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0.98 times thatof neutralfor themoderatelystablecase.These trends
suggest greater vortical dispersion in an unstable atmosphere and
less (or about the same) dispersion in a stable atmosphere, relative
to neutral conditions.

Conclusions
Atmospheric stability effects in aircraft near-wake modeling can

be simulated by vortical decay rates predicted by UNIWAKE.
Inclusion of these effects into AGDISP and AgDRIFT will ex-
tend the capabilities of both models to handle general atmospheric
conditions.
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Nomenclature
A = ejector mixing tube cross-sectionalarea, m2

e = internal energy per unit mass, J/kg
M = Mach number
m 000

inj = primary � ow mass injection
rate per unit volume, kg/s ¢ m3

Pm = mass � ow rate, kg/s
p = static pressure, Pa
T = temperature,K
u = velocity, m/s

Subscripts

e = mixing tube exit
i = mixing tube inlet
inj = primary � ow injection condition
p = primary � ow
s = secondary � ow
t = stagnation condition

Superscript

* = primary � ow nozzle throat or previous iteration value

Introduction

C OMPRESSIBLE � ow ejectors are widely used in many en-
gineering applications, and various analysis tools have been

developedover the years to analyze them. The simplest approach is
the control volume method, in which steady one-dimensionalmass,
momentum, and energy equations are used.1¡6 In control volume
analysis, � ow conditions are known only at the boundaries of an
ejector, as shown in Fig. 1. There are four distinctive ejector � ow
regimes1: supersonic(S), saturatedsupersonic(SS), mixed (M), and
mixed with separation (MS). In the S regime, the secondary � ow is
choked at a location c, which is called “Fabri or aerodynamicchok-
ing” (Fig. 1). In the SS regime, the secondary� ow chokesat the area
minimumin the secondary� ow path. In the M regime, the secondary
� ow remains subsonic at the inlet, and there is no Fabri choking in-
side the mixing tube. In the MS regime, the primary � ow stagnation
pressure is so low that the primary � ow separates in the diverging
partof theprimary � ow nozzle.Fabri’s modelused foursetsof equa-
tions covering the four � ow regimes just discussed.Addy2 extended
Fabri’s model furtherand developedmore systematicmethodsof se-
lecting these � ow regimes. Another control-volume-basedmethod
assumes the exit � ow Mach number and calculates the secondary
� ow inlet conditions by iteration.6 In this approach, a critical as-
sumption is the existenceof static pressure equilibriumbetween the
primary and the secondary � ow somewhere downstream from the
mixing tube inlet. The Fabri choking assumption is not used in this
approach, and some researchers have pointed out that this method
fails for cases in which the Fabri choking assumption is needed.2
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Fig. 1 Schematic of constant-area ejector mixing tube.

It is clear that control-volume-basedanalysis is suitable for fast
parametric study of ejector performance but lacks physical insight
into the mixing process.An alternativeapproachis one-dimensional
numerical model, which provides some physics of interaction be-
tween the primary and secondary � ow and is fast enough to be a
practicaldesign tool. The objectiveof the presentstudy is to develop
such a numerical model.

Numerical Model
Conservation of mass, linear momentum, and internal energy

for one-dimensional transient compressible � ow through a varying
cross-sectionalarea yields
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In Eqs. (1–3), x is the spatialcoordinate,t time,¹ dynamicviscosity,
· thermal conductivity,½ density, and h enthalpy.

The numerical method used is a variant of SIMPLE.7 Details of
the SIMPLE methodologyare well documented in the literatureand
are not repeated here except for the few modi� cations incorporated
in the present model. The discretized momentum equation is7
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where bu includes the terms in the right-hand side of Eq. (2) except
for the pressure gradient term. In Eq. (4), sou is a term added to
improve the approximation of momentum � ux at the interface:
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Dependingon thechoiceof limiter function,Á.r/, variousnumerical
schemes can be represented,8 for example, � rst order upwind

Á.r/ D 0 (7a)

and Roe’s Superbee

Á.r/ D max[0; min.2r; 1/; min.r; 2/] (7b)

With Á.r/ D 0 and sou D 0, Eq. (4) reduces to the original
convection–diffusion formulation of the SIMPLE method. The dis-
cretized internal energy equation also contains a similar correction
for the energy transport at the interface of control volumes.

Fig. 2 Test shock tube problem: comparison of density distribution at
t = 0.14385 s.

Mass conservation, expressed in terms of a pressure correction
equation, is
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In Eq. (9), ¯ is related to the sonic speed in the � ow, ¯ D
1=° RT D 1=a2 , and the density change is related to the pressure
change by ½ 0 D ¯p0 (Ref. 9).

Figure 2 shows the accuracy of the proposed numerical method
for a shock tube problem. As expected,a total variationdiminishing
(Roe’s) scheme gives better resolution of the discontinuities and is
used in the present study.

