
Reference
NBS

PUBLICATIONS

NBSIR 85-3287
AlllDb 031LE7

An Experimental/Computational
Investigation of Organized
Motions in Axisymmetric
Coflowing Streams

R. W. Davis

U.S. DEPARTMENT OF COMMERCE
National Bureau of Standards

Center for Chemical Engineering

Gaithersburg, MD 20899

December 1985

Prepared for:

^orce Office of Scientific Research/ N

A

ng Air Force Base
100 lington, DC 20332
.056

85-3287

1985





NBSIR 85-3287
R83

RESEARCH INFORMATIO!;
CEM’i'CS

AN EXPERIMENTAL/COMPUTATIONAL
INVESTIGATION OF ORGANIZED
MOTIONS IN AXISYMMETRIC
COFLOWING STREAMS

ClCICx^

R. W. Davis

U.S. DEPARTMENT OF COMMERCE
National Bureau of Standards

Center for Chemical Engineering

Gaithersburg, MD 20899

December 1985

Prepared for;

Air Force Office of Scientific Research/NA
Boiling Air Force Base
Washington, DC

U.S. DEPARTMENT OF COMMERCE, Malcolm Baldrige. Secretary

NATIONAL BUREAU OF STANDARDS, Ernest Ambler, Director



' /i:, \ .v;
:

.>•»-
•.>'^f^-- .

'.-'’
-A- '^

'"
'Itki (.

'•^^*
.

* 'r^-

lM.||¥|«<4',iii|»,j8MO
#wSalpr«' B«twoiiCK

jfl '.ih'.

,v®

1^ fth^a w .fl

"•
.!•

3(f> '.'^,v
. i^r

sgij
•j

„ ,>S^

T4^
>e3kw||ilO

.

-•" ..'%' " M

-«l«l 'r ,.f

-

^‘ ~9M9f t«<|i»rjij0

’x>

)•>'.'* h^^ I „ ...

iy'
:' ' #<».'

i'"'

'3‘Mi
'M

‘,r
f

JQ
'

inof^iitfUmW .j '

'' ,5
,^® .v

.*ahbW8 mtoatoM .aOflSMMOO W T*il¥MT«A«»9d^.3.U
^ ’ja '-V- j»

mt^wiXX ^raflAOMAtS fo UA3I^U9 JAMOfTAM
’3"^ ji '0254

Fi

S3



TABLE OF CONTENTS

Abstract 1

Introduction 2

Experimental Results 4

Computational Results 9

Concluding Remarks 14

Acknowledgments 15

References 15



(I
‘

.A f

^
.-t/;

'*'f ,
% t <10 $ ^ « • ¥

5j 35 ^ ’.f

_. * ;*. --i >. cjl-iejodfl 8nit*JXonoO
^ -w'

• • » » • ?' • « « « 4 XMdrts'oA



AN EXPERIMENTAL/COMPUTATIONAL INVESTIGATION

OF ORGANIZED MOTIONS IN AXISYMMETRIC COFLOWING STREAMS

R. W. Davis
Center for Chemical Engineering

National Bureau of Standards
Gaithersburg, MD 20899

A joint experimental/computational investigation of the entrainment

process in the turbulent mixing of a round jet with a coflowing stream has

been carried out. The overall objectives of this work were to identify and

characterize coherent motions in the mixing region, investigate the

dynamical role these motions play in the entrainment process, and determine

the extent to which entrainment is affected by such factors as initial

conditions and forcing.

It has been found experimentally that, in contrast to the free jet and

to previous theoretical’ predictions based on convected free jet velocity

profiles, the coflowing jet undergoes a streamwise evolution in scaling

characteristics. The wake region near the origin of the jet is responsible

for a streamwise variation in spectra and for a streamwise acceleration of

excited waves. Both effects can be scaled by using the average of the jet

core velocity and the local minimum mean velocity. The proper scaling

parameter downstream of the wake region is found to be the same as for a

plane mixing layer, namely, (U. - U )/(U. + U ). Linear parallel flow
J s J s

stability theory has been found to agree qualitatively with the

measurements, but does not produce accurate quantitative predictions of

spatial growth rates.

