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Summary

Experiments have been carried out on the mixing of streams with and
without swirl ard with and without density differences in a coannular geo-
metry. The flow process was visualized through the use of a phosphorescent
tracer, Z2-3 biacety!. Three vartations of the visualization techniques were
used: direct excitation, collisional excitation and quenching of the tracer.
tach techrique is complementary to the others and yields information about
turbulent transport, molecularly mixed and unmixed reqions in the flow The
axtal variation of the flow for the case with swirl in the inner annulus fis
investigated in some detail. . rom the flow visualization pictures, it is
tentatively concluded that the initial Helmholtz instability of the tangen-
tial shear layer gives rise to small scale peripheral structures, then it
is possible that the inner swirling stream drives an instability which turns
these small scale peripheral structures into ones of larger scale, thereby
rearranging the inittal vorticity distribution of the flow field, The pic-
tures also indicate the occurrence of interchange of fluid between the
annuli Relatively few data points were obtained for the co-flowing streams
with density difference (nitrogen/helium or helium/nitrogen)}. During the
course of the experimental work, an aspirating probe for concentration
measurements was designed and built. From the flow visualization pictures,
it is tentatively concluded that the interaction of density field with the
resulting radial pressure gradient may have influenced the cvolution of the

flow structures.
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I. Introduction

The mixing of two fluid streams, whether it be in confined or unconfined
geometry, is of technical interest. A unique technique of flow visualfzation
had been developed at the M.I.T. Gas Turbine Laboratory by S.C. Bates '(1977).
which makes it possible tc examine the molecularly mixed layer between two
gas streams. The technique also allows one to distin ::.:h the rixed from the
unmixed regions, S.C. Bates used the technique to study the nixing o shear
layer between two parallel streams.

W.K. Cheng’ (1978) adopted the technique to study ‘e effects of swir)

on the mixing between two strzams in a co-annular geometry. [.. .he course
of his investigation, he pointed out the existence of non-axfiymmetric
structures in an unstable swirling flow. An effort is made in the present
investigation to visualize these structures i{n more detail for the case
where only the inner stream of the co-flowing streams has swirl. To achieve
this, the optical system was modi“ied to allow better viewing, from the axial
directton, of the peripheral structures discovered by W.K, Chengz. A tunnel
spacer was also added to enable the study of the flow field over a larger
axtal extent. An effort is also made to examine the effect of differences in
density in such a flow system. During the course of the work, an aspirating
probe was designed and developed for measurement of the relative concentra-
tion of a gas of different molecular weight in a background gas, for example
of He in N,, this being the gas cmbiration employed to produce the density
difference between the annuli. The development of this technique is in an

early stage.



IT. Flow Visualizatfon Technique

The flow visualization technique used in the present experiment was
developed by S.C. Bates] (1977) at the M.1.T. Gas Turbine Laboratory.
Through the use of different modes of visualization ‘the direct excitation,
the nol’ .ion.. excitation and the quenching modes), the technique can map
tat the evnle-ylarly mixed versus the turbulently mixed reqgions. For details
of the tu.'nt: e, reference may be made to ref. (1), A brief description
of the technique will be repeated here.

The fluorescent tracer used to visualize the flow is 2-3 biacetyl. [t
is a yellowish liquid at room temperature with a fairly high vapor pressure
(40 mm). 2-3 biacetyl absorbs light from 3500 to 4600 R. but fluoresces
in the blue and phosphoresces in the green. The latter was used for the
flow visualization here because it is 60 times brighter than the former.
The quantum yield of the phovphorescence is about 15%.

In the direct excitation mode, one of the gas streams is seeded uni-
formly with biacetyl. The flow region of interest is illuminated by a thin
sheet of light and the illuminated nlane is photographed. Thus the image
is a dissection of the fiow at the illuminated plane. Note that unlike the
shadograph and Schlerein methods, the image is not formed as a result of
the inteqgrated effect on the light along the line of sight, hence its
adaptability for visualizing three dimensional structures. Under this
mode of wvisualization, a picture of the mixing regirn depicts the spread-
ing of the seeded stream into the unseeded one by both turbulent tran.port

and malecutar diffusion.
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In the collisfonal excitation mode, one stream is seeded with biacetyl
and the other with benzene. A thin sheet of UV light is passed through the
flow region of interest. The UV light has no effect on biacetyl but opti-
cally pumps the benzene. The excited benzene molecules in turn cause the
blacetyl to phosphoresce through molecular collisions by the transfer of
optically induced molecular enerqy. Thus the recorded picture is a map of
the molecularly mixed region in the flow.

