0 Y. 1-B{e

The variables of integration may be transformed to

b -yl | - (270)
N <=3 - y./b |

dy = (y*-y ) dn

The resulting-moméntum integral becomes
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A , Ty 2=9-20 |
I =0, (/R u Tl gyt %y ) - dn (271)
- 0 1-Be "

- YZ/b - chb
M2 = y%/p - y, /b

The integrand of the preceding expression may be transformed

into a power series by simple division

-2 [Ye 2 (o m ~(m+1)9.2n2
J = QT(P/PT) T (Y*-Yc) J mEO B e ' dn
0

(272)

In order to interchange the order of integratiom and summation in -

' o w 2
expression (272), the series Z B™ e-(m+1)9.2n must be shown to be 2

m=0

uniformly convergent series of continuous functions in the region

2

is continuous for

0<ngw It is evident that BT e"(m+1)9.2ﬂ

tA

0 £7n £® The Weirstrass M-test may be applied to show wniform con-

A

vergence. By tﬁis.test if for all values of n in the region 0 < n £ <,
the absolute value of a series of the form Mb + Mi + M2 *+* are, respec-
tively, less than the corresponding terms in a convergent series of
constant terms. Then the series converges uniformly in the region -

o0
0 <n <», The test series for this proof is 2 Bm.
m=0
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The following is true:

2
,Bm e-(m-l-1)9 .2n

<B" for -»<n<w (273)

L]
The power series Z B" converges for all B where IBI < 1, thus the

m=0
order of integration and summation may be interchanged for B < 1.
From the definition of B it is apparent that for subsonic air this con-

dition is satisfied. Equation (272) consequently may be written as

00 n
-2 Y 2 _(@+1)9.2n°
3 = pp(P/EL) & [1—f§+(y*—yc) 1 B‘"[ o tm D920 g
- 0

(274).
The integrand of equation (274) may be converted into the form

2
12 4y (275)

2
LY
$p(y) = j e
0 v 2T
This is the cumulative distribution function which may be found in

mathematical handbooks. Rewriting equation (274) in this form gives

J = p(B/P) Gcz Izl{?+ (y*-y ) ] 8" —%’-I -!'/_:e_Y d’%
. m=0 1 2
0
(2786)
Y=4M
A = v 18.4(m+1)

. Simplifying yields

[ U

i)

P =
R A

St KT

A

BT

T o
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mil

oo m .
J =PB (ﬁkl} |: / (y*/b-y /b) Z - QJ(AIH)J 277)

@ m
The series 2
n=0 v mtl

¢(A1n2) may be evaluated if B and n, are known.,

The results of the momentum integration may be summarized

7 =B (2] 4 y"fb+ T (g*/bey /b) T. (B (278)
-1 ° |18 9.2 /PP 18Ny _
=1

B=E.]-' uc‘

7 (c)

yp/b -y /b
I By = ] B¢ (agny
12 =0 v mFl 1'2
The momentum of one half of a free jet may be determined by setting
n, =® in equation (258). The moueptum of a free jet may be determined

by doubling the half jet momentum., The expression for the momentum of

a plane jet is

). |e/P 3"
J =2 PB b + 0.292 (y*/b b 279

Mass Flow Integral

The mass flow rate per unit height through a surface normal to-

the x-axis of the supply jet ia

ATy A TN
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Yo
* i ° -
e o = J pu dy : ' (280)
!ff where A and yz are two arbitrary positions on this surface., The ex-
ffl pression for density found in equation (266) may be substituted into
F; the equation above to give
. _rer uf
m = p.(P/Pp) u, J = dy (281)
a [1 - B(u/u)”]
b O
The nondimensional velocity profiles may again be substituted
into the preceding equation and the result integrated. The most gen-
E eral case again will be comsidered; that is, from a position at the
centerline to some arbitrary position beyond the potential core region.
o _ Ye 1 ' I2 e-4.6r|2
m = pT(P/PT) u, J iz dy + » Gn.z 2 dy (232) |
ve (L= 8™ ] I
i Changing variables of integration and simplifying gives
|
a - ) yc . n2 e"406n2 .
- = *_. : : . T
m pT(P/PT) u. (T8 + (y yc) 3 dn (283) E

0 1-3e7M

The integrand of the above may be converted into a power series by

division.
y oo
o - c n _-(2mt1)4.6n
m = pT(PfPT) u. I (y*-yc) J mzo B e dn (284)
: 0

e —— o ——
ey e e o ————
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As in the previous case, uniform convergence of the series

o0 _ 2
) 3" e—(2m+1)4.6n must be demonstrated in order to interchange the
n=0 :

2
order of integration and summation.

It is evident that B™ e (Z@F1)4.6n
is continuous for 0 < n <« and thus the Weirstrass M-test may be used

00
to show uniform convergence. Using the same test series z s"

it is
. m=0
apparent that

2
B0 e—(2m+1)4.6n S.Bm for - < <o (285)

Thus the series Z B® _(2m+1)4 en’

m=0
0 <£n < for |Bf < 1.

converges uniformly in the interval

Equation (284) may be written as

o N "2 _ ms1)4. 6n2
m'pT(PIPT)uc'l + (y*-y ) ZBIe ’ dn

(286)
n=0

0

Again the above integrand may be converted to the cumulative distribution

function which is computed and tabulated in handbooks dealing with proba-

bility. Simplifying expression (286) yields

bP u o m

o / B

m = (y*lb-y /b) ¢ (A.n,) (287)
R [1'3 mEO il 2 2j|

A, = v9.2(2mt1)

w0 m . -
' B
The series | ¢ (A,n,) may be evaluated if B and n are known.
I o v 22

This series has been evaluated as a function of B and n and the results

are shown in Figure 71,

Al N
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The results of the mass flow integrat:l.on may be summarized

o bP u r—
m = = [1_.3 (Y*/b"'Y /b) 112 (B,ﬂz):l

RT

r, &nm,) = ¢ (A,n,)
22 mZO/Z_m-i-l EE

B =51 G sop?

YZ/b - chb
"2 T yA -y o
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R R TR
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APPENDIX G

ESTIMATION OF THE SUPPLY NOZZLE

MASS FLOW RATE

The experimental data indicated the supply jet's velocity
profile at the exit plane 6f the nozzle could be represented by a power

law distribution of the form

G{Gc? 1 . for 0<y=<y, (289)

. y/b =y /p|"

1.1/11c =1 - [—17-1——_——;‘:7;] for Yo <Y < b/2
The profile distribution coefficient, n, was found to vary with the
flow condition in order to provide the best fit to the experimental
data,

Assuming the supply jet's x-component of momentum is conserved,

the flow rate at the nozzle exit plane may be estimated based on the

free'jet data correlation and the assumed velocity profile. The proce-

dure which was developed for computing the nozzle flow consists of three

-steps. Firstly, the momentum and the core width at the nozzle exit

plane are calculated from the free jet correlation. Secondly, the pro-
file distribution coefficient, n, is calculated from the known momentum .
and core width. Thirdly,.the nozzle flow rate is computed based on the
assumed velocity prqfile. The folléwing two sections will develop the

momentum and mass flow rate expressions for the velocity profile

S P T R (P B IEY [ NN NC Y IV S B
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presented in equation (289). The third section will employ these

expressions to calculate the nozzle flow rate,

Momentum Integral

The momentum per unit height in the x-direction of one half the

supply jet at the nozzle exit plane is

b/2

| oo
J= | pu dy

0

(290)

As was demonstrated previously, the density of an ideal gas with con-
stant specific heats within an isoenergetic mixing procéss is
Py (P/Py)

