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Viscous-Inviscid Analysis of Dual-Jet Ejectors

T. S. Lund*
Joint Institute for Aeronautics and Acoustics, Stanford University, Stanford, California 94305

A viscous-inviscid interaction method is developed to predict the performance of two-dimensional, incom-
pressible flow ejectors that use two primary jets. The flowfield is subdivided into a viscous region that contains
the turbulent jets and an inviscid region that contains the ambient fluid drawn into the device. The inviscid flow
is modeled with a higher-order panel method, and an integral method is used for the description of the viscous
part. The strong viscous-inviscid interaction between the jets and the ambient fluid is simulated in an iterative
process where the two regions influence each other en route to a converged solution. This formulation retains
much of the essential physics of the problem but at the same time requires only a small amount of computing
effort. The model is applied to a parametric study that illustrates the connection between the details of the
ejector geometry and the level of thrust augmentation. The advantages of a dual-jet configuration are assessed
through a comparison of the present results with similar calculations for an otherwise identical single-jet ejector.

Introduction

THRUST augmenting ejector consists of one or more

high momentum primary jets that are issued into the
confines of an aerodynamic shroud (see Fig. 1). As the jets
evolve, they entrain some of the ambient fluid contained
within the ejector, thereby inducing a secondary stream to
flow in through the ejector inlet. As the secondary flow is
accelerated around the leading edges of the ejector shroud, it
lowers the surface pressure in these regions. The resulting
leading edge suctions create aerodynamic forces that have a
large component in the direction of the primary nozzle thrust.
These forces, together with the increased momentum flux of
the primary nozzles due to the lowered pressure within the
ejector, augment the force produced by the primary jets.

An important application of thrust augmenting ejectors is
found in vertical and short takeoff and landing (VSTOL)
aircraft, where there is a need for a large source of powered
lift. Various methods including control volume,!%3* finite
difference,>®”# and viscous-inviscid®!®!! approaches have
been developed to aid in the design of ejectors for VSTOL
applications. Each class of methods has its share of strengths
and weaknesses when considered in the simultaneous light of
accuracy, efficiency, range of applicability, and the number of
necessary assumptions. The engineer gains the most advantage
by choosing a method that is best suited for a particular
configuration or design phase.

In the performance optimization environment, the viscous-
inviscid approach may provide the best level of compromise
between accuracy and computational efficiency. This advan-
tage is achieved by dividing the flowfield into a viscous zone
that includes the turbulent jet and an inviscid zone that con-
tains the entrained secondary flow. Approximations are ap-
plied to each zone independently to simplify the problem while
still resolving the essential flow physics. The two zones are
then solved together in an iterative process that simulates the
interaction of the jet with the ambient fluid. Once the iteration
is complete, the flow variables are continuous at the interface
between the viscous and inviscid zones.
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The viscous-inviscid models developed previously have em-
ployed a variety of approximate methods for the viscous and
inviscid parts. Bevilaqua and DeJoode® developed a method in
which a vortex lattice solution for the inviscid ambient flow
was matched together with a finite-difference solution for the
turbulent jet. Tavella and Roberts!? developed a viscous-invis-
cid model with increased efficiency by using a conformal
mapping solution for the inviscid part and an integral method
for the turbulent jet. Lund et al.!! combined a higher-order
panel method for the inviscid flow with an integral method for
the turbulent jet to produce an algorithm that makes use of
fewer approximations than those used by both Bevilaqua and
Tavella.

One significant limitation of the viscous-inviscid models
produced to date is that they are all restricted to a single
primary jet. It has been observed experimentally!? that ejector
performance is increased significantly when more than one
primary jet is used. Most modern ejector designs take advan-
tage of this fact and employ two or more primary nozzles.
There is therefore a need to produce a theoretical model
capable of simulating an ejector with more than one primary
nozzle.

