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NOMENCLATURE

a convection and diffusion term defined by Equation (18)

A convection and diffusion term defined by Equation (18)

Area area used in the convection and/or diffusion flow

b width of jet nozzle

BB residual flow in the continuity equation, Equation (32)

C convection rate, Equation (17)

el, c2, cp turbulence constants

d diffusion rate defined by Equation (16)

D diffusion or substantial derivative

E nodal point E (Figure 3)

G rate of generation of turbulent kinetic energy, Equation (9)

k turbulent kinetic energy

.2 mixing length with curvature effects included

-o mixing length in the absence of curvature effects

"1L width of a channel

N nodal point N (Figure 3)
P pressure or nodal point, P (Figure, 3)

r distance in radial direction or radius

Ri, Ro inner or outer radius

~ I Re Reynolds number

S distance in the rQ direction or nodal point S (Figure 3)

C'V Reynolds stress term

u' turbulent fluctuation velocity in the U direction

Uq velocity in the $ direction

velocity on centierline

li•p, U t terms used in the ti tmentum, Equati'ms (24) and (25)

turbulent fluctu4ting velocity in the V direction

velocity in the radial direction

VS % •i- terts used in the V eSnttum, e.quations (7) Mnd (28)

VOL volIume

Sturbulent fluctuating velocity toPin erpendicular direction
froa U and V

•U nodal point U (Figure 3)
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x distance from nozzle exit

y distance measured from a wall (or centerline) in a channel
(eg, Figure 6)

empirical constant used in Equation (2)

S5 distance used in diffusion equation, (Equation 16) or shear
layer thickness (Equation 2)

rate of dissipation of turbulent kinetic energy

angle used in curvilinear coordinate system

bulk viscosity

1 lt turbulent viscosity

P density

Ok Prandtl number for use in the turbulent kinetic energy
equation (Equation 10)

Prandtl number for use in the turbulent dissipation equation
(Equation 11)

I symbolic notation used in Table I

0 symbolic notation used in Table I

angularity velocity

* Subscripts

East

in in.

"jet jet

OU- North

P at centro

" S South

5ec: secondary
W- West

u for U c.-n tum equaton

f (or V ejntun equation
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INTRODUCTION

The U. S. Navy is considering several categories of V/STOL aircraft

for use with smaller carriers, as a more economical means of maintaining

sea 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

frow 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 more complete description of this process has been

given by Bevilaqua.l

Combining the elector with the wing, as shown in Figure 1, produces an

especially effective lift/propulsion system. A V/STOL aiccraft having an

zX
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elector wing converts smoothly from jet-borne hover to wing-borne flight#

because the wing lift is increased during conversion by the jet flap

effect of the ejector exhaust stream. In addition, separate reaction

lets are not required for control during hover; control forces may be

ýenerated by differential action of the ejectors. To demonstrate these

advantages, the North American Aircraft Division of .9)ckwell 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 requirements,

a theory for predicting both the lift and thrust of ejector wings has not

bevn developed. There are methods for calculating the increments of

aerodynamic lift and pitching moment induced by an ejector of given

thrust. The~e are based on the now classical vortex sheet mode' of the

pure jet flap devised by Spen.-e. Linearized, thin airfoil theories were

developed for the ejector 6wing by Chan 3 and Woolard4 , who added a sink

on the upper surface of a jet-flapped wing to represent entraiment by

the ejector. Wilson$ extrnded this approach by analyzing complete

geue.etrh-s, including thickness and camber as well as defleetion of the

jeLt vke. Wtire recently, Headeaha~l aad K•IlaAb shave beWon l"vestiga-

7tiuo ut hree diensional effeect.

Thec ffethed-i have been ubeful in periuvagit paradetric analysis and

luf ectputing load dstruhutiuns, such a.s -urface pressures an4 hinge

moeUEn . tOWVef, ntdithtV the thru t aUgt-entation ratio nor the initial

t°•hru• angle l predicted. le current acti, .erxp-ri&tal data is !

u~ied to 6peeiiy the vriotia In these para!t*t's duldng 9!On ~rSio# fri-n

1-tvero t ouvcfktioual •light. $ueh 4a eýpirteaL apfroach Is only uweeul

toe .n-.11 varlatious tr"em the original data b4ae, ao that there is no
p"cedure for evaluating -4eilfiaut d&ltgu chaaonv or "Vw caigurations.