Comparisons with Test Data
Figure 3a is a schematic representationof an experimentalejector

used in Ref. 1. The primary� uid is compressedair, and the secondary
� uid is throttled air. The exit pressure at the end of the mixing
tube is the atmospheric pressure. The stagnation temperatures of
the primary and secondary � ows are the atmospheric temperature.

Figure 3b shows the computational domain used to simulate
Fabri’s experimental ejector. The area of the � ow passage in Fig. 3a
is converted to a circular cross section with equivalent area in
Fig. 3b. The boundary conditions used for the simulation are as
follows. At x D 0, one dependent variable (velocity is chosen) is
numerically calculated, and the remaining two dependent variables
(temperature and density) are obtained by an isentropic expansion
of the secondary � ow reservoir conditions. At x D L , if the out-
� ow is subsonic, the atmospheric static pressure is imposed as a
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Fig. 3a Schematic of Fabri’s experimental ejector.

Fig. 3b One-dimensional computational domain.

required boundary condition and the temperature and the exit ve-
locity are calculated numerically. If supersonic, all � ow variables
are extrapolated.

The primary� ow effectsenter the � ow� eldas sourceterms,which
are independent of the � ow� eld in the system. The mass injection
rateof theprimary � ow is � xed at the chokedcondition.The primary
� ow injection velocity and temperature, however, depend on the
way the primary � ow expands from the throat to the point where
the primary � ow enters the mixing tube. The � rst method is to
assumethat the primary � owexpandsisentropicallyaccordingto the
primary � ow nozzle geometry. However, the experimental results
in Ref. 1 showed that the primary � ow expansion depends strongly
on the primary-to-secondary stagnation pressure ratio at the inlet
and the exitpressureat theendof mixing tube. In the secondmethod,
therefore, the primary � ow is allowed to expand until it matches
the secondary � ow pressure at the inlet of the mixing tube. This
approach is possible because the transient pressure in the entire
system(inletand mixing tube) is known from numericalcalculation.
Depending on the relative pressure, the primary � ow, thus, can be
over- or underexpandedin the second method.

Experimentalresults showed that the primary and secondary� ow
mixing occursover an extendeddistancealong the mixing tube, typ-
ically over a distance of approximately10 times the diameter of the
mixing tube. To simulate this mixing process, injection of the pri-
mary � ow is distributed over the mixing tube. Mass injected by the
primary � ow is divided by the number of control volumes (cover-
ing up to 10 times the diameter of the mixing tube) and distributed
as source terms in each control volume. The numerically predicted
bypass ratio ( Pms= Pm p ) does not change as long as the primary � ow
is introduced over several control volumes. If the primary � ow is
introduced in one or two control volumes, the sudden pressure in-
crease due to the mass injection resulted in a normal shock for the
secondary � ow in certain cases. This is not usually observed in a
well-designed compressible � ow ejector.

The grid dependency of the numerical results in terms of the
bypass ratio is tested by varying the number of control volumes
in each of the inlet and the mixing tube sections. The bypass ratio
was 0.308 (10 £ 60), 0.327 (20 £ 60), 0.326 (30 £ 60), and 0.327
(20 £ 80). Increasing the control volumes beyond 20 £ 80 did not
change the bypass ratio. A 20 £ 80 control volume was selected for
all subsequent simulations.

In Fig. 4, numerically predicted bypass ratios are compared with
experimental data as a function of pts=pe, when pt p=pe D 5:5. In
Fig. 4, S, SS, and M indicate � ow regimes as discussed earlier.
There are two sets of numerical results in Fig. 4. One is obtained
by the � rst method of the primary � ow expansion, which gives

Fig. 4 Comparison of the bypass ratio: , test data; M, numerical data
with the � rst method of the primary � ow expansion; and ¤, numerical
data with the second method of the primary � ow expansion.

Mpi D 1:78. In this case, numerical results underestimate the sec-
ondary� ow ratewhen the secondary� owstagnationpressureratio is
low (pts=pe < 0:6). For higher secondary � ow stagnationpressures
ratio, the numerical results are in good agreement with the test data.
The numerical results show that ejector � ow is in the M regime up to
pts =pe D 0:75 and in the SS regime beyond. In the test data, the � ow
is in the S regime up to pts=pe D 0:75 and in the SS regime beyond.
Fabri choking in numerical results is interpreted as the mixed � ow
becomes sonic in the mixing tube (not in the inlet area minimum)
while the inlet secondary � ow remains subsonic. Numerical results
did not show the Fabri choking for the given operating conditions.

The other set of numerical results is obtained by the second
method of the primary � ow expansion. It is found that the pressure
at the � rst control volume where the primary � ow injection begins
(x D 0:02 m) is much lower than the primary � ow nozzle exit pres-
sure. Thus, the primary � ow is allowed to expand further, and the
primary � ow velocity increases resulting in increased bypass ratio.
The primary � ow inlet Mach number Mpi increased from 1.78 to
2.06 when pt s=pe D 0:3 and to 1.95 when pt s=pe D 0:8. This in-
dicates that when the secondary � ow rate is small, the secondary
� ow pressure at the mixing tube inlet is low, resulting in increased
primary � ow speed. With the increased primary � ow speed, the
bypass ratio increases,and the agreementwith test data is improved
at lower secondary � ow stagnation pressure ratios. Ejector � ow
remains in the M regime and transitions to the SS regime occurs at
about pts=pe D 0:5.