In the present work, a viscous-inviscid model is developed
to predict the performance of an ejector with two primary jets.
The inviscid flow is treated with a higher-order panel method,
whereas an integral method is used to describe the turbulent
jet. Lateral pressure gradients that develop across the ejector
duct are accounted for with an approximate transverse mo-
mentum equation that relates the pressure difference across
the jets to the curvature of their centerlines. The model is
limited to two-dimensional, incompressible, steady flow.

The model is used to explore the relationship between ejec-
tor geometry and performance. This is done in a parametric
study where the nozzle position and orientation, ejector
length, and diffuser area ratio are varied independently. In-
creases in performance associated with the dual-jet configura-
tion are assessed through a comparison of the present results
with the predictions of a single-jet model developed previ-
ously.!! Finally, a comparison is made with experimental data
for the thrust augmentation ratio as a function of nozzle
position. .
Viscous-Inviscid Approach

The flowfield is divided into viscous and inviscid zones as
shown in Fig. 1. The viscous zone originates at each of the two
primary nozzles and expands downstream corresponding to
the actual computed jet growth rates. The inviscid zone covers
the region between the two jets, between the jet and the ejector
channel wall, and the space outside the ejector. The configura-
tion is assumed to be symmetric with respect to the ejector
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Fig. 1 Thrust augmenting ejector and the viscous-inviscid approach.

channel centerline, and thus it is sufficient to model only the
upper half.

Figure 1 also shows a subdivision of the viscous flow into a
viscous-inviscid matching region and a fully viscous region.
Within the matching region, the viscous and inviscid solutions
influence each other directly through a shared boundary con-
dition at the zonal interface. This boundary condition takes
the form of the transverse component of velocity crossing the
boundary and has the physical interpretation of the jet en-
trainment velocity. The location of the interface is also itera-
tively adjusted to reflect the computed jet trajectory and
spreading rate.

The viscous equations alone are solved in the fully viscous
region. There is still an interaction with the inviscid flow
within this region, since the requirement that pressure com-
puted at the ejector exit match the local ambient value is used
to iteratively adjust the level of pressure with the inviscid
portion of the ejector.

Inviscid Solution

The inviscid problem is solved within an incompressible
potential flow framework. This formulation leads to
Laplace’s equation for the velocity potential and Bernoulli’s
equation for the pressure. A higher-order panel method,
which has been described in detail elsewhere,'>!* is used to
obtain the solution. The higher-order scheme is needed to
predict the flow within the internal region of the ejector inlet
accurately. Figure 2 shows a profile of the surface over which
the panels are distributed for the upper half-plane. The jet is
modeled as a permeable boundary with suction applied to its
surface to account for entrainment of the inviscid flow. The
position of the jet and the distribution of entrainment are
determined in the matching process. The lowered pressure
within the ejector is simulated by applying suction to the
semicircular control stations that connect the jet with the
plane of symmetry and the ejector wall. The suction velocity is
determined in the interaction process such that the ejector exit
pressure matches the local ambient value. The ejector shroud
as well as the streamline that lies along the plane of symmetry
are treated as solid surfaces.

Fig. 2 Panel geometry.

Viscous Solution

The turbulent jets and the mixed flow within the ejector are
treated under the thin shear layer approximation. This formu-
lation leads to the boundary-layer equations

du av
—+—=0 1
ax dy M
ou du 1dp o7
— +——=— 2
“ax Va_y pdx pdy @

The transverse momentum equation is retained in the follow-
ing approximate form!S that relates the lateral pressure gradi-
ent to the centrifugal force associated with curved particle
trajectories:

o _pu?
3 R
An approximate solution to Eqs. (1-3) is obtained by as-

suming the following general solution forms (denoted by hats)
for the velocity and pressure profiles within the ejector:

alcj(x).y] = uplx) + 1/2a(x){tanh(y + n,)

3

— tanh(y — m)] + u,(x)[sech*(q + 71)

+ sech?(n — )] 4
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Fig. 3 Velocity profile for the dual-jet ejector.