F tor L-ativ ejr heo-s •4vilaqua aud 11-0"0developed a Mthod of

prvdinktýg tho thr¢t•s audeiatatiw býy ltoel-adtI betuee a viscouis solution
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for he turbulent 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 curvaLure effects become significant as the ejector is deflected

aft. In the next section, the effect of curvature is discussed and

the governing equations are presented. The numerical scheme devised to

solve these equations is described in the following section. In the last

section, the calculated results for some simple flow geometries are corn-

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

configuration is shown.

J
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GOVERNING DIFFERENTIAL EQUATIONS

Mean Flow Equations

The performance of the ejector wing depends primarily 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 tutbulent and irrotational flow, subject

" I ~to 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 Spalding 9 ,I 0 for economi-

cally calculating upstream influences in duct flows. Since there is a'1 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 eq 1uations that govern the flow in the ejector are derived from Reynolds'

equations for turbulent flows, by neglecting streamwise diffusion and upstream

convvction. 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

,.4!,4



(r, 9) the governing equations take the form

Conservation of Mass

ou av V+ -- + -r 0

Streamwise Momentum

aU 49U UV I aP Ou'v' 2u'v'(i

rag Or r P rdG Or r

Radial Momentum

U +V V U2 iP

rdQ Or r POr

These equations do not describc 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 Coriolis acceleration,

UV/r =wjV and the centrifugal acceleration U2/r = WU, arise from rotation

* of the velocity vector wji'i respect to the coordinate system. Similarly,

the t:xtra 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, u'v'/r, in the streamwise direction.

Thus, the use of cylindrical coordinates is a convenience in
this case, and the additional terms merely account for the difference

between the actual accelerations of the fluid and those which appear 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

mixing length theory. PrandtlI and Townsend1 2 developed relations to

increase the mixing length as the radius of curvature &-crcaaed. These

had the general form

1 4o( -i x (2)

4 I
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in which I is the mixing length, b is the shear layer thickness, and a
is an empirical constant. This approach significantly underpredicts
the change in the mixing rate. Bradshaw1 3 improved this model by making

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

ture,

S 1+ a (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, pt, and

the .ean strain rates

OUU
SPt (L - E) (4)

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

U/r. Following Launder and Spalding1 4 the turbulent viscosity is assumed

to depend on two parameters: the turbulence kinetic energy, k, and its

rate of dissipation, e. From dimensional arguments, the expression for

the turbulent viscosity is

ju t - T(5)

in which cp is an empirical constant.

Under the partially parabolic flow assumptions, the cur.vature equations

- - "for the three components of the turbulence kinetic energy take the followin&

forms .

Chane Production Dissipation + Diffuslon + Rotation

-jDt 3 3
P PCng Dissipation

.- J,

" ,"-'-"-• r _...._•• . . .. .,- .I .. • -- . . . . . - . .• ..- • , - .



"In contrast to the mean flow equations, these turbulence equations

contain additional terms which do represent a physical process caused by

the curvature. Since the extra terms have opposite signs in the equations

fir a' aud 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 by Hlunt and Joubert. 15

Summation of these three equations gives the equation for the turbulence

kinetic energy, k - I(u,2 + v' 2 + w' 2 ) used by Launder and SpaldingS14

Ok Ok

pU k- + pV ýr - D +G- p (7)

Because the rotation simply transfers energy without loss between the

turbulence components, -'irvature is seen to have no effect on thc total[I
turbulence energy. Thus, the classical turbulence energy equation cannot

!)e used to determine curvatur- effects.