In contrast, the quenching mode permits visualization of the molecu-
larly unmixed region. The optical arrangement for this mode is the same
as for the direct excitation. One of the streams is seeded with biacetyl
while the other is seeded with oxygen. In the molecularly mixed region,
the oxygen molecules quench the phaosphorescence; thus, the recorded image

shows the molecularly unmixed region of the stream containing biacetyl.

IT1. Experimental Apparatus

A. The tunnel and the gas flow system.

Figure 1 is a sketch of the tunnel and the gas flow system used in the
present experiment. A detailed descripticn of the tunnel is given in refer-
ences (1) and (2). A brief description of the recent modifications is given
here for continuity. There are two independent manifolds M} and M2. One
is fed by eight cylinders of helium, and the other by twelve cylinders of
nitrogen. These gases enter pipes A and B via the sonic orifices. These
sonic orifices regulate the flow rates and they are so adjusted that the
axial velocity of either stream ts about 7 ms'] at the test section (thus
the Reynolds number based on the annulus height is of the order of 10“)(2).

Ball valves V1 through V4 allow the facility to be fed by gas of one type
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only, or by gases of different types, in each pipe leading to the annulus
vtnnel, thus emabling the study of density effects.

Gases entering the tunnel are evenly distributed over the cross-section
by cnoking orifices on plate C, then pass through screen D into a settling
chamber. Contraction is provided to thin out the boundary layer before
they enter the test section. The flows (swirling if turning vanes E and F
are mounted) emerge to form a skear layer at the end of the splitting
cylinder G. Since oxygen guenches the phosphorescence of the experiment,
the whole apparatus must be capable of pumping down to about 100 microns of
mercury. It is then filled with working gas before the start of the experi-
ment.

The seed flow supplies from gas cylinders containing the organic liquids
(biacetyl and benzene) diverts into the two branches. The inner annulus flow
(A} is seeded with 2-3 biacetyl and the outer annulus flow (B) is not seeded
for the direct excitation experiment, seeded with air for the quenching
experiment, and with benzene for collisional excitation experiment. The
cylinders are heated to deliver 2 to 3 mm of partial pressure of the seed
vapour at the test section. The long pipes A and B, with a physical length
to diameter ratio of about 120 ensure that the organic chemicals are uni-
formly mixed before entering the tunnel.

Because the tracer gas 2-3 biacetyl used in the experiment has a very
unpleasant odor, the flow has to be discharged via a pneumatically controlled
plexiglass door (also serves to keep air out) into a huge plastic baloon.

A blower is then used to blow the tracer contaminated gas through an elec-

tric kiln (fig. 2) which has been heated to a temperature of about 2000°F.
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so that the organic chemicals may be broken down before discharging into
the building exhaust system. Five instrument ports are provided at the
tunnel test section to allow the taking of hot-wire data and aspirating
probe data. They are two inches apart with the first one 3 inches down-
stream from the splitting cylinder.
A test section spacer is provided so that the structure of the shear

layer may be examined over a larger axia) distance,

8. Input Qutput Optics

Netails of the input and output systems are in references 1 and 2.

A 200 joule capacitive flashlamp pulser drives an €6 and G FX-38-C-3
Xenon flash tube to provide the input sheet of light. The light is colli-
mated by a s1it and two cylindrical quartz relay lenses into a thin sheet
before entering the tunnel through a UV grade quartz window. A Pomfret
Research Optics 2537 A interference filter is used to obtain the UV 1ight
for the collisional experiment. The transmission efficiency of the filter
is about 20% and the bandwidth is about 280°A. Figure 3 shows the optical
arrangement .