Blo(x).y1 = p(x) — 1/2pa(x)[ue(x)
+ 1/2a(x)]{tanh(y + ;) — tanh(n — ;) — 1] )
where

_v _onilx)
b(x): m= b(x) )

n o = cosh~'(v2) 6)

and where the average pressure p(x) is defined as
POX) = Pam — 1720 o0+ uox)a)+ 1/2ax2] ()

Although these profiles have some resemblance to the well-
known self-similar solution for freejets, it should be empha-
sized that these profiles are by no means self-similar. A great
deal of flexibility is available from the six degrees of freedom
provided by the scaling functions c;(x) = [ug(x), ui(x), p(x),
a(x), b(x), y1(x)] (see Fig. 3). If a self-similar solution existed
for this flow, these scaling functions would be rigidly predeter-
mined. In contrast, the scaling functions are determined in the
present method by imposing the conditions that mass, mo-
mentum, and kinetic energy be conserved on a global basis
within the viscous region and that the viscous and inviscid
solutions match at the interface between them. Unlike a self-
similar solution, the scaling functions used here must be deter-
mined for each ejector geometry to account properly for the
influence of the secondary flow on the jet development.

The turbulent shear stress is related to the mean velocity
gradient via the Bussinesq approximation

1
ot ®
[ ay

The eddy viscosity coefficient is determined algebraically
through the following scaling hypothesis:

vi=kub )

where k& =0.0283 is an empirical constant that is derived from
the experimentally observed spreading rate of freejets.!® It
should be emphasized that the above choice for k does not
restrict the jet spreading rate to be identical to that of a freejet.
The spreading rate db/dx is determined by conservation of
mass, momentum, and kinetic energy consistent with the as-
sumed solution form and the imposed secondary flow. Use of
the above value of k merely enforces the plausible assumption
that momentum is diffused within the confined jet under the
same relative scaling as for freejets. Without more precise and
extensive experimental data for the turbulence stresses in con-
fined jets, it is probably not worthwhile to use a more sophis-
ticated description for k.

With the velocity, pressure, and turbulent stress profiles .

chosen as given above, the original problem is reduced to one
of determining the scaling functions c;(x). A set of ordinary
differential equations for the ¢;(x) can be formed by requiring
a global balance of mass, momentum, and energy within the
viscous region. This is done by first writing the streamwise
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momentum equation with v rewritten as a function of « via the
continuity equation

du du\’ du 18p 13r
T{up) =t ~ | —dy+— ——— =0
tup) =u ax ayL ox Y pOx  pdy (10)

where the operator T' is a symbolic representation of the mo-
mentum equation introduced to make the following derivation
more compact. The approximate profiles are substituted into
the momentum equation and the result integrated across the
width of the viscous region (of generic extent y, to y,) along
with a sequence of weighting functions w;(x,y)

Yu
j wiey)T{4,p}dy =0 an

yi

This operation leads to the following set of ordinary differen-
tial equations:

Ajyé;=b; 12)

where

Ju 1)’14 aT
Ay=1 wil,y)gi(xy)dy b.~=; wi(x,») g;dy (13)

Y Yi

and
du oa\’on 1p

() =fi— —— | —=dy +—— 14
xy) uaCj ayLacj pdc; a4

By taking w =1, a global conservation of momentum is as-
sured; by taking w =4, a global balance of kinetic energy is
assured. Where needed, additional equations can be generated
by choosing w; = g;. These additional equations serve to mini-
mize the local error within the ejector channel in a least-
squares sense.!

Mass conservation is enforced by requiring that the trans-
verse velocity at the edge of the viscous region equal some
known boundary value. For the upper boundary, this condi-
tion may be stated as

Yu aﬁ Yu 12
V)=—| —dy=—¢| —dy= 15
v(xyy) SO P C,L 3¢, y=v, (15)

The finer details of the viscous method for both the matching
region and fully viscous region are described separately in the
following two sections.