Instead, we have used a hybrid equation, which simulates the actual

physical meehanisa. .he turbulence kinetic energy is used to provide

all estimate of the average intensity of thl± velocity fluctuations which

cause the turbulent mixing. Howevtr, in thin shear layers it is the v'

component of the turbulence which produces wusc of the mixing. There-

fore, an additional ptoduction term was added to the turbulence energy

equation to represeit the increase of v' due to curvature. The equation

for the turbulence kinetic energy therefore beeomes

PU + -OV !Lk = + 6 - .-=•v.L-p r (8)

il" which G • I the produccian of Lurbuleace kintr*' energy which ocetirs

in the streamwise compouent. It has the o

-.) (9)

J-1

'w * 7



The expression for the diffusion of energy by the turbulent fluctuations

I K is

D -2- t ýLk(10)

An equation derived by Chambers and Wilcox 2 7 was used to compute E,

the dissipation of the turbulence energy. It contains the same curvature

convection as the turbulence energy equations

This turbulence model has five empirical constants. According to the

recooxuendations of Launder and Spaldingi 4 the following values of the

constants were used in this analysis.

Cp c1  c2  Ok Of

U.09 1.44 1.92 1.0 1.3
I..

for boundary layer flows, Chambers and Wilcox 2 7 suggest using 9/Z,

rather than the factor of 2, in the curvature tem~. The effect of chang-

ing this value was not found to be significant.

* I
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DIFFERENCE EQUATIONS AND SOLUTION PROCEDURES

General 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

solution to obtain the velocity and pressure fleld. The iterative approach

is needed because the coefficients in the basic differential equations also

* involve the velocities and pressures being >ought. Figure 2 briefly depicts

the overall iterative approach and this is followed by a more detailed dis-

cussion of the method of solution.

Ejector Val1

Step 1. lIitialiation
JEstimate entire pressure and velocity field at problem start.

Step 2. Harchlog Solution for Velocities
Solve U-momeotum equations for 6A-m.stream U velocities.
Correct U's to satisfy overall mass continuity.
Solve continuity equation for V velocities.
Solve turbule~nce equations fer ý sad 9 yielding O.
Repeat for next downstream olab.

Step 3. Solution for Entire Pressure Field
Solve Poisson's equation for presres at each node.

Step 4. Convergeuce Cheek of Solution
, I: Return to Step 2 if pressures and voloettles are not eonverged.

flgure 2. General Solution Pr@odurv

,. .. .. .. . .. . ... .



The major improvement in this approach is the manner in which the pres- i
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 Spalding9 ' 1 0

many passes were made through the duct and on each pass the downstream

pressure perturbation was transmitted upstream over an incremental step

distance. Convergence to the final pressure field was relatively slow.

This is not the case for the program used herein. Pressures are stored

in a two-dimensional 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 velocities, U and V, and their control volumes fol-

low the same general procedure used by Pratap, et a1 1 0 . The control volumes

arc stLggered as shown in Figure 3 and the subscripts P, N, S and E refer

to the particular variables directed toward these nodal points. The nota-

tion N, S, E and W designate the points to the North, South, East and West.

U-ing this notation the continuity and momentum equations can bW

expressed in a simplifled form.

Mass Constrvation :

(p•p) Area - (pUE) Area + (pVp) Area - (pVN) Area - 0

U toetentum;

AuVP ANýk + A U + A IV + (P -P ) Area + Siource *Volume (12)P N W W 5

V V
A Vp AVN +A V + AV + (P -P )*Area + Sou~rce ' Volume

W Ss 5 P

10
,JA _ __ _ _

- '- ---~~-- -. .-._- -__ ___



N
N

N -

W 'U PP E~ E 1 W PI

SS

(a) Nodal Point and (b) Control Volume forVelocity Notation Continuity, Pressure,
k and f

L!• ' ' I

Pt :

(c) Control Volume for U Velocity (d) Control Volume for
V Velocity

Figure 3. Grid, Velocity and Control Volume Notation

where the coefficients, A, represent the cotbined effects of convection
and diffusion while the source terms Include the effects of curvature, etc.
The area terms correspond with the incremental volume surface over which
the velocity or pressure is acting. To greatly simplify the computer
progratm logic, Patankar1 • has suggested that both the momentum and

"turbulence equations be expressed in the simplified forms

• ! !11

-'. •-it.•• .
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pU +pV (jr ) + Source (13)in

Convection Diffusion

in which the symbol 0 can represent U, V, k or E as shown in Table I.