The dim 1ight emitted in the visualization experiment, after being
collected by a Nikon f = 55mm/1:1.2 lens, passes through a green filter and
falls on the input area of anp ITT F 4747 microcnannel image intensifier,
Newly purchased, the gain of this device was 2x10*. Over the years, with
continuous use, its gain has deteriorated. The resulting ouput image of
the flow region is recorded through contact photography with Polaroid
type 57 film (ASA 3000). Pictures for direct excitation and quenching

experiments are taken with exposure times of 750 us at f/2.0, while those
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for collisional mode are taken with exposure time of at least 1.5 ms at f/1.2.

C) Duration of the experiment.

The tunnel works in a blow down mode to conserve gas. The flow is
initiated by a pneumatically actuated valve from a reservoir of gas cylinders.
It lasted for about 2.5 sec. From the time history of the pressure tracer
(Fig. 8) at the mixing pipes and tunnel, the flow is steady for at least 1.5

5€cC.

D) Hot wire measurements.

A triple hot-wire probe (DISA type 55-P91), operating in constant tem-
perature mode, is used for measuring the three components of flow velocity at
the test-section. Time resolved data, obtained by radially traversing the
probe, or with the probe at a stationary point, are acquired over an axtal
distance of 18" (with the use of test section spacer}. The duration of data
acquisition is about 0.7 sec., during which the flow is steady. The data
acquisition system is shown in fig. 5. The signal from the hot-wire is
digitized using an MP 6912 analog-to-digital converter {with a capability
of sampling at 100 KHz}. A user built logic circuit then transfers the
digita) signals to the core memory of a DEC MINC 11/2 microcomputer, via a
parallel input and output board on the microcomputer Q-bus. About 16,000
points of data are ccllected in each run. Thus a sampling frequency of 7
KHz is used for each hot-wire. After each run, the data are transferred
from the core memory to a secondary storage (floppy diskettes} for per-

manent storage.
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Previous documentation (including the computer program) of the use of
this hot-wire probe was lost, therefore they had to be redeveloped for the
present experiment. Some details for the use of this hot-wire probe are

presented in Appendix A.

E. Aspirating probe measurement,

An aspirating probe has been designed to measure the relative concen-
trations of the constituents of binary mixture of gas. Details of the de-
sign of this probe and its operation are in Appendix B. The probe is esti-
mated, using axisymmetric analysis, to have a spatial resoluticn of 0.65 mm
and a frequency response of 25 KHz. When tested in a shock tube, the output
signal had a rise time of 40 us, as shown in the Appendix. The probe was
also tested in a stream of nitrogen of varying velocity for its response
to changes in external velocity. This test indicated no changes in the out-
put readings of the anemometer, verifying its design concept.

Some results are reported from this probe, but it must be considered in

an early stage of development.

1v. Experimental data.

A. Introduction

In this section some experimental data are presented for the case
where the inner annular stream has swirl, while the outer has none. The
gas used for streams of equal density is nitrogen, while those for streams
of different densities are nitrogen and helium. For each run, a flow
visualization picture and a set of hot-wire probe traverse data/ or an as-
pirating probe traverse data can be obtained. Though efforts are made to

ensure reproducibility in conditions for runs with the same nominal values,
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variations in them may occur. Relatively few data points were obtained
(24 pictures and 4 sets of raw data from the aspirating probes) for the
co-flowing streams with different densities, all with the inner one swirling.
In contrast to reference 2, flow visualization pictures of axial planes are
taken with the camera mounted in such a way that it looks into the flow
axially (see fig. 3b for the optical arrcngement). It was hoped that this
would enable better viewing of the peripheral structures of the flow-fieid.
A tinnel spacer was added to the system to enable the viewing of the flow
field over an axial distance of 14 in. Also it must be mentioned that, in
contrast to the flow visualization data presented in references 1 and 2,
only the direct excitation and gquenching mode pictures are presented in
details. The collisional excitation pictures obtained were of poor quality.
At this stage, it is tentatively concluded that this is largely due to the
deterioration of the gain of the ITT F4747 microchannel image intensifier

through its usage over the years.

