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NOMENCLATURE r

a convection and diffusion term defined by Equation (18)
A convection and diffusion term defined by Equation (18)
Arca area used in the convection and/or diffusion flow

b width of jet nozzle

BB residual flow in the continuity equatiom, Equaticn (32)
C convection rate, Equation (17)

€}y €2y ¢y turbulence constants

d diffusion rate defined by Equation (16)
D diffusion or substantial derivative
E nodal point E (Figure 3)
G vate of generation of turbulent kinetic energy, Equation (9)
k turbulent kinetic energy
1 mixing length with curvature effects included
£, mixing length in the absence of curvature effects
L width of a channel
N nodal point N (Figure 3)
P pressure or nodal goint, P (Figure 3) !
4 distance in vadial divection or vadius
Ri, Rg inner or outer radius ’
Re Reynolds number
$ distance in the v0 direction or nodal peint § (Figure J)
u'v' Reynolds stress term
u' turbulent fluctustion velocity in the U divection
Ug, velocity in the § dirvection
t velecity on centerline
Up, ﬁg tevas used in the U mamentum, Equatioas (24) end (25)
v' turbulent fluctuating veloeity in the V direction
Y velaeity in the vadial divection
?ﬁ e? tevas used in the V comentus, Equatiens (27) and (28)
VoL voluse
' turbulent {luctuating velocity in a perpendicular direction

from U aad ¥
¥ nodal point W (Figure 3)
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INTRODUCTION

The U. S, Navy is considering several categories of V/STOL sircraft
for use with smaller carriers, as a more economical means of maintaining
sca control., One way of obtaining the additional thrust required by
these aircraft is to divert the engine exhaust flow through a thrust
augmenting ejector, Such an ejector is a kind of jet pump in which
entrainment by the exhaust stream accelerates a larger mass of air drawn
from the atmosphere, By Newton's law of action and reaction, the ejector
experiences a force which is equal but opposite to the momentum change of
the entrained air. A wore complete description of this process has been

given by Bevilaqua.l

Combining the e)ector with the wing, as shown in Figure 1, produces an
especially effective lift/propulsion system, A V/STOL aiceraft having an

Figure 1. XFV-1lA Integrated Lift/Propulsion System



ejector wing converts smoothly from jet-borne hover to wing-borne flight,
because the wing lift is increased during conversion by the jet flap
cffect of the ejector exhaust stream. In addition, separate reaction

jets are not required for control during hover; control forces may be
sxenerated by differential action of the ejectors. To demonstrate these
advantages, the North American Aircraft Division of Packwell International
is developing the XFV-12A, a V/STOL aircraft which has ejectors in the

wing and canard,

Although analytic methods for predicting ejector wing performance are
necessary for conceptual design studies and to reduce test vequirements,
a theory for predicting both the lift and thrust of ejector wings has not
been developed., There are methods for calculating the imcrements of
aevodynamiec lift and pltching moment induced by an ejector of given
thrust, These are based on the now classical vertex sheet model of the
pure jet flap devised by Spen€e.2 Linearized, thin zirfeil theovies were
developed fov the ejector wing by Chan? and Noolatd“, who added a simk
on the upper suvface of a jet-flapped wing to vepresent entrainment by
the ejector, Wilson? extended this approach by anmalyzing complete
geumetries, iacluding thickness asnd camber as well as defleetion of the
jet wake, More vecently, Mendenhail amd McMillan® have begun investiga-
tion of three dimensional effects,

These metheds have been useful in perfovsing parametvic analysis and
fur cocputing load diszteibutiens, such as surface pressuves amd hinge
moeents, Howevey, meithey the thvust guzementstion vatio rov the injtisl
theust asgle is predicied. Is cuvventr peractice, cxperieental data is
uwied te specify rhe vaviaz{on im these parsg=etuss during coavervsien frua
hover to conventional flight. Sueh an czpiricai appveach is anly useful
for =mall vaviations froe the ovigiral data base, so that theve i5 fo
pracedure for evaluating siguifiecant dealgn changes or mew coafiguraticns.,

For -tatic ejectorps, Bevilaqua and Betoade’ developed a method of
predicting the threst augeeatation by itevating betueen a viseous solutioca

#
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for "he turhulent mixing within the ejector and an inviscid solution for
the flow outside the ejector. The purpose of this report is to describe
a viscous solution developed for use in a similar analysis of the ejector
wing., Calculating the turbulent mixing is more difficult in this case,
because curvature effects become significant as the ejector is deflected
aft. In the next section, the effect of curvature is discussed and

the governing equations ave presented. The numerical scheme devised to
solve these equations is described ia the following section, In the last
section, the calculated results for some simple flow geometries ave com-

pared with available data, and a sample calculation for a typical ejector
configuration is shown,