The computational portion of this investigation has produced numerical

models for forced spatially-developing axisymmetric and two-dimensional
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mixing layers. The numerical scheme employs quadratic upwind differencing

for convection and a Leith type of temporal differencing in order to solve

the incompressible Navier-Stokes and continuity equations. The applied

forcing function is derived from linear inviscid stability theory. The

resulting large-scale vortex dynamics is visualized by means of streakline

and isovorticity contour plots. It is seen that the vortex merging behavior

in both types of mixing layers is determined by the subharmonics present in

the forcing function. Manipulation of the vortex dynamics in a predictable

fashion is possible through alterations in the frequency content of this

applied forcing. Reynolds number is shown to be of only minor importance.

Computations of differentially-heated two-dimensional mixing layers have

produced some quantitative measures of downstream entrainment and its

relationship to the large-scale structures.

Key Words: Coherent structures; computational methods; fluid dynamics;

hydrodynamic instability; jets; mixing layers; turbulence

Introduction

Rapid mixing in coflowing streams is essential to high performance in

thrust augmenting ejectors and in air breathing combustors where mixing must

be accomplished within the short lengths available in aircraft applications.

Advances in these technologies have been limited to a large extent by an

incomplete understanding of the dynamics of turbulent mixing. While complex

geometries are encountered in applications, the rational development of

these technologies requires a more complete understanding of the fundamental

fluid dynamics in carefully controlled experimental situations involving

simple geometries, such as that discussed herein, where the effects of basic

parameters can be isolated and identified.
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stimulated both by the classical Reynolds decomposition of the Navier-

Stokes equations and by the experimental ease of acquiring time-averaged

information from fixed probes, traditional approaches to the study of

turbulent mixing have been primarily statistical in nature, regarding

turbulence as an essentially random process involving a continuous

distribution of "eddy" scales. This view has been modified substantially

over the last decade and a half, giving way to a mounting body of

experimental evidence for the existence of highly organized coherent motions

in turbulent flows. The limitations and inadequacies of the traditional

approaches have been well documented in a number of recent and excellent

review papers [1-4], and these arguments will not be repeated here. The

important point is that both flow visualization and minicomputer-based

conditional sampling techniques are leading to a new view of turbulent

motions wherein organized structures play a dominant and deterministic role

in turbulent processes. This, coupled with recent advances in computational

fluid dynamics, has opened the door to a new level of understanding, and it

is this combined approach which has been employed in the present

investigation. This investigation has consisted of a joint experimental-

computational study of the entrainment process in the turbulent mixing of a

round jet with a coflowing stream. The overall objectives of this work were

to identify and characterize coherent motions in the mixing region,

investigate the dynamical role these motions play in the entrainment

process, and determine the extent to which entrainment is affected by such

factors as initial conditions and forcing.

The results of the present investigation have already been discussed in

detail in a series of technical papers and reports [5-10]. Thus only a

summary of what has been accomplished will be presented here.
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Experimental Results

Particular experimental objectives included evaluating the

applicability of linear parallel stability theory to the early shear layer,

examining the influence of the inner and outer boundary layers of the jet

apparatus (and the resulting wake region in the early velocity profiles),

and determining the proper relationships between the free and the coflowing

jet characteristics.

The experiments were performed on an air jet apparatus (Fig. 1) mounted

on the test section centerline of the Low Velocity Wind Tunnel at the

National Bureau of Standards [11]. The wind tunnel provided the external

(coflowing) air stream with a turbulence level of 0 . 05 % outside the boundary

layer of the jet apparatus. The inside diameter of the jet tube was 44. -4 ram

(1.75 inches) and the wind tunnel test section 0.91 ra by 0.91 m (3 ft by 3

ft) so that the area ratio was 535:1. Screens and a flow straightener

inside the jet pipe and near the exit produced a jet velocity profile having

a nearly constant velocity core and a nearly uniform core turbulence

intensity of 0.9 to 1.1^. The wind tunnel and the jet were both generally

operated over the speed range of 1 to 6 m/s. The velocity data were

acquired by a minicomputer system [12] from a single hot-wire probe (Pt, 2.5

um by 0.5 ram) and a constant temperature hot-wire anemometer.