Conclusions
A one-dimensional numerical model is developed for the anal-

ysis of compressible constant-area ejectors. Numerical results are
compared with experimental data in terms of the bypass ratio. The
bypass ratio predicted by the numerical model agrees well with test
data over a range of operating conditions except in cases in which
the secondary � ow stagnation pressure is extremely low. For such
cases, the numerical model consistently underestimates the bypass
ratio unless the primary � ow is allowed to expand to match the
pressure where it meets the secondary � ow. One advantage of the
present approach is that the secondary � ow speed at the inlet of
the mixing tube, Msi , is a part of numerical solutionand need not be
speci� ed before theanalysisas opposedto thecontrol-volume-based
analyses.
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Nomenclature
Ra.!/ = input acceleration
C = number of components
fFr g = reaction forces
f f g = excitation for the coupled structure
fk ; !k = hard-mounted natural frequency

of kth component
[K ] = stiffness matrix of secondary structure
kk = stiffness of the connection between

kth component and secondary structure
L j = j th modal participation factor

of coupled structure
[l] = modal participation factors

of secondary structure
[M ] = secondary structure mass matrix
[Mc] = mass matrix related to the components
[ NMc] = [Mc] partitioned
mk = mass of kth component
N = number of modes of the secondary structure
fqg = generalized coordinates of elastic modes
fqr g = generalized coordinates of grounded nodes
r j = generalized coordinateof the coupled structure
S.!/ = input power spectral density
[Vc] = transformed mass matrix of components
[ NVc] = [Vc] partitioned
fyg = degrees of freedom (DOF)

of the secondary structure
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fycg = displacements at the components’
connection points

fyi g = internal DOF of the secondary structure
fyr g = grounded DOF of the secondary structure
f±g = components’ relative displacements, f±ag ¡ fycg
f±ag = components’ absolute displacements
³ = viscous damping ratio
[3] = eigenvalue matrix (diagonal) of the grounded

secondary structure
¾±k = standard deviation of the absolute acceleration

of kth component
[8] = mass normalized mode shapes

of the secondary structure
[8rr ]; [8ir ] = translationalmatrices
[9] = mass normalized mode shapes

of the coupled structure
!2

j = j th eigenvalue of the coupled structure

Subscripts and Superscripts

c = component
i = i th internal DOF of the secondary structure
j = j th eigenmode of the coupled system
k = kth component
r = r th grounded DOF of the secondary structure

Introduction

D URING the launch, loads from different sources excite space-
craft primary and secondary structures. In particular, random

oscillations of the primary structure, assumed known during the
preliminary design, can be considered as a random vibration envi-
ronment for secondary structures, for example, mounting frames.
This excitation is of great importance for the determination of load
factors acting on � ight equipment, for example, electronic boxes,
batteries,and scienti� c instruments,that are supportedby secondary
structures.

As described in Ref. 1, several techniques are used in engineer-
ing practice to evaluate the dynamic response of components, even
though it has been demonstrated that some methods are too much
conservative(in particular the techniquebased on the use of Miles’s
equation2). To obtain an accurate estimate of the acceleration of
� ight equipment, recently a new, highly cost-ef� cient techniquehas
been proposed by Ruotolo and Cotterchio.3 It has the main advan-
tage of requiring only a few properties of the secondary structure
to be grounded at the interface with the primary structure, so that it
permits optimization runs aimed at mass saving.

Nevertheless, the formulation of the method described in Ref. 3
permits consideration of only a single piece of � ight equipment
connected to the secondary structure, so that its use is limited in
practical applications.As a consequence,in this Note the technique
is extended to deal with several components, permitting the consid-
eration of real space structures, for example, nodes 2 and 3 of the
InternationalSpace Station.

Determination of Components’ Acceleration
Figure 1 showsa numberof componentsconnectedto a secondary

structure. It is assumed that stiffness and mass matrices of the latter
structure are known so that its potential and kinetic energy can be
written as

Us D 1
2
fygT [K ]fyg; Ts D 1

2
f PygT [M]f Pyg (1)

In the following discussion, it is assumed that the kth component is
connected to only one degree of freedom (DOF) of the secondary
structure through a spring with stiffness kk . When all DOF of the
connection points are collected into the vector fycg and the rela-
tive displacement between components and corresponding mount-
ing points on the secondary structure are introduced, potential and
kinetic energies related to � ight equipment are given by

Uc D 1
2
f±gT [kc]f±g; Tc D 1

2 .f Pycg C fP±g/T [mc].f Pycg C fP±g/ (2)

where matrices [kc] and [mc] have rigidities kk and masses mk

on their principal diagonal. When the corresponding energies