GOVERNING DIFFERENTIAL EQUATIONS

Mean Flow Equations

The performance of the ejector wing depends pvimarily on the thrust
augmentation ratio and the thrust angle. however, computing these para-
meters is made difficult by the complexity of the ejector flow field.
There are interacting regions of turbulent and irrotational flow, subject
“o lateral straining and streamwise curvature. The curvature produces
strong lateral pressure gradients, which distort the inlet flow and

deflect the thrust vector from the mean diffuser angle.

These elliptic effects due to curvature cannot be calculated with
classical parabolic solution procedures,7’8 in which upstream influences
are neglected and the equations are solved by marching through the ejec~
tor in the streamwise direction, While a fully elliptic solution would
include upstream influences, the requirements for increased computer
storage and time make such an approach prohibitively expensive. Instead,
we have adapted a method devised by Pratap and Spaldingg’lo for economi-
cally calculating upstream influences in duct flows. Since there is a
primary direction of flow (through the duct) the elliptic effects are
primarily due to transmission upstream by the pressure field, This type
of flow falls between parabolic flows, in which there are no upstream
influences, and elliptic flows, in which pressure, convection, and dif-
fusion transmit influences in every direction. From a computational
viewpoint, duct flows of this type may be classed as partly elliptic or
partially parabolic,

The eyuations that govern the flow in the ejector are derived from Reynolds'
equations for turbulent flows, by neglecting stresmwise diffusion and upstream
convection, Thus, the effect of a local disturbance is transmitted upstream

by pre-sure only; downstream by pressure and convection; and across the

flow by pressure, convaction, and diffusion. In cylindrical coordinates
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(r, 9) the governing equations take the form

Conservation of Mass

QUL &,V
06 + or + T 0
Streamwise Momentum
au ou .UV 19P  Qdu'v' 2u'v’
Ve " Var v T ° - P rd or r (1
Radial Momentum
av vyl 1 8P
T ———— —— " m— o -
Vet Vor - = D or

These equations do not describe the effect of curvature on the flow,
The "extra" terms originate in the choice of coordinate system and do not
imply any additional physical processes. The Corilolis acceleration,

UV/r = wV and the centrifugal acceleration ue/r = WU, arise from rotation
of the velocity vector wi-1 respect to the coordinate system., Similarly,
the uxtra stress term is a consequence of having chosen a cylindrical
volume element; that is, since the sides of the element are not parallel,
the shear stress has a component, 37377;; in the streamwise direction,
Thus, the use of cylindrical coordinates is & convenience in

this case, and the additional terms merely account for the difference
between the actual accelerations of the fluld and those which appeatr to

take place in the curvilinear coordinate system,
Turbulence Model

The effect of curvature is to increase the turbulent mixing rate. The
first attempts to model this effect were straightforward extensions of
mnixing length theory. Prandt1!! and Townsendl? developed relations to
increase the mixing length as the radius of curvature decrcased. These
had the general form

fefo (Lrad (2)
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in which £ is the mixing length, d is the shear layer thickness, and &
is an empirical constant, This approach significantly underpredicts
the change in the mixing rate. Bradshawl3 improved this model by making

the mixing length increase in proportion to the strain rate due to curva-

l=lo(1+a5%/%r). (3)

More recent proposals have been based ou the turbulence kinetic energy
equations, According to the usual eddy viscosity assumption, the turbu-
lent stress is first expressed in terms of a turbulent viscosity, My, and

the izean strain rates

o G- Y (@)

Again, no new physical process is implied by the extra strain rate,

U/r. Following Launder and Spaldingla the turbulent viscosity is assumed
to depend on two parameters: the turbulence kinetic energy, k, and {its
rate of dissipation, €. From dimensional arguments, the expression for
the turbulent viscosity is

cpupk?
ny s 2 (s)

in which ¢y is an empirical constant.