B. Hot-wire data.

Hot-wire traverse measurements were made at 10 axial stations. The
stations are two inches apart (except 5 and 6, which are 1" apart}, with the
first one three inches downstream of the splitting cylinder. Fig. 6 shows
the mean velocity components (radial, tangential and axial} plotted as func-
tions of radius at axial stations 3", 8", 7", 9", 11" downstream of the
splitting cylinder. These mean velocity components were obtained from
280 point averages {a simple moving average) over 5120 data points. There-
fore these represent a time domain average of 4 ms and space domain average

of 5 mm. It should be noted that the accuracy of the velocity components as
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measured by the triple wire probe is subject to the limitations of the method
used, as described in Appendix A, Furthermore, the triple wire probe is cali-
brated for speed and direction under static conditions but used for measure-

ment of velocity components in highly turbulent flow.

No attempts are made to retrieve the fluctuating velocity components
from the hot-wire data. We present some of the linearized signals from the
trinle wire probe in Fig. 7, for stations 1 to 10. These signals contain
information abouy. the flow structures. A1l the signals shown in Fig. 7 rep-
resent a ful' = -«  ule-wire probe traverse outwards, starting at 1 cm
from the centre body. At station 1, the signal has higher fluctuations in
the inner annulus than in the outer annulus, where the signal is compara-
tively quiet. Note the discontinuity in the signal {in the neighbourhood
of mid-annulus), at stations 1 and 2. This discontinuity indicates the
position of the shear layer. The large fluctuations in the inner annulus
seem to be spreading outwards progressively. At stations 9 and 10, the hot-
wire signals seem to indicate that the flow is turbulent throughout the
annulus, Careful perusal of the hot-wire data indicates that there is a
definite sawtcoth envelope superimposed on the fluctuating signal; thic is
especially well-defined at station 5. This probably indicates the presence

of some recirculating eddies.

C. Data from aspirating probe.

Aspirating probe traverse measurements were made at axial stations
1 and 4 for two flow configurations, (i) where the inner annular flow was
nitrogen and the outer annular flow was helium, and (ii) where the flow
configuration in (i) was reversed. The plots in Ficures 8 and 9 show

the mean density profile for the four traverse measurements. The output
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shown is the anemometer readings in volt, rather than in concentration.
This is because the hot-wire element within the probe was broken while
making the measurements; consequently, we are unable to check the calibra-

tion.

D) Flow visualization pictures.

Flow visualization pictures are presented for two cases:

(1) the co-flowing streams of equal density with the inner one set to
swirl at a flow angle of 40 to 50°, (ii) the co-flowing streams of unegual
densities with the inner one set to swirl at : - same flow angle as in case
{i). For case (ii), nitrogen is used in one stream while helium is used in
the other. Some flow visualization data were obtained for the cases with
the inner stream set to swirl, while the outer stream was set to swirl in
the opposite direction and with the swirl in both streams, but they are not
presented here. Pictures of the flow are taken on Poiaroid type 57 film.

The circular image is limited in area by the 18 mm diameter image intensifier
output face (but they can be blown up). A1l the flow visualization pictures
presented here are dissections of the flow field in a radial plane parallel
to the axial direction or in an axial plane perpendicular to the axial direc-
tion. The center of the picture corresponds approximately to the middle of
the annulus. For the pictures in a radial plane, the flow is from the right
to the left.

The degree to which information can be retrieved depends very much on
the quality of the flow visualization pictures. Reference may be made to (1)
for discussion of this topic. The gain of the image-intensifier is spatially

ncn-uniform, the image being considerably dimmer near the edges. This factor
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should be taken into consideration while attempting to interpret the data.
The collisional excitation pictures obtained are of poor quality; this is
tentatively attributed to deterioration in the gain of the image intensi-

fier unit.

Case (1):
In this case, both the inner and outer annular streams were of nitrogen.
The inner stream was set to swirl at an angle of 45° to 50°. The axial

velocity was about 7 to 8 ms" .

Flow visualization pictures were taken
over an axial extent of 14", No extensive or intensive efforts are made
here to interpret each and everyone of the pictires obtained here, but fea-
tures of the flow field that can be adduced frcn the pictures will be indi-
cated.