- &bt

(291)

Introducing the previous expression for density into (290), results in

b/2 pT(P/PT) 62
J =

T dy o (292)
s - &harl

Nondimensionalizing the previous equation gives

b/2 (G/ac)2

S0 - @A)’

_ -2
J pT(P/PT) u,

dy | (293)

The nondimensional velocity prefiles given in_eqhation (289) may be in-

serted Into equation (293) and the result integrated.

ch . b/f2
“—dy + |

1-B n,2
s ¥ [1 - B(1-1,") 1

-2 '(1 - Tln)2
; = pT(P!PT) u,

dy (294)

LM g dlau g =L .
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y/b -y /b

W 12 -y v/

The variables of the integration are changed to

y/o -y /b

12y b (295)

T

dy = (b/2 = yc) dTl

The resulting momentum integral is

, [ Voa-n?
J = o (B/P) 0% |=S 4 (-b--y)J 1 dr (296)
T T c [;-B 2 ¢ : (- B(l-Tln)zl 1

The integrand of the ébove expression may be transformed into a power
series by simple division

1

o -2 . » T om,.  n,2(wHl) |
J = p(P/Bp) u, {;-B +G-vy) [ mzo B (1-1.) dré] (297)
0

In order to interchange the order of integration and summation in ex-

2 (m+1) must be shown to be a

o

pression (297), the series Z Bm(l-Tln)
' m=0

uniformly convergent series of continuous functions in the region

n)2(m+l)

01, £1. 1t i8 evident that Bm(ldr is continuous for

1 1

0 S_Tl %X 1 and thus the Weirstrass M-test may be used to show uniform
: o0

convergence. The test series Z B™ may be used to demonstrate uniform
m=0
convergence. It is apparent that

2(m+1)| < "

B"(1-«rl“) o0<t, <1 (298)
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The series } B f (1_Tln)2(m+1) dt, may be determined if B and n are

346

o -
The test series Z B" converges for all B where |B| <1, thus uniform
. ' m=0 .
convergence is demonstrated and the order of integration and summation

may be interchanged. Equation (297) may be written as

a1
~2Ye_ . b 5w n, 2 (m+1)
3= pp(®/R G |:1_B + G- yc)mé0 B [ 1-t,™ drl] (299)
0

1.

m=0 0

known. This series has been evaluated as a function of B and n and the
results are shown in Figure 73. In summary, the momentum of the power

jet per unit height at the exit plane of the nozzle is

k -;rc{IJ 1
J, =4 GE:TO P Bb 15t (E‘— Yc/b) ¢y (B,n) (300)
° 't 2 (m+1
¢y B = ] B" | -1, (mt _) dry

m=0 b

k=1 = 2
B=F (ulep

Mass Flow tntegral_

The mass flow per unit height through a surface normal to the
x-axis of the supply Jjet is
) _
m = I pu dy (301)
1

After introducing the expression for density found in equation (291),

the preceding expression may be evaluated to determine the flow rate
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at the exit plane of the nozzlg.

m = 2p, (P/P.) Jm m" ' (302)
m= 2p u dy 302
TP e -G

The nondimensional veiocity profiles given in equation (289) may be

substituted into the preceding expression and the result integrated
Ve b/2 (1-1,™
1 b
1B Y 11 - Bir ™Y
- B(1l-t
0 Yo o 1

n = 20, (P/P)) 1, dy (303)

Changing variables of integration and simplifying gives

1 ; n
(1-1. )
+ & | 1 dt (304)

2 c ) [ - B(l—Tln)Z] 1

= 20p @ T, [T

The integrand of the preceding expreasion may alsc be transformed into

a power seriles by simple division

1

. y :

° e M b 2m+1

me= ZpT (P/PT) u, I:E'+ @f - Yc) J mZO B" {1 T ) 1 - (305)
0

® R

Uniform convergence of the series | B ('.1-'t1n)2m'|'1
=0

in order to interchange the order of integration and summation in the

preceding expression. It is evident that ™ (l—'rln)2m+1 is continuous

must be demonstrated

for O S_Tl,s l. The Welratrass M-test may again be used to demonstraté

uniform convergence. Using the same test series ) B, it is evident
m=0

AP T T IR T T R UL TP T T T B
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6@ -t H*™ <8 o< < (306)
n>0
b 2mt]
Thus the series E B® (l—rln) ot ~converges uniformly for [B| < 1.
=0
Equation (305) may be written as
y : » 1 T
° = {Ze . (& _ m n, 2o+l
m 2pT (P/PT) v 1T + (2 yc) Z B [ (1-1‘1 ) dTl 307
n=0
0
S : 2mil
The series z B" I (l-Tln) urh dTl may be calculated if B and n are
m=0 : ' '
0

known. This series has been evaluated as a function of B and n and the

~results are presented in Figure 74. In summary, the mass flow per unit

height exiting the nozzle is

RT

. 22U b v /b
mm =S [T+ /2 ~ y /) ¢, (B,0) (308)
T S

1

' T .m n, 2o+l
¢2 (B,n) = mzo B J (l-Tl ) dTl
0

where R and TT are the gas constant and total temperature, respectively.

Calculation of Nozzle Flow Rate

The expression for the momentum of the jet at the nozzle exit

plane was presented in equation (300). Solving for ¢1 (B,n) from that

expression yields
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¢, (B,n) = — . £ [ 1 (309) k
1 4 (E%'l_) PH l_BJ 1/2 - yc/bJ =0 {

where J  1s determined from the free Jet data correlation and the jet
characteristics are evaluated at the nozzle exit plane. With ¢1 (B,n)
and B both known, the profile distribution coefficient, n, may be com-

puted from Figure 73. The value of ¢, (B,n) may be determined from

Figure 74 and the mass flow rate per unit height from the nozzle exit

may be evaluated from equation (308).
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APPENDIX H
SAMPLE CALCULATIONS

Calculation of Free Jet Parameters

The calculation 6f'free jet parameters which are required in the
determination of interaction and receiver characteristics may be illus~-
trated with data from flow case six of Table 30, The pressure and
temperature in the stagnation tank'uﬁstream of the supply nozzle is 6.72
mm. hg., and 532°R, respectively. The preasurg_in the experimental model .

is 5.0 mm, hg., The pressure ratio across the nozzle is
Pm/PT = 5/6.72 = 0.745 _ (310)

From one-dimensional perfect gas relatibnships the following

parameters are determined at the nozzle exit:
M= 0.662 ; T/T = 0.9197 (311)

The static temperature at the nozzle exit is calculated to be 489°R.

From the definition of speed of sound and Mach number
Gy =M AR T g, | (312)

The potential velocity at the centerline of the nozzlg exit plane may

be computed from the previous expression with k = 1.4 and R =

ft.1bf.

53.34 ibm. °R for air and the gravitational comstant equal to

ft.1lbm,

32.2 5
1bf.sec.
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u, = 0.662 /(3.4 (53.34) (489) (32.2) = 717 ft./sec.  (313)

The Reynolds number at the centerline of the nozzle exit is

_defined as

Re = pu, b/u (314)

1f it is assumed the gas is ideal, the density, p, may be ex-

pressed as
p=P [RT . (315)
The density at the nozzle exit plane is

(5.0 mm.hg.) [2.783.———5132;;__.
' ' © ft, " mm g,

p = — %
ft.1bf. °
: [53'34'1bm. °R,(489 R)

(316)

p = 5.33 x 107% 1bm./ee.3

Assuming the viscosity of the gas, |, is proportional to the

square root of temperature
p = 0.37 x 107 (1/492)1/% 1bf.5ec. /58,2 (317)

The_viscosity at the centerline of the nozzle exit plane is .