Under the partially pavabolic flow assumptions, the curvature equations

for the three components of the turbulence kinetic ensrgy take the following

fovamss
Change = Production

Dissipation + Diffusion + Rotation

m.z . l l ‘aamew— 2”
[ o SURERE - - + - - LIVL -
b m H th 3 D u'v! <
T 3¢ v 30+ uW' T (o)
Dw'? 1 1
—— - - <+ -
Dt )ﬂf 3D
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In contrast to the mean flow equatious, these turbulence equations
conta:n additional terms which do represent a physical process caused by
the curvature., Since the extra terms have opposite signs in the equations
for o' and v', the effect of curvature may be interpreted as an eddy rota-
tion which transfers energy from the streamwise component of the turbulence
to the transverse component., This interpretation of the curvature terms

was suggested hy Hunt and Joubert, 13

Summation of these three equations gives the equation for the turbulence
kinetic energy, k = %(u'2 + v'2 + y'2) ysed by Launder and Spalding:lé

pU%+pV§—§=D+C-PG (7)

Because the rotation simply transfers energy without loss between the
turbulence compenen%s, ~irvature is seen to have no effect on the total
turbulence energv, Thus, the classical turbulence energy equation caanot
Ye used to determine curvatur- etfects.

Instead, we have used a hybrid equation, which simulates the actual
physical mechanisa. .he turbulence iinetic energy is used to provide
an estimate of the avevage inteasiyy of th: velocity fluctuations which
cause the turbulent mixing. Hewever, in thin shear layers it is the v'
component of the turbulence which produces weost of the mixing. Therve-
fore, an additional piroduction tevm was added to the turbulence energy
equation to represeut the increase of v' due to curvature. The equation

for the turbulence kinetic enevgy thevafore becomes

ak Ok , -2t
PU gtV gp =L - per vy (8)

in which G i¢ the produccion of turbulence kineti. energy which occurs
in the streamuise component., It has the {omm

—— Ol
G = y'y' (%% - % (9)
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The expression for the diffusion of energy by the turbulemt fluctuatioms

is

&) (10)

An equation derived by Chambers and Wilcox?7 was used to compute €,
the dissipation of the turbulence energy. It contains the same curvature

convection as the turbulence energy equations

2 g€ €,0 (He e N2
pUrdg+pvar=(clc-czpt)k*'at(a‘ar)'*uv - (11)

This turbulence model has five empirical constants, According ta the
recommendations of Launder and Spaldingl4 the following values of the

constants were used in this analysis,

cu c) ) ok O¢
0.09 1.44 1.92 1.0 1.3

For boundary laver flows, Chambers and Wilcox?? suggest using 9/2,
rather than the factor of 2, in the curvatyre tem. The effect of chang-
ing this value was not found to be significant,
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DIFFERENCE EQUATIONS AND SOLUTION PROCEDURES

Ceneral Iteration Procedure

The equations involved are a coupled set of nonlinear, partial dif-
ferential equations. These equations are transformed into a corresponding
‘ set of finite difference equations that necessitate an iterative type of
t;: _5" { solution to obtain the velocity and pressure field., The iterative approach
; l is needed because the coefficients in the basic differential equations also
,; ;. involve the velocities and pressures being sought, Figure 2 briefly depicts
a2 » the overall iterative approach and this is followed by a morve detailed dis-

cussion of the method of solution.

Step . Imitialieation
Bstimate entive pressure and velocity field at problesm start,

Step 2. MNarching Solutien for Veloeltles
Solve U-momentum equations for dnamstreas U veloecities,
Correet U's to satisfy overall mass centinulty,
Solve continuity equation for V velocities.
Solve tuvbulemce equations fer ¥ and € ylelding M.
Repeat for next downstream slab,

o Step 3. Solution for Entive Pressure Fleld
: Solve Palsson's equation for pressures at each node.

WAl L T a7 TLEWWPIRS -

Step 5. Convergence Check of Selutien
Return to Step 2 if pressures and velocities ave not converged.

Figure 2. General Solutioa Pretedure




The major improvement in this approach is the manner in which the pres-
sures are calculated, In the earlier method of Bevilaqua and DeJoode,7
a single pass or march through the ejector was made. Pressures were
stored in a single array in the program and downstream pressure effects
could not be transmitted upstream. In the work of Pratap and Spaldingg’10

many passes were made through the duct and on each pass the dowmstream :

pressure perturbation was transmitted upstream over an incremental step
distance, Convergence to the final pressure field was relatively slow, i
This is not the case for the program used herein. Pressures are stored |
in a two-dimensiomal array., The equations used to calculate all of the
nodal pressures are solved in a simultaneous manner ("sweeping"). Any
downstream effect is transmitted all the way upstream on each pass through

the duct, Convergence is much faster,
Grid and Difference Equations :

The notation for the velecities, U and V, and their control volumes fol-
low the same geneval procedure used by Pratap, et al}0, The control volumes
are staggeved as shown in Figure 3 and the subscyipts P, N, S and E refer
to the particular variables directed toward these nodal points., The nota- i
tiern N, S, E and W designate the points to the North, South, East and West, ?