Matching Region

Within the viscous-inviscid matching region, the quantities
uy, a, and p are known from the inviscid solution (see Fig. 3).
The viscous problem therefore reduces to finding solutions for
uy, b, and y,. A further simplification is possible because the
jets have not yet merged and the condition y + y; > b holds
everywhere in the upper half-plane.

Curvature effects associated with the jet deflection are most
easily treated if a transformation is made to a curvilinear
coordinate system that is locally tangent to the jet centerline.
When considering the jet that lies in the upper half-plane, the
following transformation is used:

X =S, y=—yi—n (16)
where s and n are the local stream and stream-normal direc-
tions, respectively. The above transformation is applied to
Eqgs. (4) and (5) along with the condition y +y,> b to give

f(s,n) = u(s)+1/2a(s)[1 —tanh(D] +u,(s)sech®(y) (A7)

D = p(s)+1/2pa(s)ue(s)+ 1/2a(s)]tanh({) (18)
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where
§=— (19)

Global conservation of momentum and Kkinetic energy are
used to determine equations for #, and b. Equations (12) and
(13) written in the curvilinear coordinate system with w =1
and w, =1 provide the following two differential equations:

é‘,-j— [ft(s,n)] G=Dg;(s,n)dn

=}) j:) [ﬁ(s,n)]““”% dn

Note that the limits of integration are taken to be + oo rather
thann,; = =+ 2.5b, which correspond to the assumed location
of the viscous-inviscid interface. This is a simplification made
possible by the fact that the solution profiles identically satisfy
the momentum equation as |n /b becomes large (i.e., '—=0 as
In1/b— o). Contributions to the integrals die exponentially
with In /b, and there is a negligible error made by including
the intervals from = 2.5b to = o. (The error is roughly 5%
for n,; = =2.5b and decreases to 1% for n,; = 3b.) If this
error is not acceptable, finite limits may be used at the expense
of slightly more complicated integrated expressions.

An equation for y, is derived through a process identical to
that used in jet-flap theory.!” The procedure is to integrate the
normal momentum equation [transformed version of Eq. (3)}
across the jet layer. Assuming constant radius of curvature
across the jet, this operation yields

i=1,2 (20)

1 Ap
= = — = 21
K=z 7 (21)
where
2.56
Ap = 1/2pa Quy + a), J= pg uZdn 22)
— 2.5

The curvature of the jet centerline is also related to the deriva-
tives of y(s) via

o
a -3

With the definition 4 = y,, Egs. (21) and (23) may be com-
bined and then rewritten as the following two first-order dif-
ferential equations that govern the jet trajectory:

(23)

A,
n=h, h=— 71’(1 — h)12 (24)

When the integrations indicated in Egs. (20) and (24) are
performed, the following system of ordinary differential equa-
tions may be written for the unknown scaling functions:

ay ap 0 0 u 0 by by |
a axy 00 b b21 b22 b23 .
. = Uy (25)
0 0 1 0 N b31 0 0 a
0 0 0 1 h by O 0
where
ap = u0+4/3u1+ 1/2a

aiy = U/bluy(ug+ 2/3u; + 1/2a) — 1/4(1 — a2/2)a?]
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= 2u(up + 2uy + a) + u(8/5u; + 2a) + 1/2a?

g
!

ap = 1/b{u? Quy+ 8/15u, + a) + 2uguy(ue + a)

+1/2a%[ — (1 — 8a2/2) (1o + 1/2a) + u)]}

by = —2u

by = —uy +1/2(1 — n2/2)a

by = —ko*u,/b(16/15u? + 1/3a?)

by =  —2,Quy+ u; + a) + 1/4a?

by = —w(uy + 2ug+ a) + (1 — 2/2)a(ug + 1/2a)
+ 1/8a?

by = h

b4l =

—1/2auq + a)
2b/0[%ul + 2uguy + wya — Vaa? + ué + uea + V2a%)2.50]

x [1—h3172 (26)

Note that Eq. (7) has been used to eliminate p in favor of i,
and &. The above system of equations is solved by marching in
the streamwise direction with a fourth-order Runge-Kutta al-
gorithm. Initial conditions supplied at the jet origin are the jet
momentum flux (a combination of u, and &), jet position (y,),
and jet tilt (; = k). Initial values for u, and a, as well as
boundary values for u,, a, i, and & along the zonal interface
are found from the inviscid solution.