The pictures numbering from 1 to 6 in fiy. 10 are the direct excitation
pictures of the flow field in the radial plane parallel to the axial direc-
tion. The number in inches by the side is the distance in inches the center
of the picture is from the splitting cylincer. The letters a, b and ¢ refer
to flow visualization pictures taken at th: same location with the flash
tube fired at different times after the flow is steady for the blow-down
period. This procedure is followed with the tacit assumptions that (i) the
flow is repeatable from run to run with the experimental conditions kept
constant (evidence may be provided by ‘ome of the flow visualization pictures).
{ii} there may exist some structural eddies which are convected with the

flow (note that the flow visualizatica picture represents a three inch cir-

cular flow field).
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Pictures #la and #1b have similar overall global features. The undu-
lating interface may indicate the beginning of Helmholtz instability. How-
ever, pictures #2a to #2c, #3a to #3c, show some striking features. Picture
#2a seems to indicate motion of fluid in the inner stream outwards (perhaps
due to the centrifugal action of swirl, in accordance with Rayleigh's criter-
ion) ,while pictures #2b, #2c, #3a and #3c, indicate the entrainment of lumps
{very loose technical word) of fluid from the outer stream into the inner
stream. What causes such transport of fluid elements and what role does
such mechanism play in the mixing of the two streams? This could be due to:
(i} the results of Hemholtz instability,or (ii) the results of the swirling
flow which rearranges the vorticity present in the inner swirling flow into
large scale motion, as seen in these pictures. Such features are not pre-
sent in the flow visualization pictures for linear shear layers in references
(1) and (2). Therefore it is tentatively concluded that the resulting in-
stability (as given by Rayleigh criterion) may have resulted in the rear-
rangement of the vorticity originally in the inner swiriing stream into such
eddy motion. Another picture worth noting is number 5a. This picture indi-
cates that some of the fluid elements have been pulled away entirely from
the inner stream. Picture #5b indicates the fluid from the inner stream
may have permeated the outer stream. Quenching pictures {fig. 11), indi-
cate that at such a distance from the splitting cylinder, molecular mixing
is rather complete among fluid elements from both streams. Pictures #1 to
#5 in fig. 12 are the collisional excitation pictures. They show such poor

definition that no attempt will be made to discuss them.
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Pictures 1 to 15 in fig. 13 (direct excitation mode), show the dissec-
tion of the flow field in the axial plane at different distances from the
splitting cylinder. Picture #1 shows a rather quiescent interface between
the streams, while pictures 2 and 3 indicate some non-axisymmetric flow
structures {some kind of small eddies) have begun to form. There could be
a large number of such azimuthal structures around the peripheral., It is
possible that the formation of such a large number of azimuthal modal struc-
tures may precede the development of large azimuthal modal structures, such
as are evident in pictures 6, 7 and 10. Such large azimuthal modal structures
are still present in pictures 1la, 12, 13, and 14b. It is of interest to
note that some fluid elements from the outer stream have penetrated into
the inner one near the centre body, as is evident in pictures 10 and 1
This could indicate an exchange of fluid elements betwern the two streams
has occurred, Pictures 12, 13 and 14 are indicative of the fluid motion
in pictures 2 and 3 of fig. 11. Pictures 14 and 15 indicate that fluid
elements from the inner stream have permeated the outer stream and some
fluid elements have actually parted from the inner stream. Pictures #1
to #10 in fig. 14 are the corresponding quenching pictures. Picture #10
of fig 14 and the collisional picture #1 of fig. 16 indicate that molecu-
lar mixing of eddies may have been guite thorough at 9-1/2" from splitting
cylinder. From this set of pictures, we may tentatively conclude that the
swirl in the inner stream (giving rise to instability, in accordance with
Rayleigh's criterion) may have been responsible for the large scale motions
in the neighborhood of the interface between the two streams, and in par-

ticular for the non-axisymmetric structures. The small scale peripheral
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structures formed close to the spiitting cylinder may be the result of
Helmholtz instability of the tangentfal shear layer caused by swirl. The
centrifugal action of the inner stream could then drive an instability.

giving rise to larger peripheral structures,

Case (i1) -

Some preliminary flow visualization pictures have beeyni obtained for
the co-flowing streams of different densities (one helium and the other
nitrogen) with the inner one set to swirl at 45° to 50°. The helium stream
is set to have an axial velocity of about 8 to 9 ms'] at the test section,
while the nitrogen stream has an axfal velocity of about 6 ms™) at the test
section. For this case, visualization pictures were taken only over an
axial extent of 7". These are shown in figures 16 to 23. The pictures do
indicate some qualitative differences in the flow features for the two
configurations: (a) nitrogen in the inner stream and helium in the outer
stream, (b) helium in the inner stream and nitrogen in the outer stream.