It is now widely recognized that acoustic characteristics of a jet

apparatus are of great importance in determining the development of the

shear layer, at least for laminar and quasi-laminar flows [13]. For the

present work the acoustic effects were particularly strong since the

apparatus consisted of a straight pipe of constant diameter only 2.4 m in

length, an effective resonator. To determine the acoustic character istics

,

a microphone was inserted near the closed end of the pipe and low level

4



acoustic waves were excited by a rotating perforated disc located in the air

supply line. The results (Fig. 2) show a set of resonances having a spacing

in frequency corresponding approximately to that predicted by a simple

acoustic analysis.

The stability calculations used here were based on the analysis of

Michalke and Hermann [14] for an incompressible, inviscid, axisymmetric

coflowing jet. The computational procedure used was developed

independently, however, and is reported by Moore [10]. Locally parallel

flow and small amplitude spatially developing disturbances are assumed so

that the Euler equations may be linearized and satisfied by a disturbance of

the form

,, . i(ax - Bt)
p

' = p(r je

where <p may be u, v, or p; a is the complex wave number, 6 the real

frequency, r the radial coordinate, x the streamwise coordinate, and t the

time. These have been nondimensionalized using the jet core velocity, U^. ,

and the inside radius of the jet pipe, R. The resulting equations were then

solved numerically using curves fit to measured mean velocity profiles by a

least squares procedure. Note that these profiles were not derived in any

way from free jet data, but are measured profiles for the coflowing jet.

Thus they include the remnants of the jet-pipe boundary layers which form a

decaying wake-like region.

Neither nonparallel flow nor finite disturbance amplitudes is accounted

for by this analysis. Yet it is quite likely that some of the differences

observed between the analytical results and the measurements are due to
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these features. There has been some work on extending the basic theory to

slowly diverging flows and to weakly nonlinear flows (see ref. 15 for a

review). Here, however, these aspects have not been pursued.

The mean velocity profiles are complicated functions of radius, r,

downstream distance, x, the core exit velocity of the jet, , and the

velocity of the external stream far from the jet, U^. Five combinations of

Uj and were investigated in detail for which selected profiles are

plotted in Figs. 3~5. The most apparent characteristic of these profiles is

the decaying wake region resulting from the boundary layers on the jet pipe

walls. For purposes of discussion this wake region may be described in

terms of an inner and an outer shear layer with a gradual disappearance of

the outer shear layer. The inner shear layer here is much steeper than the

outer thus having in some ways a much stronger influence on the stability

characteristics. However, these results should be viewed with some caution

since very different characteristics might develop if the outer layer were

steeper than the inner layer. This possibility has not been explored here,

but perhaps warrants further investigation.

It has been found that the effects of a coflowing stream on a round jet

cannot be determined by simply transforming a free jet flowfield to a

coordinate system moving at the coflowing stream velocity, at least not for

facilities in which the flow develops rapidly near the jet origin. The only

exception, it would seem, would be a facility in which acoustic resonances

have been eliminated (in the unstable range of frequencies) and in which the

background disturbances have been reduced to unusually low levels. In such

a flow the streamwise development of waves might extend far beyond the

region where the wake of the jet pipe is important. In most coflowing jets.
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however, this will not be the case and the wake region must be taken into

account. In that region it has been found that the flow evolves, not simply

in magnitude but in fundamental scaling characteristics. The rapidly

changing velocity profiles cause large variations in the spatial growth

rates of waves leading to streamwise variations in spectra and in wave

speed. The influence of the external stream speed, U^, is not simple,

however. Near the jet origin the spectra and wave speeds are nearly

independent of U^, whereas further downstream the influence is substantial.