1/2

U= 0.37 x 1078 (489/492)

Introducing the values of density and viscosity into the expres-

sion for Reynolds number where b is equal to 0,0167 feet, yields

A Y OV

= 0.369 x 1070 1bf.sec./ft.2 (318)
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(5 33 x 10~ )(717)(0 0167)
(0.369 x 10 )(32 2)

534 (319) .

e

The Reynolds number and chh number based upon potential flow
conditions at the nozzle exit plane are thué 5334 and 0.662, respective—
ly. Entering the plot to.the right in Figure 59 with these parameters;
it is determined the core length is xc/b = 3.55. Entering the plot to
the left of the nomograph with xc/b = 3,55, the core width at x/b = 0.25
is found to be yc/b = 0.22. The jet width parameter, y*/b, at the posi-
tion x/b = 0.25 is found as a function Df.Rsynolda and Mach number in
Figure 63 to be y*/b = 0,83,

| With the centerline velocity, core width and jet width parameter
known at the position x/b = 0.25, the:free jet'momentum nondimensional-

ized by the nozzle width may be computed from equétion (153)

i

I/t = 4 ) P B E ;b + 0.292 (y*/b-y /b) m-):-o ji_ (320)
The required value of B is calculated from equation (154)
=KL G o2

B = (3 (117 / VA B (532).(32.'.2)]2 - 0.0838  (321)

Introducing the value of B into the expression for free jet

momentum and evaluating
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I_fb =4 (1—1%)(5.0 ma.hg.) [2.783 —lgf——-] (0.08038)
: ft. mm.hg.
—0:22__ . 4 592 (0.83-0.22) (1.06095) (322)
1-0.08038 * ' ' *

I /b = 6.65 1bf. /et

. «©
The wvalue of E Bm/¢m+1 in the preceding expression was found in -
m=0
Figure 64 to be 1.06095.

Calculation of Jet Deflection Angle

The calculation of the power jet defiection angle as a function
of control port pressure may be illustrated by.the following data. Upon
the power jet flow considered previously, a control port pressure of _
2.30 mm. oil agbove model ambient (specific gravity of the oil 1,04) is
imposed. The control port width, X, is equal to the power nozzle width,

b. The power jet deflection angle may be computed from equation (2115)

X/b (By-P )

0 = — (323)
1_Jb
' 1.04 mm.h 1bf.
(1)(2.30 mm. oil) [——-———3—] [2.783 ———-——]
. 13.6.mm..oil - £t . “um.he.

= 2
6.65 1bf./ft.

8 = 0.0736 rd. = 4.22°
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Calculation of Power Nozzle Mass Flow Rate

The computation of the power nozzle flow may be illustrated by

Tl ;u;;mwgw%»v—! RN
; -'-'.Tfl'..’_-' e AL R L T

i

the following example. The core width at the exit plane of the power

jet is found from Figure 59 to be yc/b = 0,237, The value of ¢1 (B,n)

may be computed from expressioﬁ (195) using the previously defined

values of J /b and B

| T/® Pl 1 )
¢y Bom) = 1 - 13 (i72 ENL RS
4 (le) PmB J c J
6.65 1bf./fr.%
S (i 1)(5 0 mm.bg. )[2 .783 —22L 1 (0.08038)
ft. mm.hg.
0.237 | 1|

4, (B,m) = 0.635

The profile distribution parameter, n, is plotted as a function

of ¢1 (B,n) and B in Figure 73. From this figure n is found to be equal

to 2,5. The mass flow rate from the power nozzle is computed from ex-
pression (198)

., 2P _u_bh [y /b |
m, = f'_' c 1213 + (% - y./®) ¢, (B,nj] (325)
R T, ._

The function ¢2 (B,n) is found from ¥igure 74 to be equal to 0.764.

Evaluating the previous expression with a model height of one inch,

yields

R T AT N W [ (U o LD T 1 S SIS AU S IR T VY SV VPR S
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o _ 2(5.0)(2.783) (717) (0.0167) (0.0833) [0.237 -
g (53.34) (532) 1555035

+ (0.5-0.237)(0.764%]
ﬁi = 0.000445 1bm./sec. = 0.02668 1bm./min.

Calculation of Contrel Port Mass Flow Rate

The calculation of control port mass flow rate may be 1llus-
trated with the previously conasidered power jet flow and control port
pressure. The nondimensional distance at which the deflected power
Jet passes the control port knife edge is determined from equation

(190). For a control port set back of ye/b = (3.6, the value of 8'/b is

_ (3_/b) (X/b)
A O T I . (327)

(6.65 1bf./ft.%) (1)

g8'/b = ' . _
(0.6)(2.30 mm.oi1) (104 mm-hg. N, Jgq  IbE. 4, ¢ o5 1BE.
13.6 mm, oil 2
- _ ft. mm.hg. ft.

8'/b = 0.958

The core width at the position x/b = 0.958 is determined from

Figure 59 to be yc/b = 0.173. The jet width parameter y*/b at this

"axial position may be determined from equation (167). Introducing the

jet parameters which were calculated for x/b = 0.25 into this expression

yields
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/b x Y ° g | y
{n [153 + 0.292{{— - b—°] ] 2 )
yr| Yo - =0 varFll) ix/b=1/4 _Ix
- +
b b x : w0 Bm -
x 0.292 B ] -——
m=0 vYm+l [x
(328)
0.22.
0.08038 E—-_——— + 0,202 .(0.83-0.22)(1.060_95):'}
Eg_ - 0.173 + {_ 0.08038
< /bm0.958 0.292 (0.08038) (1.06095)
-0.173 [%5%53%533} / 0.292 (0.08038) (1.06095)
= = 0.944
x/b=0.958

The parametér n, necessary for the calculation of control port

flow rate may be computed from equation (188)
/e e )
v /b + 2(3_Jb) b L : :
32
y*/b -y /b (_ ?

"12“

1.04

o, |
(1)7¢2.30) (55— (2.783)
0.6 + 13.6

2(6.65) - 0.173
0.94%4 ~ 0.173

T12=

The control port mass flow rate now may be computed from equa-

tion (187)
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, m? u fyn |
m, = =l laS + 0.8264 (y*/b-y_/b) T,(B,n,)
RT
T
hb /p(Pl-Pm) 2 e
+ 7 (y*lb-yc/b) n,” - milz (330)
s _ (0.0833)(0.0167)(5.0)(2,783) (717) 0,173
B (53.34) (532} 1-0.08038
+ 0,8264(0.944 -0,173) (0.491):]
(0.0833) (0.0167) f?s.ssxlo‘“)(z;ao)(%ggéa(2.?33)(32.2) _
+ 5 - (0.944

- 0.173)(0.602)2 - Eifz

- m, = 0.0002628 1bm./sec. - m,/2 = 0.01577 lbm./min. - m, /2

The value of PZ(B,nz)'was determined from Figuré 71.. The measﬁred
value of supply nozzle flow for this condition is found in Table 5 to

be 0.02796 1bm./min. The control port flow rate is thus
Ec = 0.01577 - 0.01398 = 0.00179 1bm./min. (331)