Mass conservation within the matching region is assured by
requiring that vy, = v, at the zonal interface. Because this
constraint is also the matching condition for the viscous-invis-
cid interaction, it is not imposed directly on the viscous solu-
tion. What is done, rather, is to compare v,;, and v, after the
jet and inviscid flow are computed. Errors in mass conserva-
tion are then used to improve the guess for the inviscid panel
suction velocities. The normal component of velocity within
the matching region is found from the transformed version of
Eq. (15)

v = —b/ao{{ip+ tanh(i; — 1/2(cosh($) — Oa
+ 1/b[u; ftanh?(¢) + (1, + 1/2a OHtanh(d)
— 1/2ancosh({) — u,¢1b) Q7

Fully Viscous Region

Within the fully viscous region, it is assumed that the pres-
sure has become uniform across the channel. This is expected
to be a good approximation downstream of the jet merger
since the viscous flow, now filling the channel, is constrained
to flow more or less parallel to the ejector walls. Within the jet
merging region, however, the annihilation of transverse mo-
mentum results in a pressure bulge near the center of the
channel. Since this effect is not modeled, the present method
should be restricted to configurations where the jets merge at
a relatively shallow angle.

With the pressure assumed to be uniform, the jet trajecto-
ries are sensibly flat, and it is appropriate to return to a
Cartesian coordinate system. The velocity profile is given by
Eq. (4), and the pressure profile reduces to

px,y) = px) (28)

Within the fully viscous region, six equations are needed to
solve for the scale functions u,, u,, p, @, b, and y,. One
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Fig. 4 Iteration scheme.

equation is obtained from Eq. (15), which enforces conserva-
tion of mass by requiring the flow to be tangent to the ejector
wall

H ~
ai dH
v,y =H)= —¢| —dy =ia(,y=H)— 29
x.y ) ’Lac,-y >y )dx (29
The remaining five equations are obtained from Egs. (12) and
(13), which insure a global conservation of momentum and
kinetic energy as well as the condition that the local error be
minimized
# 1| ar
éjj wi(%,y)g;(x,y)dy = —j wi(x,y)—dy (30)
0 pJo ay
where wy =1, wy =i, w; = qu,» Wa=(,, and ws =g, Other
elements of g; could be chosen for ws, wy, and ws, but these
three were found to provide a slightly better conditioned set of
equations.
The elements of g; are derived by substituting the expres-
sions for the approximate velocity and pressure profiles [Eqs.

VISCOUS-INVISCID ANALYSIS OF DUAL-JET EJECTORS 103

(4) and (28)] into Eq. (14). Let the elements of g; be denoted
as quy Gu,» gps €tc.; then with the definitions

Ay=n+mn; T,=tanh(4,) S, =sech?(4))
Q, = facosh(A4,)
Ay=n—n Tp=tanh(4y) S,=sech’(4,)
Q, = facosh(A4,) 31)

the individual terms are

Quy, = 4 —b/oy

qu, = (81 + 8t — b/o(T, + T>)di/dy

a =1

q, = 1/2(T, — T)d — b/20(Q, — Q,)34/ 3y

qy = 1/b[1/2a(— AS| + A28y + 2ui(A, T, S, + A, THS)]i

—1/0[1/2a(— A\T, + Q, + AT — Q)
+ u(— A8, + T, — A,S, + T)))0i/dy
qy, = 0/b[1/2a(S, + Sy) + 2uy(— TS, + TLS)ld
— [172a(T; + T3) + wy (S, — Sy)]0i/3dy (32)
where
04/9y = —o/b[1/2a(— 81 + S3) + 2uy(Th S, + TS, (33)
The integration in Eq. (29) is performed to give
—b/o{niy + (1) + Ty, + 1/2(Q, — Qy)a
+1/b[1/2a(— ATy + g, + AT, — Q)
+ u(— A8y + T — A58, + Ty))b