Any scaling laws for this flow must be able to account for the observed

evolution. In particular, the usual choices for characteristic velocity,

for instance U. + U , must be modified. An alternative proposed here, U. +

U , where U is the minimum mean speed in a cross-stream profile, is found
m m ^

to satisfactorily scale both spectra and wave speeds. It is furthermore

consistent with the concept that the "inner" shear layer in this coflowing

jet is dominant because it is substantially stronger than the "outer" shear

layer. Since U. + U approaches U. + U downstream, the latter would seem
J m J e

to be the proper characteristic velocity beyond the wake region in the flow.

A simple linear, parallel flow stability theory has not fared badly in

analyzing this flow. In fact, the work of Michalke and Hermann [14]

predicted several of the important characteristics observed in the

experiments, including the shift of spectra to higher frequencies as is

increased for positions not near the jet origin and the streamwise

acceleration of waves. This was despite the use of transformed free jet

profiles. Other predicted results were not borne out, however. A

stretching factor, o’, defined as

7



a’ = 1 +

AU
e

U.- U
J e

was calculated by Michalke and Hermann [14] who inferred a value A = 1.4 for

the transformed free jet data. In the present work, however, A = 2.0 is

found to provide the best correlation of the coflowing jet measurements.

This is in agreement with experiments on the plane mixing layer. For

A = 2.0, o'(U. - U ) becomes simply U. + U , the characteristic velocity
j e ^ j e’

downstream of the wake region.

Calculations based on the work of Michalke and Hermann [14], but

performed on the measured coflowing jet profiles of the present work,

likewise agreed with several of the trends in the experimental data. In

particular, the cross-stream profiles of wave amplitude compare relatively

well with the measurements as did the wave speeds near the jet origin. The

predictions of streamwise growth were more difficult to compare with the NBS

measurements due to the rapid development of the profiles and corresponding

changes in the calculations. However, the bracketing of the data by the

calculations would seem to indicate at least qualitative agreement. As a

whole the linear, parallel flow, stability theory did not fare badly, but

could possibly be improved by taking into account the nonparallel and weakly

nonlinear aspects of the flow.

Finally, it should again be noted that the complexity of the coflowing

jet configuration and the dependence of the flow properties on so many

factors should be taken into account in any attempts to apply the results

presented here to other facilities. The relative importance of the two

initial boundary layers in particular should be viewed with caution. An
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interesting, though perhaps difficult, experiment would be to repeat the

measurements performed here but for an apparatus in which the outer boundary

layer is much thinner and steeper than the inner one. This might have

profound effects on the flow characteristics.

Computational Results

The primary computational objective of this investigation was to

develop a numerical model for the large-scale vortex dynamics inside forced

spatially-developing axisymmetric mixing layers. The temporally-developing

case, with its simpler boundary conditions, had been modeled previously

[15], but was not a completely plausible representation of what occurs

inside the mixing layer between a jet and a coflowing stream. The

axisymmetry condition implies that azimuthal instabilities were not

considered here. This is a realistic assumption (at least in the near-

field) provided that axisymmetric forcing is employed.

The axisymmetric mixing layer develops in the region between a jet with

velocity and a coflowing stream with velocity U^. Therefore, at the

upstream boundary of the computational domain (z = 0), a velocity profile

U(r) characteristic of a coflowing jet is specified. This profile contains

a shear layer centered at r = R . which develops into the mixing layer for

z > 0. In an unforced physical experiment, random background noise will

supply the perturbation necessary to trigger roll-up of this shear layer.