Calculation of Open Load Flow Rate

and Blocked Load Preasure Recovery

The calculation of open load flow rate and blocked load pressure
may be illustrated with the previously considered power jet flow condi-

tion. The control port pressure for this example as well as the
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5
e
g receiver offset angle is zero. & power nozzle receiver separation L
b i ff le 1 Th p 1
;i- distance 1is x/b = 3.0. “q
i g .
;;- The core width of the power Jet at the dowmstream position of : ﬁ
]ﬁ, ' >
i the receiver, x/b = 3.0, is determined from Figure 59 to be yc/b - R
ke - ) . ¢
§§; 0.034. The jet width parameter at this axial position may be deter-
f%{ mined from equation (167)
? - 0.22 ' |
0'08038&6_6__%38 + 0.292(0.83-0.22)(1.06095)] :
Q” ¥* = (0.034 + -
§; b | x/bm3 0.292 (0f08038)(1.06095)
¥ (332)
i :
| 0.08038 | -
g_ - 0.034 [1—0.08038] /] 0,292 (0.08038)(1.06095)
? gj = 1.297
x/b=3
The pawér jet deflection distance is calculated from equation
(201) to be £ = 0. For the present example in which the receiver off-
set angle is equal to 0° and the receiver and supply nozzle widths afe
equal, the value of e is determined to be 0.5 b, The potential core
lies within the lower and upper edges of the recelver and thus the
oPén'ldad flow rate is computed from expfeaﬁion {209)
hb P u |2y /b N | | |
m_ = + 0.8264 (y*/b-y /b)IT,(B,n )+, (B,n,)]) (333)
r = 1-8 c 2 32 4
RT . : _
T .
The values of n3 and "4 required for the evaluation of the previous
R VEaN P SRR ISILILE | ] L ST A | RS - I oo ;.:_JI y T
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expression are

(e+d-2) /b ~ yc/b_ |

. _ 0.5 - 0.03
N3 ® 1.297 - 0.034

a 0,369

- (e-£)/b -y /b
y /o -y /b

TI4=

_ = (=0.5) - 0.034 _
"y = "T.257 - 0.034 - 0369

FZ(B,né) and FZ(B’HA) are found to be equal to 0,38 from Figure 71.

Evaluating the expression for open load flow rate gives

LA (0.0833) (0.0167) (5.0)(2.783)(717) | _0.068

335
T (53.34)(532) ' 1-0.08038 - (335)

+'0.8264 (1_.297-0.034)(0.384-0.38)]
m_ = 0.0004241 lbm./sec. = 0.02545 lbm./min.

The blocked load ﬁresaure.recovery based on Reid's model may be

computed from the expression

k/k-1 -
B =P [1 + [—‘-“-‘%—] Gc"i’ | . (336)
| kBT

Introducing the numerical values of the centerline velocity and tempera-

ture and then evaluating yields

2 1.4/1.4-1
- (1.4-1) (717) ] -
Py = 5.0 [1 Y ARG GG 6.705 um.hg.  (337)
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APPENDIX I
COMPUTER PROGRAM FOR JET PARAMETERS

The calculatiqn of free jet parameters, control and supply jet
interaction parameters as well as open load flow rate and blocked load
pressure are ratﬁer laborious computations. A digital computer pfogram
was written to expedite the calculation of this information.

The following 1s a Fortran IV computer program which was dg—
vised to calculate the previously described variables. Following the
program listing is a sample sét of input data and output results. The
| calculations were performed upon a Control Data Corporafion 6400 Digital
Computer at the Phoenix Division of AiResearch Manufacturing Company.
-The.program plan, firstly, is to numericélly compute the required free
jet parameters from the-known flow condition, nozzle geometry and the
free jet data correlation. The power jet deflection angle and the con-
trol port mass.flow rate are then computed baséd on the frée Jet
parameters, the power nozzle mass flow rate, control pﬁrt pressure and
geometry. Finally, tﬁe open load flow rate and blocked load pressure
recovery are calculatéd from the power jet descriﬁtion, recelver loca-
tion and geometry. |

The evaluation of P1(B;n) and PZ(B,n) was accomplished by
numerically summing 10 terms of each of these series. The efror re-
sulting from truncating these rapidly converging series was assumed to

be less Ehan 0.1 percent. The numerical value of the normal curve of
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error which was reqﬁired in these summations was provided by Subroutine
Cubic. This subroutine interpolated a map of ﬁhe nunerical values of
the normal curve of error. Subroutine Cubic's method of interpolation
congisted of forming a cubic equation through grid points on either
side of the required ordinate. This cubic equation was then evaluated
at the required ordinate in order to de;ermine the value of the
function.

The blocked load pressure recovery based on Simson's analyti-
cal model was calculated by integrating the power jet's total pressure
profile across the inlet plane of the receiver and then dividing this
value by-thé receiver inlet width, The integration was accomplished
by computing the total pressure at 20 eﬁually spaced increments across
the receiver inlet and then summing according to the trapezoid rule;
Included in the computer output data is a'lisl:ing of the function n,
x—componént of s;eady atate velocity, static temperature and total
preésure at 10 equally aspaced increments choés the receiver inlet
plane, The summation of power jet mass flow rate and momentum with
respect to the edge of the recelver was pri:asented at each of these
staﬁions. Interpolation was used to determine ﬁhe center of the mass
flow rate profile coincident to the receiver inlet. The blocked load
pressure based on Reid's analytical model was then calculated by inter-
polating the total pressure profile to the centrold of the mass flow
rate profile. Logic statements were eﬁployed in the computer
program to determine the appropriate expression for calculating open

load flow rate, Power jet parameters, recelver geometry and expressions



b

(203), (206), (208) and (211) were used to select which of the four
flow regimeé werelappropriate._ . %
The input and output variables for this computer program along 2

with the dimensions of these parameters will be identified 1ﬁ Tables | ;
49 and 50. .The identification'of.these parameters will follow the ?
order of appearance within the input-output portion of the program.
Provisions are made in the program by means of Do Loops to introduce f
miltiple values of recéiver positionsa, X and control port pressure, -é
P,. The map of the normal curve of error is introduced in 40 evenly EE
spaced grid points which represents ordinates of.from 0 to 3.9, ??
|

N
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Table 49. Computer Program Input Variables

Variable Description Dimensions
PM experimental wodel absolute pressufe mm. hg.
PT upstream stagnation tank absolute

pressure mm. hg.
TT total temperature in stagnation tank ~°R
GAMMA ratio of specific heats dimensionless
R gas constant ft.1bf./1bm.°R
CP constant pressure specific heat BTU/1bm.°R
"B ‘power nozzle width in.
H power nozzle height in.
XX control port width divided by power

nozzle width ' dimensionless
YE gsetback distance of control port from

power nozzle centerline divided by

power nozzle width dimensionless
XMSUP power nozzle mass flow rate 1bm. /min,
THETAR receiver offset angle radians
D receiver inlet width in.