Using this notation the continuity and womentum equations can be ?

expressed in g simplified foym, %
Msss Conse¢rvation: %
(pUp) * Avea - (pUg) * Avca + (pVp) * Avea - (pVy) *+ Avea = 0 ,
U Momentums

A?UP = A;:UN + A:Uv + A:US + (PN - P?) * Area + Souwvce * Volume (12)

V Mosentuas

N _ ¥ ¥ v )
Ap\‘p - A&V& + AUV” - ASVS + (Ps - Pp) « Area + Source ¢ Volume

F
3
g
!

10
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(a) Nodal Point and
Velocity Notation

(c) Contvol Volume for U Velocity

\C/"' k and €
S

(b) Control Volume for
Continuity, Pressure,

(d) Control Volume for
V Velocity

TRty i ey

Figure 3, Grid, Velocity and Control Volume Notation

vheve the coefficlents, A, represent the cochined effects of convection
and diffusion while the source tevms include the effects of curvature, etc,
The avea tems correspond with the incremental volume surface over which

the velocity or pressurve is acting,

To greatly simplify the computer

program logic, Patankarl® nas suggested that bhoth the momentum and
turbulence equations be expressed in the simplified form:

R T e T S s e e
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i
3 pu —2 +pv 3 —2 XA ( Qﬂ) + Source (13)
o a af
Convection Diffusion
o \ in which the symbol @ can represeant U, V, k or € as shown in Table I, 4
Table I, Generalized Fquation Parameters 3
Equation 2 r Source f’
3 o U 9 puv
1 - S e S SR -
U Mow.entum L ”t as rz ar (ugf) T
o ou |
V Momentum v 0 e + -
i
:
s 3 U au E!
Turbulent Kinetic Energy k /oy, G - pe - 3 e T 3t ' |
.1
E
Rate of Dissipation of - L3 y_gl_l)g
Turbulent Kinetic Energy ¢ ”t/of (CIG Cape 2 My ror/k 3
: Using the soutce term notation of Table I, Equation (13) can de
- ex~ressed in a general finite diffevence form ast 2
= Ap Bp = Ay iy + Ay By ¥ Ag B + Soutce * Volume (14

. la which the subscripts vefer to the nodal points in Figure 3. To insure
mathematical stadllity, the “Source" terms in the above equation should




contain only the positive values of those shown in Table I while the
negative source terms should be substituted into the Ap relations

Ap = Ay + Ay + Ag - Source * Volume (15)

The terms A in this equation represent a combination of diffusion, d,
and convection, C. For example, the diffusion from point P to N

(Figure 3) for use in the U momentum equation can be descridbed as:

dy = Area

b ¢ (16)
N, oe
H‘N “tp

in which the interfacial avea tevm, Area, is lucated at a distance, oy,
from the N grid peint and distances dp, from the P grid point. Although
the turbulent viscosity is shown in Equation (16), laminar values can be
used.

Theve {s also a convective flow, €y froam nodal point, P, to N,
Cy 5 P Avea * V (n
To insure 3 move vapid and stable convergence {n tae {terative salution,

Patankart’ o 18 hgs developed the following velations fov use in Equations
(lé) and (15)0

A = ay ¥ [ Cue 0]
where
ag = dy (1 - .1 |eg)ray)® tor o | < 20 4y

ay © Gy for |Cy |2 10 4y

i
i
i
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in which the brackets, [ ]. signify the largest of the two enclosed fac-
tors. In like maunner, the combined diffusion and convection term, Ag,

between nodes $ and P are:
Ag = ag + [Cs, 0] (19)

The coefficient Ay in Equations (14) and (15) represents the comvection

on the west side of the control volume:
Ay = P+ Artea * Uy {20)

In practice, the values of the diffusion and convection terms are averaged
over two adjacent control volumes. It is recomaended that reference to
Patankar(l7’18) be made for a more detailed descriptiom,

The marching technique (Figure 2) starts with the first slab and proceeds
downstream, slab by slab. For example, the Ap, Ay, Ag, Ay along with the
soyree terms are calculated for each cell in the particular slab coasidered.
The unknown U velocities (Equation (1§) with # set to U) in the slad ave
caleulated using a tridiagonal matvix algeriths with the velocity at the
wall set to zero for the wall friction case. These U velocities genmevally
do not satisfy the vequirements of contimuity over the emtire slad (unless
the coavergence of all the momentum and turbulence equations is obtained)
afd an adaptation of the method of Spavrow, et all? is used to “adjuse™
the U velocities to satisfy slab overall contimuity,

tThe V velacities are them caleulated for each cell in the slab, Figure &,
stapring with the lewest vell, usimg the basic contimuity equation (con-
stant deasity).