The particular component of the background noise which is responsible for

the initial vortex formation can be determined from linear inviscid

stability theory as that frequency which exhibits the largest spatial growth

rate [14]. Thus, for the computations, a perturbation of the form
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Z A (r) exp {i[R(a )z - 3 t]}
n n n

n

is applied to the vorticity over some streamwise region from z = 0 to

z = Zp
>_

0. Here A^(r) are complex eigenfunctions, is the real part

of a complex a ,
and 3 is real. When it is desired to match the situation

n n

in an unforced physical experiment, all parameters are chosen so as to

minimize Im(a^) [14, 16]. In the case of a forced physical experiment, the

3^ for n > 1 must be subharmonics of 3^^, i.e., 3^ is an integer multiple of

3 ^, another integer multiple of 3^> etc. [16]. Variations in the amplitude

and domain of the applied perturbation have been found not to affect the

resulting vortex dynamics in any fundamental way. For this study, the

maximum amplitude of the perturbation was about 0.01 U(r) and z = 2R..
P 1

the basic vortex dynamics although the vortices do smear out as Re

decreases

.

A finite difference method was employed here in order to solve the

incompressible Navier-Stokes and continuity equations in primitive variables

on a staggered mesh. This method utilized quadratic upwind differencing for

convection and an explicit Leith-type of temporal differencing [?]. This

leads to effectively third-order accurate spatial differencing as Re ^ oo.

The only relevant stability criterion is that the Courant number be less

than one. This type of differencing scheme has been shown to perform well

in computing vortex shedding from bluff bodies [17, l8]. At each time ‘step

a Poisson equation for pressure was solved by a direct method utilizing the

1 0



FISHPAK package of FORTRAN subprograms for the solution of separable

elliptic partial differential equations developed at NCAR [19]. No

turbulence model was employed in this computation.

The boundary conditions in the radial direction employed here were that

radial derivatives are set to zero along r = 0 (axisymmetry ) , and a simple

asymptotic analysis involving small perturbations about was employed for

large r. The freestream velocity was specified at the outflow boundary

of the mesh by means of an inf inite-to-f inite mapping of the form

C = K + K^/z, where K and are constants. This transform was employed for

z > 15 R.

.

J

The untransformed portion of the nonuniform mesh used here is shown in

Fig. 6, where it can be seen that mesh points are concentrated in the region

of the initial shear layer near r = 1. The length scales in Fig. 6 are

normalized with respect to R . . All results that follow are nondimensional-
J

ized with respect to R. and U.. Computation times on the NBS UNIVAC 1100/32
3

required to obtain a few unchanging cycles of vortex dynamics were typically

about 3 hours.

A plot of an upstream velocity profile with U./U = 3.33 is shown in
J

“

Fig. 7. This profile, consisting of two Gaussians matched (with continuous

first derivatives) at r = 1, is typical of what is found downstream of a jet

nozzle. A linear inviscid stability analysis reveals the most unstable

frequency to be 6^
= 3.^8. The results of perturbing this velocity profile

with B = = B^ (no subharmonics) are shown in Figs. 8 and 9 for Re =

n

1000. These two figures illuminate the same flowfield, the first by means



of a streakline plot composed of passive marker particles and the second by

means of isovorticity contours. What is seen here is the formation of

vortices which shear as they move downstream but do not merge. Figures 10

and 11 show the effects of adding a subharmonic (3 = + 3^/2) to the

applied perturbation. A single vortex merging is now seen to occur. Adding

a second subharmonic (3 = 3^+ 3j^/2 + 3^/3) results in two vortex mergings,

as shown in Figs. 12 and 13. Thus, each subharmonic induces one merging, as

seen experimentally in the two-dimensional mixing layer [16]. By applying

only the fundamental and the second subharmonic (3=3^+ 3^/3), three

vortices merge into one (Figs. 14 and 15), a phenomenon also seen

experimentally [16]. Changing the Reynolds number from 1000 to 333 results

in the increased smearing of the vortices (with no change in the merging

behavior) seen in Fig. lo for 3=3^+ 3^/2 + 3^/3. For Re = 10 and this

same 3, the total streamwise energy content integrated across a plane

cutting through the jet as a function of axial distance downstream is shown

in Fig. 17 for each of the three frequencies. The axial locations where

each subharmonic saturates are, in fact, the same as the merging locations

as seen from streakline and isovorticity contour plots. Also, the second

subharmonic saturates at twice the distance from the upstream profile as the

first. All this is, once again, in agreement with experimental results from

the two-dimensional mixing layer [l6].