. XR radial distance from point of inter-

gection of control and supply port

centerlines to the receiver inlet '

divided by power nozzle width dimensionless
PC control ﬁort pressure mm. oil

(5.G.= 1.04)




- Table 50. Computer Program Output Variables
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Variable

Description

Dimensions

XMACH power jet Mach number at centerline

of nozzle exit plane dimensionless
REYND pover jet Reynolds number at center-

line of nozzle exit plane - dimensionless
o power jet centerline velocity at

nozzle exit plane ft./sec.
XCORE nondimensional core length dimensionless
XTRAN nondimensional trensition parameter dimensionless
XTURB nondimensional separation distance

between laminar and turbulent

flow regions dimensionless
YCORJ nondimensional core width at ’

x/b = 0,25 dimensionless
YWIDJ nondimensional profile width at

- x/b = 0.25 ' dimensionless

XJJET power jet momentum per unit area 1bf./ft.2
THETATF power jet deflection angle radians
SCONT nondimenesional distance along power

jet centerline from power nozzle

exit to control port knife edge dimensionless
UCLS power jet centerline velocity at

control port edge . ft./sec.
YCORS nondimensional core width at

control port edge dimensionless
YWIDS nondimensional profile width at '

control port edge: dimensionless
XNEW2 the function ny evaluated at

control port edge dimensionless




Table 50. (Continued)
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Variable Description Dimensions
GAM2 the function Pz(B,nz) evaluated at

control port edge dimensionless
XMPROF component of control port mass flow

rate passing through power jet

velocity profile 1bm. /min.
XMATMO component of control port mass flow

rate to atmosphere ' 1bm./min,
XMCONT control port mass flow rate 1bm. /min.
UCLXR power jet centerline wvelocity at

receiver inlet ft./sec,
YCORXR nondimensional power jet core width

at receiver inlet dimensionless
YWIDXR nondimensional profile width at

receiver inlet dimensionless
E nondimensional position of receiver's

upper edge with respect to power

nozzle centerline dimensionless
XL nondimensional power jet deflection _

distance dimensionless
XNEW3 the function Mg dimensionless
XNEW4 the function n4 dimensionless
GAM2N3 the function F2(B,n3) dimensionless
GAM2N4 the function PZ(B,n4) dimensionless
XMOPRC open load mass flow rate through

the receiver 1bm, /fmin.
XNEWXR the function n determined at

dimensionless

positions across the receiver inlet




Table 50. (Continued)

Variable Description Dimensions
UXR the x-component of velocity at posi- o
tions across the receiver inlet ft./sec. o
TXR static temperature at positions I
-across the receiver inlet °R 1
POXR total pressure at positions across mm., oil iﬂ
the receiver iniet (5.G.= 1.04) i
. SUMMAS summation of mass flow rate coinci- .fl
' dent to receiver inlet up to this bl
position ' 1bm. /min. 'gf
SUMMOM summation of momentum per unit height
coincident to receiver inlet up to
this position : 1bf./ft.
GAMIN3 the function Pl(B,n3) dimensionless
GAHlNA the function Fl(B,na) dimensionless
XMOMEN calculated value of power jet
- momentum per unit height coincident
to receiver inlet 1bf. /ft.
PBAV blocked load pressure resulting from
-determining average of total mm. oil

pressure across the receiver inlet

(5.G.= 1.04)
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45

50

56

50
55
430
a1
1000

1010

367

COC 6400 GUF V3.0-P3e8 OPT=0

PROGRAN JET({INPUT,OUTPUT,.TAPEGO=INPUT,TAPEG1ZOUTPUT)
DIMENSION XRRU30)+PCCI30F+ERFN(SD) »XNENXREZ1),TXRIZ1IUXRE2ZL)»
#POXRIZL) sOENSXRIZ1V 4 XHASRIZ1) » XNOM (21D y SUNMAS 1210, SUNMON{Z1)
COMAON/GCBIVAR/NIXX+NIXZ+ DCOX, DCDY

IF LEOF{(60))400+10

HRITE{(61,5C)

READIEDy B30 2PHPTTT+GANMAL RGP

HRITE{61L +1GA0IPM,PT,TT ;GAMMALR,CP
READIG0+B3L38, He XXo YE 4 XMSUP 3 THET AR 4D
HRITE(OL+1010)BsHe XX+ YE XHSUP, THETAR

WRITE{61+1015}0

READ (6O B10IH

READ(60,835 01 (XRR{TI}»I 21+ M)

HRITE{(6141020) (XRRIID o I=14M}

READIG0+.8L00N

READI6D4BIGHIIPCC{IN.]I= 1:")

HAITE(G6LLCIQI{PCCILY 4 I=14N)

READ{60, 830 (ERFNII} ¢I=4,3)

K=ERFN{1h+3.0

READIG0+8303 (ERFNLIY,I=4,K)

HRITE{G1y2G0GH CERFNLID s I=14K} .

HRITE(61,55) ’

FORMAT (1H1.27Xs*INPUT DATA*/)

FORMAT LLHL s &TX ¢ *QUTPUT RESULTS*/}

FORMAT (BELZ.5)

FORHAT (I3}
FORHnT(SK.ZHPlell'ZHPT'lix.ZHT':IIX.SNGARHI.OI.1HR.12X¢2HCP/

O (3IN4ELD .0} /)

FORHAT(SX.lHQ;12!.1HH'1ZKs2HXK.11X.ZHYE.11!.SRIHSUP.OK.SHTHEflR

+/7643X:E10443/7)

1015
1021

1030

1080

FORMAT (SN LHD/ IX 4 ELO L b/)

FORMAT(SX,*POSITION XR*/8(3IXeE1De4)/}

FORMAT{GX o *CONTROL PORT PRESSURE*/ZBLINELD %) /)
FORMAT (5X +*NORMAL CURYE OF ERROR®*/3(3IX,EL0.4)76(3XsEL0.4)7/

t6(3X'E10-blf&lSX:Eid-4llS(JKnElUohll&l!X.Elﬂokilbl3XcElﬂ.bll
tHIIXsELD i)/}

CALCULATE FLOW CONDITIONS

CT=SQRYIGAMMAYR*TT*32, 174}

XHACHaSQRTCL(PT/PHY **{ {GAVMA=1 .0} /CAHMAL =1, D) *2, OI(GﬁHHl-lvﬂll
T=TT/7{1.04 {GAHHA=1.0)* XHAGH® XHAGH/ 2, D)

UG=XMACH*SQRT (GAMHA*R*T*32, L?kl

. DENS=PH*2.76347(R*TI

VISC=0,0Ud0da37?*SQRT(T/492.0)

. REYNOD=DENS*Uu*B/{12.0*VISC*3I2.174) .

190

114

ACORE=IREYND** 0,753 /(10+ 3% (1. 0+ XMAGH* XMACH)) 3,95
IF(XCOREN10D0+310,114

CV=0.0454 {000 3B2*REYND®*40,75) /({1404 XHACH® XMNAGH)
(UEe Ag ]

T=TT-UL*UD/ (2. 0%32. 174 CP*TT . Ul

XMAGH=UD/SQRT {GAHMA®R®T*32.174)}
DENS=PH® 2. 7034/ (R*T}
YISC=0.00000037*SQRTIT/492,.0}
REYND=DENS*UJ*8/{12.0%VISC*32.174%)

XCORE=0.0

GCONTIKUE
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o Eal .r-‘;-.- J

SR

efi s

T o ¥

Ry

pi 5

T

™

e AL

R PR

g

PR e




60

(1

79

75

&0

85

0

100

PROGRAM

165

110

JEY

120

130
132

135

i200

12190

140

150
152

155

159
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COC 6400 GUF V3.0-P34a OPYTsy

CALGULATE PONER JET MOMENTLM

KTRAN=G. 0036REYND/ (140014 25°XKNACH® *4,0) .
XTURS=545.0% (1 040, 6% XMACH® %4, 0} ZREYND®*, 65

IF (XCORE=0,25)120,1304430

UCLJ=UI®2.7183%% (1.0 ({0, 25+XTRANI/ (XCORE+XTRAND D **0, 451 79,0}
60 T 132

UELJI=UE

BBJ2 (CGAHMA=1,0)/2.03® (UCLJ/CTI**2,0

SUMJ=1.0

00 135 MM=1,10

XHM=HM

TERH-(BBJ“KHN)ISQRT(IHH%l.U'