Uiﬁ . Aft'aia - Uﬂu; . A?egaug + v‘a At‘éan‘

Vour ® Areagyt (21

in which the indicated sveas corrvespond wich the veloecities. It will de
shova later that the eoaverged values of V depend on both contimuity and
the pvadial mosentus equatiocn (Byuatioca 1).
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Figuve 4. Slab Continuity

For the particular slab, the values of U and V ave continually being up-
dated. Usiag the “mest veceent™ values, the turbulent kimedle energy, k,
and dissipatien, €, equations are solved (Table 1 and Equations & through
11} i a similas eanrey as the U samentus cquations. The aewly ealeulated
values of k and € for caen cell ave them substituted into Equation (5) to
detersiae the tuvbuleat viwcosity, By, for the particular cell.

This entive procedure is rvepeated far each succecding slab until the aug-
e¢nter oxit is resehed. At this point in the itevation process, an esti=ate
of the eatize flow field of U and V veleeities is krown, although these i
values =3y mot ke the {inal, coaverged values.
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Pressure Scheme

Before describing the detalled equations, it should be pointed qut

that there are two distinct improvements in the determination of the

overall pressure ficld when compared with that done earlier (eg, Bevilaqua

and DeJoode’). The first is that the pressure field in the program

described in this paper involves an elliptic solution in that down-
stream pressures are transmitted tn upstream ve
major improvement is the detachment of the pressure equation from

the momentum equation in the solution,

In the earlier approach

a pressure correction was developed and was used to perform two tasks--

correct the pressure and covreet the velocity,

This resulted in lmproved

velocity distributions but relatively bad pressure fields in that con-

vergence was slow, In the new improved approach, two separate equations

are used, one to obtain the pressure (solution to Polsson type equation)

and the other to corvect the velocity,

Test cases have shoun that despite

the extra numerical computations needed in the new procedure, theve is a

30 to 30 pereent saving in computer time.

The following paragraphs desceibe the proceduve used for the caleuvla-

ti08 of the pressyre field.

back into the womentum and turbulence equations to obtain an updated vel-

oclity field (Figure 1j,

The U moscntus equatios has the fois

Aplp = Aplly + Ayly ¥ Aglis + Source * Vol + Area * (Py - Pp)

in which the avea {s the interfacial avea perperdiculsr to the lime extends
ing froe node poist By to Pp (Figure 1),
snd iseludes the convection/diffusion teres Ay, Ay, atd Ag. Re-arranging

Bgustioa (22) leads tos;

tp #

DRMEpapTY vl - g g~ P

[a§u§ AL e Asﬁg + Sguree « Vol
Ap

1]

Azca
]* Ap (s - Pp)

These pressurves are needed for substitution

(32)

Ap is defimed by Eguatioa (1%)

(23)

ke 4 5942t e =%




A
and replacing the bracketed term by Up results ing

Up = Up + Arca A"’“ (Pw - Pp) (24)

In like manner (with different values of area)

Area

Ug = uE My v (Pp - Pp) (25)

The V momentum equations

A\‘VN + vaw + A3Vs + Source » Vol . Area
Vp = [ - Ap +* Ap (Ps - Pp) (26)

can also be simplified to:

Area
s 6? * _AE’- (PS - Pp) (27)
and
Vy = Yyt ﬁiﬂ (Pp - y) (28)

The Vo and Vy relations represent the radial momentum equations., With the
substitution of Equatiom (23) into the continuity equation for the pressure
coatral voluze (Piguge 3 ):

(PU Avcaldy - (pU Aveady + (pV¥ Area)g - (oV Aveady = O £29)

there i{> ahtsimed

ApFp = AnPy + ARy + AgPg + AgPp + BB (30)

be mepersiaat i et e+

in which

Ap = AN * A * Ag ¥ Ag {31)

asad

A A A A
B3 = (pAres Up) - (parca Ug) + (pAvea Vp) - (pArea V) (32)

NPT ) ' S

i?
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With convergence the value of BB tur each cell over ine entire field

approaches zero.