Table I. Generalized Equation Parameters

Equation _ Source

U Momentum U pt " !L L -'r tr) "2

r

V momentum V 0 OP + PU
Or r

Turbulent Kinetic Energy k Mt/ak G - r- • Ut r

Rate of Dissipation of C '
Turbulent Kinetic Energy 2 r Ot

Using the source term notation of Table I, Equation (13) can be

ex-ressed in a general finite difference form ast

Ap Op AN% O + AW + AS OS + Source Volume (1)

to which the .ubscripts refer to the nodal points in Figure 3. To insure

tmathematical stability, the "Source" tems in the above equation should

12



contain only the positive values of those shown in Table I while the

negative source terms should be substituted into the Ap relations

SAN + AW + AS - 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 described as:

Area A

tN tp

in which the interfacial area term, Area, is located at a distauze, 6N,

frota the N grid point and distances bps from the P grid point. Although

.- • the turbulent viscosity is show.n in Equation (16), lazinar value c&n b i

used.

There is also a convective flow, C4 f rom nodal point. P. to Nt.

CS ~PArea V (

To insure a more rapid and itablo eonvorgetwe In Vae iterative solution#

patakar 1 4s tias develojp4W t4e following relattow~ for wse ia Equation.

(14) and (5).o

where 4 q U, .1 " " S I%1",)5' for 1%.1<1 d,o,.(•

p, ~ ~ ~ ~ A CS, for-• jC_.-•1 .... . i"S-*h .



in which the brackets, isignify the largest Of the two enclosed fasc-

tors. In like manner, the combined difft.sion and convection term, AS,

between nodes S and P are:

As as + LSo 0] (19)

The coefficient Aw in Equations (14) and (15) represents the convection

on the west side of the control volume;

Aw ; P* Area Uw (20)

In practice, the values of the diffusion and convection terms are averaged

over two adjacent control volumes. It is recoanended that reference to

Patankar(17918) be made for a more detailed description.

The marching technique (Figure 2) starts with the first slab and prceeds

dowastream, slab by slab. For example, the Ap, AN, AS, Ay along with the

-source terms are calculated for each cell in the particular slab considered.

The unknown U velocities (Equation (14) with 0 set to U) in the slab are I
calculated using a tridiagonaI matrix algoritlm with the. velocity at the

wall set to zero for the wall friction case. These U velocities generally

do uot satisfy the requirenvnts of continuity over the enti•e slahb (uless

the convergence of all theý fafthentum and turbulence equations is obtained)

&ad an adaptation of the method of Sparrow, et .119 is used to "a4)ust"

the U vel"IitieS to satisfy slab ovtrall Coutituity,

Tihe V vtlocitis, are thea calculated tor each cell in the slab, Figure 4.

Ptaitiag with the lt*Vt6t cell, s•int • tw asic continuity equation (con-

A'out Abttut + Vida Asiiny).

iW w•hih the indicated areas 'oerrespond with the Velwittes. It will bh

s&v*wa lat•r ths the. ccvevdcd valuos of V depend oa both continuity and
the ra'dial fa-tizetu- iequation (Nuattun I).j

14"
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Figut'e 4. Slab CoMLWnuity

F or the particular 4 lab, teValues of U5 and V are Continually bV lag up-
-' IdAtedd ttfla4 the t'Mast reeenuk values, the turbulent klMeLlCecnergy, k,

an~d dtsszlprtia:, tE* eq~atioali are Solved (Table I antd £qutsaon:autwrug:

a z!P-ttav eaaatfev' as tile V of oaequ equ4tiotie. Th# aewly ealcul ted
vahiem of k4 furtoe ýt cl are t~ t'ýbstitute4 into 4AIU()t
dotomtaon the turbulosti vI"eoilty t'Ot for the particular cell.

This en~iivio pro"edure Is repeated for each suecceediA& sla uitUil he au&-
thatner Otit IE reavekwd. At ithis point in the iteration process$ &a estittato
of Owe entire flou field of U aud V velocities is keokt* alitbwgh these

V4lU46 E53y not We tbw final, cwtver~etd value4.