+[172a(Ty + To) + uy(Sy = SHWh} |y 1
= ey = HYr (34)

The integrals contained in Eq. (30) are not easy to evaluate
analytically. Accordingly, a Simpson’s rule numerical scheme
is used to perform these quadratures.

The system of equations given by Eqgs. (30) and (34) is
marched from the end of the viscous-inviscid matching region
to the end of the duct.

Iteration Scheme

The matching process takes the form of a three-level nested
iteration procedure where an inner loop matches the inviscid
and viscous values of velocity at the zonal interface, a middle
loop matches the ejector exit pressure to the ambient value,
and an outer loop matches the panel geometry to the com-
puted jet trajectory. Each of the three iteration loops is de-
scribed separately in the following. Figure 4 outlines the pro-
cedure in schematic format.

Viscous-Inviscid Matching

The viscous-inviscid matching starts with a solution to the
inviscid problem where a guess is made for both the location
of the viscous-inviscid boundary and the suction velocities that
simulate the jet entrainment and lowered pressure within the
ejector. Next an arbitrary value of jet momentum flux is
chosen (the choice is arbitrary since the gross thrust scales
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directly with the primary jet momentum flux for incompress-
ible flow), and the viscous equations [Eq. (25)] are marched
from the nozzle to the end of the matching region with values
of uy, a, uy, and & taken from the inviscid solution at the zonal
interface. Once the viscous solution is complete, the computed
distribution of jet entrainment is compared with distribution
assumed in the inviscid solution. An improved guess for the
panel suction velocities is then made from

Vr':+ . V: + 0 (vyis — Viny) (35)

where V,, is the panel suction velocity (normal to surface), vy
and vy,, are the transverse velocity components computed
from the viscous and inviscid solutions, respectively, and w is
a relaxation factor that varies along the length of the jet
according to

w=1 —7/10<x;’i> 36)

Xes — Xj,

where x; is the location of the jet nozzle, and x, is the location
of the control station where the viscous-inviscid matching
ends.

The above matching procedure is applied to both sides of
the jet independently so that any asymmetries in the entrain-
ment with respect to the jet centerline are properly modeled.
The suction velocity applied at the control stations (and hence
the pressure there) is held fixed during this portion of the
matching process.

-Exit Pressure Matching

Once the viscous and inviscid flows are matched, the re-
mainder of the viscous solution is computed by marching Eqs.
(30) and (34) from the control station to the ejector exit. The
pressure computed at the ejector exit will in general differ
from the ambient value since both the primary jet momentum
flux and the pressure within the ejector at the control station
have been chosen arbitrarily. The exit pressure is corrected by
iteratively adjusting the suction velocity applied at the control
stations while holding the primary jet momentum flux fixed.
The control station suction velocity is updated through-the
following Newton-type iteration scheme:

uitt =ul —frfm (37
where

fn — fn—l
"= Pha ~Pim) fr=—— (8)
Uy — U .
The viscous-inviscid matching loop is nested inside the exit
pressure matching loop since the viscous and inviscid flows
must be rematched following each change to the control sta-

tion suction velocities.

Fig. 5 Parametric variation of the ejector geometry.
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Jet Trajectory Matching

The jet trajectory computed when both the viscous-inviscid
matching and the exit pressure matching are complete will in
general differ from the trajectory assumed at the outset. If the
difference exceeds 0.05H at any point, the panels that simulate
the jet entrainment are redistributed according to the newly
computed jet trajectory, and the entire matching process is
started once again.