There are five unknowns in Equation (32); namely, the pressures
at the center of the cell and the pressures of the four adjacent
cells, When the number of cells in the flow field is large, it
is expedient to solve for the pressures using a block relaxation technique
followed by the use of the tridiagonal matrix algorithm sweeping from left
to right, then right to left followed by sweeps in the vertical directions,
For this study Patankar(17) developed a "block relaxation' technique that
was shown to greatly accelerate convergence, In brief, a constant pres-
sure correction is added to each slab prior to the sweeping action type

computations.

The newly calculated pressure> are then substituted back into the
momentum and turbulence eyuz' .ons (Step 2 in Figure 2) and the entire
procedure is repeated, Convergence is obtained when further calculations

show that the values of .elocity, k, €, and pressure do not change within

citosen tolerances.,
Grid Generation

In otder to calculate the velocity field in a non-uniform area duct,
as in an augmenter, it is necessary to first generate a mearly
ccthogonal grid system, forming a set of "curvilinea: squares" to which
the finite difference equations can be applied, For accuracy, a large
number of such squares or cells is desired, In the absence of a compre-
hensive computer program to perform this operation, the flow field in an
augmenter was first subdivided into a coarse grid of squares by a trial-
and-error, hand drawing technique (eg, Schneiderzo). Richardson®}
indicated agreement between graphical and exact analytical solutions of
the order of 1,0 percent for simple, classical problems, The coarse grid
for the augmentev analysis is presented in Figure 5. About midway

through the augmenter, the "squares" were extended into rectangles for




Coanda Jet e 0. 1M )
Nozzle

LT _ i i

Center Jet Nozzle

Figure 5, Orthogonal Squares Used in Ejector Flow Field Analysis

cuirt enience in the computations. A computer program was written to
further subdivided the coarse grid into a finer grid, consisting of a
total of 3375 celis, 45 in the cross stream direction and 75 cells in
the flow direction. The necessary geometric information for each of
these cells was recorded on computer output tape for read-in to the
viscous program. Results of the augmenter flow field calculations as

well as some simpler test cases are presented in the following section,
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RESULTS AND DISCUSSION

The comparison of experimental data with analytically predicted values
from a computer program can be used to assess the accuracy of the mathe-
matical modeling of the complex flow phemnomenon, In this section comparisons
are made for flow in straight ducts, as well as in curved ducts in order
to demonstrate the cross stream (elliptic) pressure effect. Flow in an

augmenter is also studied.
Flow in a Straight Duct

A comparison of predicted and measured velocities for fully developed
turbulent flow in a 2-dimensional, parallel plate channel {s shown in
Figure 6. Good agreement with a mean line through the data of Laufer??
is obtained.

1.0 F
N
N /
14
Y 4.
b Laufer?? , Re = 31000
= = Prediction, Re = 31000
02 -
Re = EU“LZZ
. i 4 F '}
0 0 .1 o 3 R )

el o

Figure 6, Comparison of Predicied and Measured Velocity
Profiles for Fully Developed Turbulent Flow in
a Channel
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A similar comparison is shown in Figure 7 for the case of a plane

turbulent jet in a co-flowing stream, the data being that of Heinstein,23
et al, The initial jet velocity 1is twice that of the secondary flow, a

value which is not too far different from that for augmenters,

L L 4 L L4 ¢ ¢+ 2 4 £ ¢ L L

—»21.3 M/sec

b= 1.27 cm (70 ft/sec) _ o —==—"" 27.4 cn
(0.5 in) ____"-_a:‘g'_'z:_?"_u;e_c (140 fr/sec) (10.8 in)
¥ - . _ - l
- Tt~ —— y
| AL 2 A A A A A Ay v r T rr

-

Measured

Lure b ilrdle fon

1.0 r -
gk x/b = 15 x/b = 32 | x/b = 60
\
- BT 5
] Sec ‘
Ujet = Usec Gk i )
! Meastred
2 /\__Pre— & Pre¢-
/ dicted dicted
0 A A A
2 1 63 2 1 0 &4 3 2 1 0
y/b y/b y/b
Figure 7. Comparison of Predicted and Measured Velocity

At distances to 60 jet widths, (the maximum investigated in the tests),
the agreement is good.