Pressure Scheme

Before describing the detailed equations, it should be pointed out

that there are two distinct improvements in the determination of the

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

and DeJoode 7 ). 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 rn u'-stre•.- re;..on. The- se., ocnd

major improvement is the detachment of the pressure equation from

the uaumentum equation in the solution. In the earlier approach

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

correct the pressure and correct the velocity. This resulted in improved

velocity distributions but relatively bad pressure fields in that con-

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

a:re used, one to obtain the pressure (solution to Poisson type equation)

4nd the other to correct the velocity. Test cases have shorn that despite

the extra numerical computations needed in the new proeedure, there is a

.V 5 u percuem savIU4 in coeputer time.

The iollowiag paragraphs describe the procedure used for the ealcula-

t on oi the pressure field. These pressures are needed for substitutiot*

back intu the tftom_±ntut and turdwevct equations to obtain an updated vol-
ocity field cyi•ure. 1).

UW U 4ut u. eqntsio h tiso fav!

APL AN + AWUL + ASUS + WuV@ Vol Area Y?-)5) (22)

4 W.h EhOh Afi4 iti the tnte•iaclsl area speepcd1Culr Co the lIt extead-

08• ifr5 no40e poiW ft Wh to Fp (F1iure I). A? is deilned by Ettagio* (15)

And irtc 1u&e the- eomteit ton/difftts tooi tes 4,g At, a#4 A,$, Re-arranging

~ua~on(22) leadsi to.

Aý,V! A~tý * AstV+_ S4 * Vol]Area )
At AV)



and replacing the bracketed term by Up results ins
A Area 

(24UP Up + '7 (P p) (24)

In like manner (with different values of area)

A +Area
U " UE + •'E (Pp PE) (25)

The V momeautw equation:

rANVN + AwVw + AsVs + Source" Vol] Area (p pp) (26)Vp V Ap j p(

can also be simplified to:

Vp + Area P p) (27)

Ap

and

VN VN + Area (p? PN)AN

STh and VN relatioe rprebent the

tubitut~on of Equtiun (Z) tuto the contifuity -quation for the peure
I Control vv'ae (Figure )

(pu AreO)W " (pU Aro4)O ÷ (+ V AreO)S - (pV Area)N (29,)

ab4 no
AVPj, A+ -PN + WP + ASPS + AX.PX + Ob:•

io Which

• ~~~A A ,% +, + A,4 + AS + AZ ,,l

A A A A" "(p~o + (PAre. VV) - (pAre VI) (31)
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With convergence the value of BB lur each cell over Lne 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 pressureo are then substituted back into the

momentum and turbulence equc- .ons (Step 2 in Figure 2) and the entire

procedure is repeated. Convergence is obtained when further calculations

show that the values of .eloc.ty, k, C, and pressure do not change within

thosen tolerances.

'I

Grid Generation

In order to calculate the velocity field in a non-uniform area duct,

as in an augmenter, it is necessary to first generate a nearly

o.thogonal grid system, forming a set of "curvttine,4= 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-

hensivc 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 diawing technique (eg, Schneider 2 0 ). Richardson 2 1

indicated agreement between graphical and exact analytical solutions of

Ote order of 1.0 percent for simple, classical problems. The coarse grid

for the augmenter analysis is presented in Figure 5. About midway

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

i ~18 "
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Coanda Jet - O.lM.
i' /-- Nozzle

* .

Center Jet Nozzle

Figure 5. Orthogonal Squares Used in Ejector Flow Field Analysis

cunienience in the computations. A computer program was written to
further subdivided the coarse grid into a finer grid, consisting of a
total of 3375 cells, 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 phenomenon. In this section comparisons

areaudefor 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 is shown in

IFigure 6. Good agreement with a mean line through the data of Laufer 2 2

is obtained.