For the co-flowing streams of different densities with the inner one
set to swirl, the following may play a part in the evolution of the flow
field: (i) the swirl which sets up a pseudogravity field, {ii) the gravity
effect set up by the unegqual density interface {(the strength of such effect,
though small, varies circumferentially}, and {iii) the difference in the fluid
properties of the two streams (e.g., viscosity) which may influence the micro-
structure of the flow field. The influence of (i) and (ii) may reinforce one
another {(e.g., at the lower half of the tunnel test section) or counteract
against one another (e.g., in the upper half of the tunnel test section with

nitrogen in the outer stream and helium in the inner stream.)
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In the following, we will make an attempt to interpret the data for the
two flow configurations, bearing in mind that there may be too few data
points to come to any conclusive evidence of any particular fiow features
unique to such a flow system.

(a) with nitrogen in the inner stream and heljum in the outer stream:

We have noticed that picture 1 of fig. 10 exhibits a continuous undu-
lating feature (possibly indicating the inception of Helmholtz instability
as mentioned)}, while such is not evident in picture 1 of fig. 16, except for
the protruding fluid element into the outer stream.

It is possible that the density difference at the interface under the
influence of a radial pressure gradient in the inner stream, could have
accounted for the observed difference in flow features between the two.
Local stability analysis of the shear layer with a radial pressure gradient
in the inner stream shows that such a flow configuration would give rise to
an enhanced Rayleigh-Taylor instability; this is indeed evident in pictures
2 and 3. In picture 3, the nitrogen has spread into the outer annulus while
helium from the outer annulus has penetrated far into the inner annulus.

Fig. 17 shows the corresponding quenching pictures. Picture 3 shows an
almost unmixed strand of fluid element lying across the annulus. Such a
feature is not evident in all other quenching pictures obtained so far.

What is seen may be a result of fluid motion driven by a density gradient
in a pseudo-gravity field (i.e., the presence of a pressure gradient). The

vorticity equation for an inviscid fluid with variable density is

18

, 1
+V. TR = (. 9) Y+ o5 (Y0 x ) (1)

Q2
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where g is the vorticity, x the velocity, p the density and p the pressure,
This equation says that in the presence of pressure gradient {(or acceleration
field), vorticity is rre~ted in a fluid of variable density in motion. For
such flows, vorticity, or rotation, is created so as to rotate the fluid
until surfaces of constant density are normal to the nressure gradient (or
acceleration vector field). Thus the resulting fluid motion might have
rotated the fluid element from the inner annulus into the position shown in
picture 3. It must be pointed out that the above explanation is arrived
at through speculation on the mechanisms which influence evolution of fluid
flow in streams uf equal and different density and by process of elimipation.

The pictures in figs. 18 and 19 are the direct excitation and quench-
ing pictures taken for flow field in the axial planes. Pictures 1 and 2
in fig. 18 shows firmation of small eddy-like azimuthal structures, while
picture 3 (though overexposed) indicates the formation of a larger azimuthal
structure. As for the quenching pictures, picture 3 shows that a consider-
able fraction of the fluid in the inner stream is molecularly mixed out

(contrast with picture 4 of fig. 14 for homogeneous flow).

{b) with helium in the inner stream and nitrogen in the outer stream:

Picture 1 of fig. 20 indicates that the interface is not as quiescent
as that in picture 1 of figs. 10 and 16. Further downstream, swirling
instability (in the sense of Rayleigh's criterion) develops, thus enabling
the spreading of the fluid from the inner stream to the outer stream as is
evident in pictures 2 and 3 of fig. 20. The pictures in fig. 21 are the
corresponding quenching ones. Notice the strand of almost unmixed fluid
element from the inner stream lying across the annulus (though not as distinct

as that in picture 3 of fig. 17). As in the case of configuration in 1i, this
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is Tikely to be due to the fluid motion driven by the density gradient in

a combined gravity-acceleration field.)
The pictures in figure 22 and 23 are the direct excitation and quench-
ing pictures of the flow field in the axial plane. They again indicate the

development and presence of non-axisymmetric peripheral structures.
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V. Some Concluding Remarks