In fact, once the axisymmetric mixing layer had been modeled, extension

to the two-dimensional case became straightforward. The resulting basic

vortex dynamics was observed to be identical to that seen in the

axisymmetric situation, i.e., each subharmonic induced one merging. A

12



phenomenon clearly seen in the two-dimensional case was "vortex shredding

(Fig. 18). This occurred in the presence of a fundamental and its first

subharmonic when the subharmonic was phase-shifted by
<J)

= 90°. What is

clearly seen in Fig. 18 is that the vortex centered at x = 110 is being

pulled apart (shredded) by its neighbors. This same sort of phenomenon has

been seen before in computations of temporally-developing mixing layers

[15]. When compared with the normal vortex merging seen in the zero phase

shift case (Fig. 19), it is clear that downstream entrainment is severely

reduced by this shredding phenomenon. Full details on both the axisymmetric

and two-dimensional mixing layer computations are reported in Davis and

Moore [9].

In a further effort to quantify the downstream entrainment process in a

two-dimensional mixing layer, differential heating of the two incoming

streams was applied. With no gravitational effects in the model, the

temperature then acted as a passive contaminant. For the case shown in Fig.

20 (tanh profile at x = 0 with velocity ratio = 3* 33, fundamental plus first

subharmonic present), the upper high speed stream (for y > 0) enters with

temperature T = 1, while the lower stream has T = 0. The following

integrals were then computed:

Aj(x) =1 T dy,
^ —

m

f
°

— CO

(1 - T) dy,
J n0

13



where in the actual numerical integrations, ^ “ were replaced by _+ 80. When

there is no mixing between the streams, both and are zero everywhere.

Thus, the deviation of these parameters from zero gives a measure of the

mixing which is occurring at a given downstream station. By comparing Figs.

21 and 22 (A^ and A^, respectively) with Fig. 20, the effect of the vortex

dynamics on the mixing can clearly be seen. Peaks and valleys in both A^

and A^ can be directly related to the vertical position of the braid between

the vortices seen in Fig. 20. There is also an asymmetry in the mixing,

with the peak value of A^ being about 50^ greater than that of A^. Thus,

more high speed than low speed fluid is entrained and mixed in the coherent

structures, an effect also observed experimentally [20]. The summation of

A^ and A^ shown in Fig. 23 rev*eals the expected increase in overall mixing

with downstream distance, with the peaks here occurring at the locations of

the vortices in Fig. 20.

Concluding Remarks

Several concluding observations can be made pertaining to the results

presented in the previous two sections. First, linear parallel stability

theory can provide a great deal of useful information regarding the large-

scale structure of forced mixing layers. The effectiveness of linear theory

in an obviously nonlinear situation has been noted previously [15, 16].

Also, it is clear that modifications such as the addition of nonparallel and

weakly nonlinear effects to the theory could enhance its usefulness. A

second conclusion that can be drawn here is that the downstream development

of the mixing layer (at least in the near-field) can be controlled by



forcing at appropriate frequencies. The presence of subharmonics and their

phase relationships is the determining factor in the downstream behavior of

the large-scale structures. The vortex dynamics, in turn, is the

determining factor in the entrainment characteristics of the mixing layer.

Predictive methods (e.g., gradient diffusion models) which ignore the large

coherent structures are doomed to failure. Finally, it is clear that fully

three-dimensional models will be required to describe the far-field

development of both circular and planar mixing layers. Joint

computational/experimental research efforts would appear to be highly

desirable here. A cooperative effort on joint data analysis techniques

alone would undoubtedly prove extremely beneficial.
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