SUMI=SUMJ+TERM

YCORJ= 0.5‘(IXCDRE'0-253‘(1003'(10UfXﬂ‘GH'XﬂﬂCHI/lREVNﬂ"ﬂo?ﬁl3]
YCORJ=AMAXLLJ. (s YCORJE

YWIDJIZ (B TI/REYNO®**0.045-0.125)% (1,042, 3*XMACH* XMACH}*(,.25) %
+{0,00B08*SARTIREYNDI+0,185)40.5

XJETI=8BJ* (YCORJZ{1.0-G8J) #8292 CYWIDJU=-YCORJI I *SUMI)

XJIET=4 s D* GAMMAZ {GAMMA=L D) *PH*2 . THIHL* XJETT
HRITELGL+1200G) XHACH 4REYND,UD + XCORE 4 ATRAN+ XTURB
FORF&Tl5X|5HX"46H|8X.5HREVND!BK,2HU°.11‘t5HXGORE|8K.5HK'RlN'GKt
+S5HATURB/B(IXE L1041} /)

WRITECOL412106) YCORJ, YHIOS, XJETT+ XJJIET
FORH&TI5KgJKYCORJtBK.SHY“IDJvﬂX'5NIJETIt3!:5““JJET/Q‘3].E$°.Q'/)
D0 3ia I=i4M

XR=XRR(I}

00 230 JJ=21.N

PC=PGG (D))

CONTROL . PORT CHARAGTERISYICS

THETAJ=XX®PC*(. 212840/ XJJET .
SCONT=XX®XJJET/IYESPCR(, 2128464 XJJET)

IFtXCORE~-SCONT) 140,150,550

UCL3=U0*Z,7183%%{{1.0~ ‘(SCONTilTR‘N'/lchRE*XTﬂlﬂll“ﬂoﬁS’lgaﬂl
GO Ta 152 - L

UCLS=ug -

335‘((6“““!“1.0'/2 ﬂ"lUCLSIGTl"Z 0

SUMS=1.0

0o 155 NN=1110

XNN=NN

TERM=(BAS**XNN}/SQRT (XNN# 1. ﬂ)

" SUMS=SUMSH+TERM

YCORS=D5* ({XCORE-SCONTI* (404 3’(1aOOXN&CH‘XNICH.I(RETND'”Gt751)’
YCORS=AHMAX1{0.0,YCORS)
7“IDS‘YGORS’(KJETI*?GﬂRS'BBS/(1-0-035]lflﬂazgz‘BBS‘SU"S’
XNEHZ-(YfGXK‘XX'PO'ﬁ-3120%5/lz 0']JJ£T’-YCUR5|IlYKIns-YCORSl
GAMZ=0.0 i

00 159 LL=1.10

XLLzti=-%

TERH‘(BBS“XLL’ISQR'izoﬁ’XLLil ﬂl‘CUBIC(ERF“'SQRT(9.2'(2.0'XLL‘143
) EXNENWZ)Y '

GAMZ=GAM2+TERM
KNPROF—lH'BIin.U‘PN'z'?ﬂsﬁ‘UCLSI(R'TTll’lYGORSIlicﬂ-BGSDonﬂzﬁﬁ
*E(YNINS-YCORSI*GAMZI*60.0
KN.‘HO*H'BIlQQoD‘SQR"DENS'PC’O.2120“5'32.176'Iz.ﬂ'lY“IDS‘VCGRSl'
+XNEWZ*XNEW24ED .0
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PROGRAM JET . CDC 6400 GUF v3.0-P3s8 OPT=Q

AMCONTXMPROF+XHATHO=-XHNSUP/2 .0
£  RECEIVER CHARACTERISTIGCS
If(‘XROK!onUl‘KCORE’160:1500173
160 UCLXR=W{
115 68 TO 190
ATD IFCIXReXXZZ2.G)-XTURBILBGC 180,145
180 VUCLXRSUD#*Z.7813%%{ (1, 0=(IXRE AR/ Z40¢XTRANIZ (XCORECXTHANII®**0, 45079,
*0
GG 79 190
120 . 185 USSUIPZ.T8L3%% (1.0~ ((KtURBoKTR&N)IGXCORE*KTRlNI)"0.55119.01
UCLARZUS* {AXR#XX/2.0) /7 XTURB) ** [~ .5}
19¢ BBXR‘I!QA"”]-I-“]/Z-G’"Uchﬂfcr"'Zoﬁ
SUMXR=1.0
] 00 195 Kk=1.10
125 . XKK=KK
o IERHSiGB!R"XKKlISQRT(XKK*i '}
195 SUMIR=SUMXR+TERMW
YCORXR= 0.5‘((XGORE‘KR‘XXfZ-ﬂ)"10.3‘(1c.*xnlc"’xﬂlﬁﬂ"Rﬁ'"n“n.?s’
+)
130 YCORXR=AMAX1(0 .0, YCORXR)
YHIDXR= VCDRXR*(XJETI“YCDRXR'BB*R[(10U-BBKR’lf‘ﬂozgz'aalR‘SU"KR)
DO=0/0
XL=XR*THEYAJ
E=XR*THETAR-00/2.0
135 IF(IE=NL)~ YCGRKRI5UU;H50’Q50
e REGIME 1 .
459 lNENJ-llE*DD‘KL"YCORiﬂlI(7“IDXR-7CORKR’
XNEWU=({E=-XL)~ YCURIRI/('“IUK&-YCOR‘R’
GAMZNI=].0
140 D0 455 LL=1,10
XLt=LL=1
TERH:(BB:R**!LLIISQR?(Z.G‘KLLtl.ﬂl'GUBIGIERFN.SQRtlsoz'IZ.O'XLLﬁl.
+} ) FXNEHI}
855 GAMZNI=GAMINI+TERM
145 GAMZNG=(,0
B0 4560 LL=1,10
XLL=LL~1
TERM= (BHAXR**XLL) 75QRT (2. B‘XLLﬁl.n)'cUBIc(ERFn-snRTl?.z'lz.O'XLtﬁi.-
IR AHERG)
150 460 GAMZNL=GAMZN4sTERM
KHMOPRC={HYB/ 144 0%PH 2, 7‘3#’UCLXRI(R‘T'))‘|G.026&'(YHIDKR'YGORXR,
&'(6#"2"3‘5#N2Nb]l’6300
GAMIN3Z0 .0
00 465 LL=1.10
15% XLLsbi-1
I£RH-lBBXR’*!LL)ISQRT(KLL&l-u)'GUBIO!SRFN.SQRT(io.h'IILsz.lli'
*XNEW3)
48% GAMINI=GAMINISTERM
GAMiN4=d .0
160 ) 00 470 LL=1.10
: XLi=LL~1 '
tER"“lsBKR"xLL’/SﬂRT(xlL*loo"cusxc‘ERFNCSQRf‘13.“"‘LL*10°"'
+XNEHG)
W70 GAMING=GAMLINL+TERM
165 XMOMEN=PH®2,7EI4*BEXR* 2.0 GAMMA* D/ 1246/ {GANNA=L,0)* (0. 50u30"
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PROGRAM

170

175

180

185

196

195

200

205

240

215

220
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JET © ©DC 6400 GUF V3.0-P348 OPT=0

soo
600

550
650

655

665

700

Tos

710

715

+(YWIDXR=YCORXRI* (GAMAINI~GAMLNGY)