The overall iteration scheme is illustrated in Fig. 4. The
individual iteration loops converge rapidly; typically 2-3 itera-
tions are needed to converge the exit pressure, and 2-5 itera-
tions are needed to match the viscous and inviscid solutions.

Results and Discussion

The viscous-inviscid algorithm was used to study the rela-
tionship between ejector geometry and performance through a
parametric study where various ejector parameters were inde-
pendently varied. Where possible, results from the dual-jet
calculations were compared with the predictions of previously
developed viscous-inviscid algorithm for single-jet ejectors.!*
More extensive parametric studies as well as an optimization
study for the location of the primary nozzles can be found in
Ref. 14.

The ejector performance was assessed in terms of the thrust
augmentation ratio, defined as the ratio of the gross ejector
thrust to the thrust that would be produced by the two primary
jets if they were expanded to ambient pressure

b= Tgross/ TO (3 9)

The gross ejector thrust was calculated by summing the mo-
mentum flux of the primary jets with the longitudinal compo-
nent of the integrated surface pressure. Pressure drag associ-
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ated with the diffuser and jet nozzles was included in the
surface pressure integration. Boundary layers on the ejector
walls were not modeled, and thus the results do not include
skin friction. By the same token, flow separation within the
diffuser was not predicted, and attached flow is assumed
throughout.

Parametric Studies

Figure 5 shows the basic ejector configuration and the vari-
able parameters. Each of the parameters was varied indepen-
dently, while the others were held fixed at their nominal values
x;/2H =0.44, y;/H = 0.5, =0, L/2H = 3.25, Lp/L = 0.31,
and 8 =0.

The effects of the ejector length are shown in Fig. 6. The
results indicate that the performance increases monotonically
with the ejector length for both the single-jet and dual-jet
configurations, with higher levels of thrust augmentation pre-
sent in the dual-jet case. The superior performance of the
dual-jet ejector can be explained in terms of enhanced mixing
resulting from an increase in the effective length of the ejector
when more than one primary jet is used. It is hypothesized that
the dual-jet ejector behaves like two single-jet ejectors stacked
one on top of the other, with the plane of symmetry between
the jets acting like a solid wall. The length to width ratio of
these two effective ejectors (L/2H). is twice the original
(L/2H) if the jets are equispaced between the symmetry plane
and the ejector wall. If the jets are not equispaced, it is
expected that the effective length will be somewhat less than
2(L /2H). The following plausible scaling captures this effect:

1 L
¢single I:———(—>] yj/H <
jet |1 —y/H\2H
¢d,uai\l (L/2H,y;/H) = J

jel
1 /L
ingie | —=| == /H > V5
Deingl [yj/H(2H>] 7 " o)
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The validity of the effective ejector length concept is demon-
strated in Fig. 7 where the results of the single-jet calculation
are rescaled according to the above relation and plotted along
with the direct dual-jet calculation. The agreement is seen to
be quite good over the entire range of lengths with only a slight
discrepancy for the shortest ejectors. This result suggests that
a reasonable estimate of dual-jet ejector performance may be
obtained by simply rescaling numerical or experimental data
for a single-jet configuration.

The effect of the lateral nozzle position is illustrated in Fig.
8 where the results of the dual-jet calculation are again plotted
along with the rescaled results for the single-jet configuration.
Both the direct calculation and the effective single-jet estimate
indicate a maximum for the symmetrical placement y;/

1.8
/D‘UAL-JET
B 14 / !
SINGLE-JET —
12
10
—-0.50 -0.25 0.00 0.25 0.50 0.75 1.00
XJ/2H

Fig. 10 Effect of the longitudinal nozzle position.
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Fig. 11 Effect of the diffuser angle.
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Fig. 12 Effect of the diffuser length for a constant diffuser area ratio
of 1.73.
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Fig. 13 Qualitative comparison with experiment; computation:
a=0, L/2H =3.25, Ly/L =0, 8=0; experiment: o= —30 deg, L/
2H =3.25, Lp/L =0.58, =45 deg, jet exit Mach number 0.56.