1.0

uc L

S-.Laufer2 2  
, Re 31000

--- Prediction, Re * 31000
i .2

S0 L/
0 .1 .2 .3 .4 .5

.Fgure 6. Comparison of Predicted 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 Weinstein#23

et al. The initial jet velocity is twice that of the secondary flow, a

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

-p*21.3 M/sec
b- 1.27 cm (70 ft/sec).... 27.4 cm

(0.5 in) ~ ____(10.8 in)Z:?. Lj.7W c, (140 ftUsec0) -

I I Al 7 1 1 1 A I V IF1

Measured

1.0

x/b 15 j x/b 32 x/b 60j

1U -U .6
Sec 1

Ulet Usec .4 I
.2 .Pre- & Prf

02~dictedi - c1 d
12 1 0 32 1 0 4 3 2 101

y/b y/b Y/b

Figure 7. Comparison of Predicted and Measured Velocity
Profiles for a Plane Turbulent Jet in a Co-flowing

K Stream

At distances to 60 jet widths, (the maximum investigated In the tests),

the agreement Is good. The slight differences at the outer edge of the
jet might be attributed to the use of a "thick walled" nozzle in the '
experiment. 

A
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-o- U 16.5 Wsec
.(54 ft/sec)l.O "\\/-- redited b - 0.64 cm•-'"'• -

(0.25 i nal T- -n

.8T 7 7r 7 7?#,?17 7 W - Of0J.?--

(161 ft/sec)

U•_ax -.-

Uet 4 Measured

0 100 200

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

The predicted decay of the maximitm velocity of a wall jet in a co-

flowing stream is compared in Figure S with the measured results of

Gartshore 4nd Newman2 • Good agreement is also showm.

Flow in a Curved Duct

Although the program was primarily written to study turbulent mixing

in ducts (augmenters) the program also has the capability for calculating

laminar flow in ducts with and without curvature. The effect o,. curvature

on fully developed, laminar flow Is shown in Figure 9 for a duct with a

high degree of cut-vature.

• I
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1 fl

Theory,
No Curvature

a1 Y

L T 6, L .3

2 •Predicted, viWh Curvature

SU

bR

Figure 9. Co~parison oi Predleted Veloeity Profiles witch1. 1 ,Ehe~~iealy £•aet 'Tboretleal Solutlon.3 for
Fu1ly Developed, Lattiiur Flotw in 2-D1}etilona1
Ihie• wrh dnid ciehuwi Curvature

JI
Co~uter predicted values at~e iu good ag~ee~ent with the eittet theoreti-l solurioF , u veloped by Cpi . Ao a rei ted of Piterest, the thereti-

cal ext solutloi It also shoni. for thE x at T here there tica S ti fo r ure.

For iiaxiar flow it can be seen that -he effect of curvature Is 3=11,

utch is Uot the caýe for turbuleat flow.

IeTh turbuleot flow data of Eskingar and Yeoht are used here for

coeo i.oa with predicted valuea. The test cunfiguratiom#, figure 10, cc#-
sists of 4..6 meters (16 ft) itrxaght duct preceeding the curved duct which

2311.
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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

L 7.6 cm
(3.0 in)

17000

-v Inner Radius

ted %~. Predicted

M2?easured

asuredt

.4-

.4-.

07
42 .4

7 7.



of the straight and curved sections, predicted velocities agrie well with

a mean curve through the data. At the 1700 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

A. agruement 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 'ie results of Figures 9 and 10 are compared.

1Cr

80
.6 cm (3 in.)

Predicted
60

P 0R 7. O.i.

PLOCAL - PINNERWALL 76. cm(30 in.)
(Pascals) 4

• 40

20 / "Measured

20

0
0 .2 .4 .6 .8 1.0

L

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 configuration the

ratio of length-to-width is 2.2. The diffuser half angle is 100. The

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

A B

320
A

280 -

240

200 i C

SU, IParabolic Program

12SA0 ICurved Ejector
200 Program '%

80/

40

•,o \

0 2 4 6 0 2 4 6 8 0 2 4 6 8 10 12
y y y

Distance from Centerline - cm

Figule 12. Comparison of the Cross Stream U Velocity Profiles
Obtained from the Parabolic Program and the Curved
Ejector Program
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of 0.762 cm (0.3 in) while the Coanda gap is .191 cm (0.075 in). Nozzle