60 TO 750

IF{(E+DD=XL)=YCORXRI 60045504550

REGIMNE &

XMOPRC=(H*B/144.G*PMP2.TAILG*UCLXR/ (R*TT) )/ (L. 0-BOXR}*60.J
XMOMEN=PN*2,7534*8BXR*2, u‘sunna'nfzz.nltx.a-aaxa:

G0 TO 75)

IFI&BSlE-ILl-YGORXRI650.?00.7&0

REGIME 2

INEHS‘((EOBD-XLD-YCDRKR!I(I"IDXR-YGDRXR]

GAMZN3=0 .0

00 655 LL=1.+11

NLL=LL=1
TERﬂs(BBxR"XLLIISQRT(2.0'!LL01.0I‘GUBIGIERFN.SQRTls.z'tz O*NLL+1.
+1)*XHEW3)

GAMZNI=GAMZHI+TERM
XHOPRGZtH'Bliﬁh.0‘PH'2.753&'UGLKRI(R‘TTD)'{lYGORRR-(E-XLI)I(1.0-
+BBXRY ¥ 0, 8264* (YHIDXR-YCORXR) *GANZNI) *60.0

GAMINI=D .0

00 665 LiL=1,10

XLL=Li-1

TERM={BBXR**XLLI /SQRT{XLL*1 .0} *CUBIC(ERFN+SQRT (18 4% (XLL*1.0))1*
+XKENW3?

GAPLNI=GAMIN3<+TERM

XHOMENSPM*2 TA3L*BAXR* 2.4 *GAMMA®B/ 12,0/ (GAMMA=1 . D) {{YCORXR=-IE=XL
#1171 i=BBXRI 00+ 58L36* ({YHIDXR=YCORXR) *GAMLN3Z)

G0 TO 750

REGIME 3

KNEW3I= [ (E+DD-XLI=YCORNR) 7/ I YRIDXR~YCORXR)

XNE H4= (= IE-XL)-TGDR!RIIIYHIDXR-?GORKRI

GAMZN3I=0,0

DO 795 LL=1.,10

ALL=LL=1

TERM2{ABXR**XI.L}/SART (2. B‘XLL01.BI'OUBIGIERFN.SQRTIQ.Z‘IZ.G‘XLLoio
+DI*ANENI)

GAMZH3I=GAMEZNI-TERM

GAMZNE=D .0

no 716 LL:i-iG

XLi=LL~=-1

TERM= {BBXR**XLL)Z5QRT 2. U'KLLG1.al’cUBIG(ERFN¢SQRIIO 2'(2.00xLL01.
) J*ANEWY)

GAMZNL=GAMZNL+ TERMW

AHOPRCETHYB/ 1L4, J*PH* 2, 7034 UCLAR/IR*TT)I* (2, o*vcoaxa/lx.o-eaxal
+0n.826h'lYHIOXR-?GORXRl‘IGlH2N3*GlH2Nb)I'&B 1]

GAMINI=0.0

00 715 LL=i,1id

Xii=LL=1

tERﬂ-lBBXR"!LLlISQRT(XLLG1 OD‘GUBIGCERFN:SQRT(10.&'(XLL+1.0|)'-
*ANEN3I)

Gan1u3-ean1u3*1aan

GAMLIN&=0.0

DD 720 LL=1,10

WL=Lb=1

?ERH=lBBXR"ILLiISnRtIKLLft al*GUBIBlERFH.SaaTlia.h‘leL+1.nll‘
+XNEWLY

o i

DR
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PROGRAN  JET | | COC 6400 GUF V3.0~P348 OPT=D
TZ0 GAMING=GAMINGL+TERM )
XHOMENZPH® 2, T8 34 YBBARYZ. QP GANMAYB/ 12,67 (GANHA=1,0) * {2, 0*YCORXRY/
+(1.0-BBXRI+0.5B4I6F {YWIDXR-YCORXRI *{GAHLNI+GANLING) )

750 POPOM=PHL{1,0+({GAMMA~ 1.ﬂlIlZ.U’GANNl‘PH‘Z.?l3b'DILz.0l)‘XNOHEND
22% CPR(GAHMAS ({GAMHA=L,C)) .
POMOM= {PONOM=PM) *13.671.06 .
c TOTAL PRESSURE ACROSS RECEIVER
00 BIL J=l.21
) B VEN LS
230 ) . IFLEE=-XLYSDD*X I/ 20,0)102048204840 .
. 820 XNEWXRUJ)={= IiE-XLlonu'xdfza.n)-Ycoaxal!tvntan-VGORXRl'
xNEuxRlJl-auaxilu.u.xuauxRiJ))
GO TO 854
840 XNEWKREJIz{{{E-XL}+DD*XJI/20, u)arcoaxallt?uxoxn-vcoaxa:
238 ANEWXRLJI=AHAKL (G 0y XNEWXRIS))

B850 UXR(JITUCLXRPZ, 71834 (=4 B6*XNENXRIJI**2,0}
TAR{JI=TT--UXRLSI*UXREINLS (2, 0-32.1r~'cpv??s.01
DENSXREJI=PM*2 , TAZL/(R*TXRIJ))

XMASRIJI=0ENSXRIJIYUXR{JI®B0.0-
263 NHOM (JI=OENSXR (JI*UXRIJISUXR(JIZ 32,174 .
POXRLJI2PH* (1, 0+ {GAMMA=L , ni‘uleJl'UxRIJll(Z.O'GQHHA'R'IXRGJ)'
32,1741 1 * Y (GANMAZ {GANMA~L, () ) '
860 POXRIJI=(POXR(JI=PHI®13.671.06
. SUMPOR=0 .0
2495 " SUPHAS(LI=G.0
SUMMOM (L1 }=aG. 0
DO 950 KK=1,20 . '
xvnsre=(xunsatKKI+xnnsatxk+1:)Iz.n'o*ﬂltzu n'tuh.ul
XHOMTEZ (XMOMIKKE +XMOH {KK+13 3 /72.0%D/(20.0%12.0)
250 : SUMMASEKK+ L) xXMASTE + SUMHAS (KK)
SUMMOM {KK+ L) =XHOMTE+ SUMMOH (KK ) .
TERM={POXRIKKI +POXRIKK+1))}/2.,0%D7 2040

950 SUMPOR=SUMPOR+TERM

PBAV=SUNPOR/D
255 HRITELEL1300V XRPC

1300 FORMATES N« CHXR o L1Xs 2HPC/2(3XELL 4D/}
MRITEIGL41450) THETAS»SCONT 4UCLS ) YCORS p YWIDS o« RHEWZ

14500 FORMATIS X *INTERACTION REGION PARAMZTERS*/SX¢0HTHETAJ TXsSHICONT

. +3BX s SHUCLS ¢ X4 SHYCORS o 8X 4 SHYWIDS s BX 2 SHANEW2 4 SX/B(IXN4ELOA ) /)
260 WRITEIBGL 414107 GAM2 4 XHPROF 3 XMATHO s XMCONT

1419 Fonnat(51.uusnnz.qx.auxupaur.?x.5uxnnrao.7x.5nxnconrrq1ax.exa.a|/|
HRITEIG6Ls 1500 UCLXRy YCORMRYHIDXR)Er XL « XNEXI

1500 FORMATISX+*REGCEIVER PARAMETERS*/5X,SHUGLXR8X s 6HYGORXR s 7o GHYNIDXR

. $e T, IHE g 12X ZHXL s 11X o SHXNERIZG(IXNLELD ) /)
265 HWRITECHL 15100 XNENWL y GAMZNTI s GAM2ZNG o XMOPRC
. 1513 FORMATtsx.snxusuu¢'sx,6ucanzu3.rx.ensanauh.rx,6HKHOPRCI~l3Xo£1n.h
)y 17}
WRITEL651,1525)
- 1528 FORH&T151.GHINEHXRt?K'SHUXR.LOI'3HTXR,1ﬂx.kHPOKRv9!.6"80”3&8.?x.
2740 +6HSUMNOMW)
00 1550 J=1,11
NH=J#2=4