H=0.5. In contrast to the single-jet estimate, however, the
direct calculation shows that the performance drops off faster
when the jet is moved towards the ejector wall than when it is
moved towards the channel centerline. This effect is probably
caused by a reduction in turbulent mixing associated with
movement of the jet into regions of increasing secondary flow
velocity found near the ejector leading edge.

The effect of the nozzle tilt angle is shown in Fig. 9. The
nozzle tilt angle affects the performance in much the same way
as does the lateral nozzle position since issuing the jets at an
angle results in a displacement of their centerlines.

The effect of the longitudinal nozzle position is shown in
Fig. 10. The performance is maximized for the single-jet con-
figuration when the nozzle is located at the entrance plane
while the dual-jet configuration requires the nozzles a short
distance inside the inlet. This difference illustrates the sensitiv-
ity of the dual-jet ejector performance to the alignment of the
jet nozzles with respect to the streamlines of the secondary
flow. Evidently the benefit realized by moving the nozzles
inside the inlet to increase the alignment of the jets with the
streamlines of the secondary flow outweighs the decrease in
performance associated with a reduction in the distance over
which the jets have to mix.

Figures 11 and 12 illustrate the effects of a diffuser. It
should be kept in mind that these results were computed
assuming attached boundary layers and thus do not reflect the
potentially large losses associated with separated flow. For
diffuser angles greater than about 7 deg, some form of
boundary-layer control would most certainly be needed to
achieve the theoretical predictions shown here. Figure 11
shows that the dual-jet ejector benefits more from the diffuser
than does the single-jet configuration. This fact is attributed
to a higher degree of mixing achieved in the dual-jet ejector
upstream of the diffuser (see Ref. 14 for a control volume
analysis of an ejector fitted with a diffuser). Figure 12 shows
the result of a computation where the diffuser angle and
length were varied simultaneously in such a way that the
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diffuser area ratio is held fixed. The results indicate that the
performance is relatively insensitive to the details of the dif-
fuser shape, with only a slight advantage found for a short
diffuser with a large angle. This fact suggests that the diffuser
design could be almost entirely based on separation consider-
ations.

Comparison with Experiment

Predictions from the viscous-inviscid code are compared
with experimental data'® in Fig. 13. These plots show lines of
constant thrust augmentation as a function of nozzle location.
There is a mismatch between the two geometries because the
present method, being restricted to configurations where the
jets merge at a shallow angle, cannot treat the experimental
configuration. In spite of the difference in geometry, the
computed and experimental results share some qualitative sim-
ilarities. The present method correctly predicts that the con-
tours should be elongated in the streamwise direction and that
they should be roughly aligned with streamlines of the second-
ary flow. The level of thrust augmentation is significantly
higher in the experimental case due to the use of hypermixing
nozzles as well as a high area ratio diffuser.

A more complete set of comparisons with experiment for
the single jet algorithm, including velocity profile develop-
ment and pressure evolution, can be found in Ref. 14.

Conclusions

A viscous-inviscid interaction methodology has been devel-
oped as an accurate and efficient means of evaluating the
performance of two-dimensional incompressible flow ejectors
that utilize two primary jets. The inviscid portion of the flow-
field is modeled with a higher-order panel method, whereas an
integral method is used to solve for the viscous jet flow. The
viscous and inviscid solutions are matched together in an
iterative process that simulates the interaction between the jets
and the ambient fluid. Predictions of the method agree quali-
tatively with experimental data. The entire solution process
requires under 3 min of processor time on a VAX-11/785
machine.

The algorithm has been used in a parametric study that
explored the relationship between the ejector geometry and
performance. Comparisons between the computed results for
the dual-jet configuration and an otherwise identical single-jet
configuration indicate that the dual-jet configuration consis-
tently yields better performance. This fact can be explained in
terms of an increase in the effective length of the ejector that
results from the plane of symmetry between the two jets.
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