exit velm~ities 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 e ector program, are shown for 3

stations. At the throat, Station A, the secondary velocity itrceases from

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),

the increase due to curvature. Over the same region the pressure in the

secondary flow decreases from -4310. to -7180. pascals (-90 to

Distanee from Centerline -

0 2 4 6 8 10

-2000 _________ __

-40W0i

Pressure | :0
(Pascals) -

.- 1000 I
. ! 2000 A Augmenter Legatlon I

Fi1gure 13. Variation of the Cross Stream Pressures Obtained
"from the Curved Ejector Proram
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-150 psfg) as shown in Figure 13 causing a V component or flow toward

the Coanda, surface and hence an increase in the U velocities.

At station B, the secondary velocities decrease with distance from the

Z 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-

ble cross stream pressure gradient in Figure 13 at this station. At the

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

are likewise negligible.

For comaparison purposes, the calculated velocities obtained with the

parabolic flow program (Bevilaqua 7 ) are also presented in Figure 12 in

which the secondary mass flow rate is about 4 percent larger. This smll
difference in flow rates should have little effect on the overall trends.
In tht parabolic projra, curvature in the flow field for ejector con-

figurations cannot be accounted for aor can the dowstream pressure effects
have any influetwe on the upstream pressures and velocities (parabolic

type 'ýalution). Ab a result, calculated secondary velocities are constant

4t any axial station, as shown. However, in the curved ejector programs

the individual nodal pressures atd c•rrespoading velocities are inter-

r_-a4od over the entire ilow field. In the coparIson of center jet

velocity prof llet, it should tw noted that the max•imom or centerline

veloeilties are Iarver ior the parabolic pgrL , *ad this can be attributed

to the relativ! ,xial locatiuas of the jet norrle. In th@ p4aWbolic proeram,

the loctaft iosf the center let t~u~t be io the 5ane Plane as the coandas

nozl~e5. In the curved ejector program$ the center jwt I5 located upstrgam
ofi the Coada uu•le plaie as indicated in Figure L. With the center let

nozle farther upstre4_, t he dowstrea5 jet proile %ll be wider a4d

have a "e*r Ptak Ve4wlity than that akoAM.

In the cthmprtacas show n tofigure l2* the Coan~a Jet 4tazlvs are in

the same axial lo~at ion in the ejectar. Rcsultc for the eurvL.4 ejector

S._ , A •.----•_ • ••• --::•i'
I . . . . .. - :- " -- .. .. ;: .. . •'•; ':. "_' _ "_ .• " - ,'z ##• •"2



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

V. of curvature effects because at statiop A there is a pres&ure decrease

.of approximately 4790 Pascals (100 psf) through the wall jet (from y a 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

radius of curvatures. Although a symmetric ejector was analyzed in this

paper, to permit comnparison with the results of parabolic ejector pro-

jgras, asymmetric configurations may also be analyzed with the scheme

described here.
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CONCLUSION4S

A viscous turbulent fluid flow program has been dcveloped to extend

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

this and :ts unknown effect on thrust, the curvature relatio0i have been

included in both the mnean flow and turbulence equations to assess the

effect of curvature on the flow field.

To establish a confidenct level in the program, comparison cases were

studied in which the program was used to calculate the velocities and

pcssire• in straight as well as curved channels, and for wall jets and

center jets located in a co-flowir.g stream. All of these flow cases can

occur ia an ejector. Such comparisons showed good agreement of predicted

and taeAsured dat4. For a static ejector the pressue gradients across

the ejector channel were shown to be large. Curvature effects it the

ilow resulted in an ifcreasQ It the spveadlg rate (increase4d enutrntent)
ot the Co•anda jet. !

Ban¢ed aa the favorable resulrs abt-ained with this program, it should

pruv- Viry Useful ia the dVie1)nat ai high perfa tc•.e 4u~•-0ters, In

tarticulav ulavit this vitietatt fl". oV~r4* is wiit'~~th an
livlac~4i proV4 u~id tor Choe4e lTi(Aa of the V@10ities, ourodo of
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