Profiles for a Plane Turbulent Jet in a Co-flowing

Stream

The slight differences at the outer edge of the

jet might be attributed to the use of a "thick walled" nozzle in the

experiment,
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Flow in a Curved Duet

high degree of curwature,

“."‘*W"" - - e e,

laminar flow in ducts with and without curvature,

Figure 8. Comparison of Predicted and Measured Peak
Velocities in a Turbulent Wall Jet in a Co-
flowing Stream

The predicted decay of the maximum velocity of a wall jet in a co-
flowing atyeam is compaved in Figuve 8 with the measured vesults of
Gartshore and Newmanl% - Good agreement is also shown,

Although the program was primarily written to study turbulent =mixing
in ducts (augmenters) the progvam also has the capability for caleulating

on fully developed, laminav flow 1is shown in Figure 9 for a duct with a

¥

The effect o7 curvature




Theory, -
No Curvature

L
Theory,
With Curvature Jg

1.0

i<

Figure 9, Comparison of Predicted Veloeity Profiles with
Mathematically Exact Theoretiecal Solutioms fer
Fully Developed, laminar Flow in 2-Dimensional
Ducts with and without Curvature

Computer predicted values ave in good agreewent with the exact theoveti-
cal solution, developed by $0d3, As 3 mattery of interest, the theoveti-
cal exact salution is also shown for the case where there is no curvature.
For lasinay flow it can be seen that the effect of curvatuve is swzall,
viich is not the case for tuvbulent flom.

The turtulent flow data of Eskinazi and Yeh?® arve used here for
cosparison with predicted values. The test configuratiorn, Figure 10, con-
sists of &.88 meters (16 ft) straight duet preceeding the curved duct which

e e,
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has a radius ratio of 0,9, This curvature is comparable to that for the

flow of a Coanda jet over a curved surface in an augmenter, At the juncture

Y
— ‘
4.8 M (16 ft) Duct L=7.6cm
(3.0 in)
Ro =76,2 cm
(30 in)

R
i L
Ro - ,9’ (Ro 01)

1.0

Predicted
8 b

Bk

L 3

1
R b 8 1,

.

inaney Radius

Figure 10. Comparisan of Predicted .~7 Neasuved Velocity

Profiles for Turbulent Flow in a Rectangular,
Curved Duct
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of the straight and curved sections, predicted velocities agree well with

a mean curve through the data. At the 170° station and inner surface

(y/L < .3) predicted velocities are larger than measured values while at

the outer surface (y/L > .7) the predicted values are smaller, The maxi-

mum difference in the calculated and measured velocities is of the order
of 10 percent, Calculated pressures across the duct are in excellent
agreement with measured values (Figure 11), The effect of curvature on
the velocity profile is seen to be much larger for turbulent flow than

laminar flow, when ‘“e results of Figures 9 and 10 are compared.

1or i v
i
80 ¢ b L“(<‘r
= 2,6 cm (3 in.)
L -ﬁm
Predicted l
60 | -

R. = 76. cm(30 in.
ProcaL = PINNERWALL 0o cm( 30 in,)

(Pascals)
40 ¢

Measured
20

Figure 11, Comparison of Predicted and Measured Pressures for
Turbulent Flow in Rectangular, Curved Duct ,
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Flow in an Ejector

The ejector model (Figures 5 and 12) has a throat width of 0,122 meters
(0.4 ft) and a distance or length from the throat to the exit plane of
0.268 meters (0.88 ft), A characteristic geometric parameters is the ratio
of this length to the ejector throat width., For this configuratiom the
ratio of length-to-width is 2,2, The diffuser half angle is 10°, The

center jet consists of a plane 2-dimensional slot jet with a total width

Augmenter

J
320‘1
A t
van 43
280 4
260 4! ; !
\ : g
200 + )
U, Parabolic Program
M/S 150 4! i N
\ Curved Ejector
120 4! . Program -
| W ¢
80 « <
“0" < r
0 2 4 o 2 4 6 8 0 2 4 6 8 10 12
¥ Y y

Distance from Centerline - c¢@m

Figuye 12, Comparison of the Cross Stream U Velocity Profiles
Cbtained from the Parabolic Program and the Curved
Ejector Program
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of 0,762 em (0,3 in) while the Coanda gap is .1291 cm (0.075 in), WNozzle
exit velecities are 315,2 meters/sec (1034 ft/sec). The ratio of the
radius of the Coanda surface to the Coanda gap is approximately 17.6 at
the jet nozzle. Calculated velocities and cross stream pressure dis-

tributions, obtained from the curved ejector program, are shown for 3

stations, At the throat, Station A, the secondary velocity increases from 3
85.3 meters/sec (280 ft/sec) near the center jet at y = 1,37 cm (0.045 ft)
to 94,5 meters/sec (310 ft/sec) near the Coanda jet at y = 5.18 cm (0,17 ft), j

the increase due to curvature, Over the same region the pressure in the
secondary flow decreases from -4310. to -7180, pascals (-90 to