Attempts were made to investigate the flow fteld of a co-flowing annu-
lar flow system over an axial distance of 14" through flow visualization
pictures and hot-wire data. The inner annular stream had swirl, while the
outer one did not. The effect of density difference on such a flow system
is touched upon. An aspirating probe has been designed and built for concen-
tration measurement, but no extensive use has been made of it for measurements
yet; as only four traverse measurements of the concentration in binary gas
flow system (helium/nitrogen) have been made. Interpreting the resulting data
involves some extrapolation and speculation. It is tentatively concluded
that:

(i} the initial Helmholtz instability of the shear layer gives rise to
small scale peripheral structures; it is possible then that the inner swirl-
ing stream drives an instability (in the sense of Rayleigh's criterion),
which turns these small scale peripheral structures into ones ot larger
scale, thus rearranging the initial vorticity distribution of the flow,

(ii} the hot-wire data indicates that the spread of turbulence into
the outer annular stream is progressive rather than abrupt,

(ii11) some of the hot-wire data have well defined envelopes, possibly
indicating the presence of recirculating eddies.

It is also tentatively concluded that the density difference has an
effect on the overall structure in such a flow system. Basing on the rela-
tively few data points we have obtained so far, it is tentatively concluded
that for the co-flowing steams of equal and unequal density in the present
experimental set up, any qualitative difference in the flow features

observed further downstream of the splitting cylinders is more likely caused
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by the generation of vorticity due to the density gradient in the presence

of a pseudo-gravity field (i.e., the radial pressure gradient},.

VI. Suggestions fer future work.

In the present set up for the optical system, one can only get a 2 to
3 inch circular view of the flow field. Based on such data, one then attempts
to make a guess of the several flow structures. The optical arrangement
should be modified to permit viewing of the larger flow field, especially
a larger peripheral extent from the axial direction. This will aid in
clarifying the flow structures.

More data have to be obtained for the co-flowing streams with unequal
densities so ihat the effects of density difference can be elucidated.
The aspirating probe can be used in conjunction with the triple wire probe
to measure the velocity components.

There are many other parameters, such as those mentioned in reference
2; for instance, the Reynold number, which might affect the flow structures,

They have yet to be invesiigated.

It is noted that the annular flow system is of simple geometry and thus
it makes the spectral method (i.e., pseudospectral, Tau or Galerkin Approxi-
mations) attractive for numerically simulating the flow structures in such
a system. Such method for studying the !'asic fluid phenomena in such a
flow system may be considered in conjunction with future experimental work.

Lastly, future efforts should also be directed in an attempt to quantify

the experimental data.
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Appendix A
The Triple Hot-wire Probe Operation

(a) Introduction

The use of the DISA type 55-P91 triple hot-wire probe goes along the
same line as described in Appendix A of reference (2) with minor difference
in the method of retrieving velocity components. However, the computer
program developed in raference {2) for fitting calibration data to models
representing the operation of the triple probe and those for retrieving
the three components of velocity from the hot-wire readings cannot be
traced, consequently new computer programs for the purposes have to be re-
developed for the present experiments. The probe is operated in constant
temperature mode using the three identical anemometers described in A2 of
Appendix A in reference (2). In using this probe, it is assumed that the
dependence of speed and geometry of the triple wire probe can be neglected;
otherwise its use would involve a thorough calibration of the probe at a1l
possible orientations and within speed range of interest at each orientation.
This assumption also permits the user to do the speed calibration and

directional calibration separately.

(b) Calibration

The calibration (both speed and directional) of the triple wire probe
was done in the low turbulence wind tunnel of the M.1.T. Aero & Astro
Lepartment. The MINC 11/2 microcomputer was used for the purpose. The

readings from the triple hot-wire and that of pressure transducer (dynamic
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head of wind tunrel section) were digitized using the Datel ST-LSI-2
analog-to-digital converter, At the end of calibration, they were trans-
ferred to floppy diskettes for permanent storage.
(1) Speed Calibrattfon
Each wire in the probe is calibrated against the speed in the wind
tunnel by orientating the probe such that the output reading from the