1560 uaITE(61.16uu)xnsuxnlunl.utatﬂul.th(NNl.PoleNNl.sunnlSINN).
+SUMMOH (NN}

25 1600 FORMAT(AXe 6 IINELD. M)/}
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i PROGRAN = JET - i . ~ GOC 6400 GUF V3.0~P348 OPT=0

il ﬂRITE(ﬁt.tGSBlG&HiNS.GlHle.KHDHEH;POHOﬂ;PB!V
: . 1650 FORH&T(5!.6HG!H1N3.?KgSHGlNlNﬁg?l.BHlHOHEN.?XoSHPOﬂDH.OK.bHPBlUI
t. : +51(3XEL04 417}
1- 208 CGONTINUE
2680 ' 300 CONTINUE
GO Y0 5
480 CGONTINUE
STOP
END

FUNCTION  CUBIC COC 6404 GUF USgO-PSQO oPTwg

FUNGTTON GUBIC (Y X} :
COMMON/CBIVARS NIXXy NIXZ, DGOX,0C0Y
BIMLNSION Y(28).
NIXX=¢
5 NI=Y (1)
IF IX=Y(3)310020430
| _ 10 NIXX==}
20 CUBIC=Y(4)
BCOX={Y(50=Yi4)} /¥ (2D
10 RE TURN
30 I=(X=Y(31D/Y{2) o040
Asl-k
DXEX=Y {3}-A%Y(2)
IF (UX)40,40460
15 40 IF (I=-NI=33120G+50,100
50 CuBIC=Y(I}
OCOX=(Y{L)~Y{I=1))/V(2)
RETURN
120  CUBIC=Y(I)
20 DCDX={Y(I+1)=Y{I=1))/(2.%¥(2})
60 E=DX/YL2)
IF (I=-4)70,70,80
7O H==1,5%Y(I)e2,0*Y{I+1}=0.5%Y(I+2)
C=G.S¢ V(DI Y (I#2)}=Y(Is1)
25 CUBIC=Y(I)+E*(B+E*C)
DCDX= (842, URE*C) /Y {2)
RETURN
80 IF (I=ENI+2))90,113,1040
90 Bel2.0%Y(I-1143.0%Y(I)=6.0"Y(I+1)+Y{I+2))/6.0
30 C=(Y{I=10=2,0%Y{Id+YLI¢1))/2.0
: D= (Y (T=11=3.08¥ (1) +3.05Y(L+1)=¥L1¢2)1/6u
CUBICSY (1) #E*(=B+E* {G=E2D))
DCOX=(~B+E% (2. *G=3. *EXDII/YL2)
RETURN
35 100 NIXX=+1
CUBIC=Y (NI+3}
DCDX= (Y (NI+3)=Y(NI+2}}2Y(2)
RETURN
110 8=0,5* (Y INI+3) =Y (NI+1)) _
40 C=2G.5% (YINI¢1) 47 (NL+3)) =Y INI+2)
CUBIC=YINI®Z)¢E* (D4ECC)
0COX= (842, *E*C) 7Y (2)
RETURN
END
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INPUT OATA
PH PT T GAMNA R cP
+5GOGE+ D1 +6720E401 53206403 +1400E8g; 5334E4g2 +24G0E+00
B H xx YE XHSUP THEYAR
+2000E+09 +1600Es03 «1000E¢91 +6000E+ 93 e 2796E~01 .
0
«240GEe Qg
POSITION XR
«2500Eep1
CONTROL. PORT PRESSURE

0.

NORMAL CURYE oFf ERROR
c0GGErg2 s1020E+0) g.

a. «3%980E~01 +V930E-0Q1 +1179E¢0¢g +1554E4( 0 «1915E+09
+2258E+00 «2S80E+G «Z881E+Q9 »3159E+00 +341FE+0 g «3643E+pg
+JBH9E+5D +4032E+3) +4192E40D «43326+0p shb52Ee4Gy «4554E+ G
siBbW 1B+ Q0 a4T713E4Qg +4TT3E+ Q0 «82LE+ 50 «4861Ee g ~4B93E+Gg
+4918E+ Qg © «%93BE+QQ .+4953E+0p »64965E+09 MATLELG «4981E+00
«4987EXQQ «H990E+g9) +&4993E+0 0 “HIISE¢GD +4997E+00 «4990Ee80
w4 998E+ 9 L9994 Q¢ «H999E4+9¢ 050005’00_

u]mﬁﬁimﬁiilmﬂﬂlﬂhm iﬁhhmﬁm%&:l_&- | TR T P SO




XMACH
+5639E¢00

YCORJ
+2245E+00

xR
»250CE+01

REYND
»5393E+03

 YWIDY
+8266E+00

PG
g.

OUTPUT RESULTS

ud
«T73195E403

XJETI
«3472E-0L

INTERACTION REGION PARAMETERS

THETAJ SCONT
L 1Y «10G0E+DL
GAM2 XHMPROF
oﬁ??CEQQU +1453E=-01
RECEIVER PARAMETERS
UGLXR YCORXR
+7195E4+03 «3920E~01
XNEWS GAMZNI
«3JTO0E+Q0 + 3928E+00
XNE RXR UXR :
«3709E+ 040 «3833E¢03
+289TE+D0 «B890E+03
+ Z094E*DD «5880E+03
+1291E%00 «bBBLE+D3
_ehB82E-01 «T1LL7E+QI
g. . «7T195E+903
+&882E-01 oT117E+03
«1291E+00 +G66LE+D3
»2094E+ 00 «SOB8CE+03
L2857€900  J4B90E*03
+3760€400 +3833E+03
GAMING GAMLNG
o§7375000 «MT3ITE+OR

UCLS
+«7195E+#03

XMATHO
0.
YHIDXR
P128LECDL
GANZNG
«3928E403
TXR
+5198E+03
 «5121E+03
+S032E403
+4950E+03
+4898E403
4 B89EHD3
«4898E+03
+4950E+03
+S032E¢43
J5L21E403
+5198E+03

XMOMEN
+1019E4+00

-

r

XGCORE
«3591E241

AJJET
~6TB4EHIL

YCORS
w171BE+00

XMGONT

«554LE~03
E

«5000E+G0
XHOPRC

- 2628E-01
POXNR
+5S563Ee01
«9337E+01

e LW0SE+02

. «18T7LESD2

+2191E02
+2269E¢02
+2191E402
«1874E+02
+1005E+02
. 9337E401
+5543E+01

POMOM
»1552€+02

ATRAN
«1562E+401

YHIDS
*+9515E+00

AL

SURMAS

0.
+1838E=-02
»el50E=-02

+6bB9LE~L2

+9945E=02
«1313E-01
+1632E-01
+1938E-01
«2212€-01
. 2043E-01
+2627E-01

PBAY
+15658+02

XTure
«1020E¢02

XNEW2
«5492E+00

XNEW3
«370GEXDD

SUMMONM

.
v5023€-02
+1281E-01
«2355€-01
+3668E-01
+5G91E-01
+6513€-01
+7826E~01
+8900E-01
«9679E-01
«LU18ED



a0
AR

SRE T B

-

m i =

8.

9.

i0.

11.

12,

13,

14.
15.

16.
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