Auygmenter

1 1 t - 3

Distance from Centerline -
0 2 4 6 8 10 )
0' e 2 - P - ;_j_ e 2 _a e CA i

R

= 2000 o .1

=4000 4

=0000
Pressure
{Paseals) _gaa0 |

-10000 4

«12000 4 A Augmenter Loecation

Figure 1) Variation of the Cvess Strean Pressures Obtained
from the Curved Ejector Program




P T Ry e ——

=150 psfg) as shown in Figure 1) causing a V component or flow toward

the Coanda surface and hence an increase {n the U velocities,

. At station B, the secondary velocities decrease with distance from the %
e 3 : centerline, in contrast to that at station A, Curvature effects at sta- ;
';-" . tion B are small (large radius of curvature) as indicated by the negligi-
i; jfﬁ 5 ble cross stream pressure gradient in Figure 13 at this station. At the

exit, the two jets are nearly merged and cross strveam pressure gradients

are likewise negligible.

For comparison purposes, the calculated velocities obtained with the

parabolic flow program (Bevilaqua’) are also presented in Figure 12 in

which the secondary mass flow vate is about 4 perceat lavger. This small

S T US

difference in flow rpates should have little effect on the overvall trends.

In the parabolic pregram, curvature in the flow field for ejector con-
figurations cannot be accounted for nor can the dowmstream pressure effects

have any influence on the upstrveam pressuves and velacities (pavabolie

-

type solution). As a result, caleculated secomdary velocities ave constant
at any axial statiom, as shewmn. However, imn the curved ejector programs

»

the individual nadal pressures and covvesponding velocities are inter-
v:lated over the eative flow ficld., In the compavison of center jet
velocity profiles, it sheuld be noted that the maximum ov centerlime
velocitles are larger for the pavabalic progeam and this can be attributed

T A s bt s s Ak Yt P ol b s bttt

to the relative gxial lecgtion of the jer nozzle., la the pacabolie prograsm,
the location of the center jet must he in the same plame as the Coaada
nozzles, In the cuvved ejectoy progeam, the center jet is lacated upatreas
of the Coanda nocele plame gs {ndicated im Figuve $. WMWith the center jet
nozzle favther upstresas, the dowmstreas jet profile will be wider and

have a lower peak velucity than that showm,

in the compariseas shown ia Figure 12, the Coands jet nanzles ave in
the same axial locacion {n the ejector. Resulte for the curved ejector 'i
3
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program show a faster decay of the maximum wall jet velocity with a
corresponding thickening of the wall jet. This is due to the addition
- of curvature effects because at station A there is a pressure decrease L
of approximately 4790 Pascals (100 psf) through the wall jet (from y = 5.2
to 5.94 cm). The effect of curvature on Coanda entrainment should be

studied in more detail, in particular for Coanda surfaces having a small
A radius of curvatures. Although a symmetric ejector was analyzed in this
paper, to permit comparison with the results of parabolic ejectcr pro-
i grams, asymmetric configurations may alse be analyzed with the scheme
f< described heve,
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CONCLUSIONS ¥

A viscous turbuleat fluid flow program has been developed to extend i
the knowledge of the complex flow phenomena occurring in ejectors during
the conversion or transition portion of the flight, For these conditions
curvature of the flow through the ejector can cause a large pressure
gradient across the duct, normal to the main flow direction. Because of
thiz and (ts unknown effect on thrust, the curvature relations have been
included in both the mean flow and turbulence equations to assess the

effect of curvature on the flow field.

To establish a confidence level in the program, comparison cases were
studied im which the program was used to calculate the velocities and
pressures in straight as well as curved channels, and for wall jets and
center jets located {a a co-flowirg stveam. ALl of tbese flow cases caa
oceur in an ejector. Sueh compavisons showed good agreement of predicted
and measured dats, For a static ejector the pressure gradients acvoss N
the ejector chamnel were shown to be large. Curvature effects in the £
Flow vesulted im an iacvease in the spreading rcate (increased euntvainmeat)
af the Coanda jet.

Baszcd ea the favorable result: ebtained with thiz program, it zhould

prove very usefyl ia the developacnt of high performance augmentevs, ia

Biikid

particular when this viseouz flew prozras is “iater-comnected” with an

inviseld program used fog the valeulation of the veloeities outside of

the ejector,
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