(2)

anemometer is the maximum This ensures that the wind direction is per-

pendicular to the wire. The wire is calibrated in air but the result is re-

scaled for use in nitrogen(z) using King's Law:
Nu = A+ B R (A.1)
or
2
EKET = A+ B(Eu)n (A.2)
where Nu = Nusselt No
Re - Reynold No
E = OQutput voltage from anemometer
K = thermal conductivity of gas at the mean temperature

of the wire and the

p = density of gas ambient

u = viscosity of gas

The constant A and B are found from the calibration data using linear re-

gression analysis,

Each wire was calibrated for speeds ranging from 0 to 15 ms'].
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{(i1) Directional Calibration

Let Z, be the effective wind speed as seen by wire i (i = 1 to 3)

i
and u = (u;, uj, ”3)' where u; are the velocity components in a suitable
laboratory co-ordinates system, then the effective velocities Zi are re-

tated to u through

(2] =TA1[Q] ~[¢] (A.3)

2

"
where 2,2 u,?
2 = | 2,2 and Q ={ u,?
Y
2
2,7 Uy Uy
sy
| Yaly

The A and C are the calibration constants given by

Ay Av: Ay AL, Al Ay C:
A = A2y LYY Az, Azs Azs Ase and C = Cz
o ~

Ayr Asx Ass Ay Azs Ay Cs.

Thus altogether there are twenty-one calibration constants. They
are found by fitting the model to the m calibration data points using
multiple linear regression analysis, which yields a matrix equation, They

can be inverted to yield A and E, i.e.,
)
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[ai] ) [ [x10x] ]"1 (X1 &) (A.4)

where
Log 1= DAy, Ay, Ay, Ay A Ay G
R (G P IO AP CON
and
[ (U52)1 ()1 () (nuz)y (uush (w1 ]
[ X ] = (Ufz)j (Uzz)j (Uaz)j (Uxuz)j (Uzua)j (Uaui)j 1
(2, (up?) ) () (ugug) (uaus) (usup), 1

where 3 runs from 1 to 3

th

and j denotes the j calibration points

The directional calibration is done by orientating the probe for a few
sets of speeds. A typical example would involve rolling the triple-wire
probe through 240° for 3 sets of yaw angles and 2 to 3 sets of speeds (1in

the range of interest), thus m can run from 126 to 225.
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(i11) Retrieving the velocity components:

The equations (A.3) relating the effective velocities as seen
by the triple wire probe to the velocity components in the laboratory co-
ordinates form a set of non-linear algebraic equations. Given the three
vatues of effective wind speeds (as determined from the triple hot-wire
pro.: readings), we have to solve the set of non-linear algebraic equations
for the three-components of velocity in laboratory co-ordinates system.

It is the author's experience that sometimes as many as eight sets of roots
may be obtainable. Thus, the flow direction has to be partially known for
retrieving the velocity components from the knowledge of effective wind
speeds. Here, we use the Levenberg/Marquardt iteration method (modification
of classical Newton-Raphson iteration) to look for the three components of
velocity from eqn. (A.3) (in contrast to the first-order gradient search
method in reference 2).

The method goes as follows:

(k)

We replace ] estimate of u by

&(k+1) - g(k) + A&(k) (A.5)
where Ag(k) is the solution of the system of linear equations
; ) % (k) ,(k) ( ) (AL (K
(k), k) (k) k) .
J_Z] AN P t]Ju Jei') au J f(u (A.6)



26

where k is the iteration index, 1 is the identity matrix and i is the
4

Jacobian.
fw=Alla)+[c]-[2]

RO

ij ;ij] (k)

u=u
v

The Jacobian Jgg) ca1 either be evaluated numerically or analytically.

y(k) is a positive parame:er which is being calculated so that

k1,2
AR
1 j

b s I
[, L%

[ 1(2(“)]2

(iv) Some remark:’ n the use of triple hot-wire proble:

i 1

Some results of tywe directional calibration of the probe are shown in
figures (A.1) to A.4)f As pointed out in Appendix A of reference (2), the
model equation (A.S\ﬂ&oes give negative values of Z% and has been forced
to zero in the figures. Also there are regions where the calibration
curves are co-linear, which may cause an uncertainty in the determination
of the velocity comuonents.lz)

Solutions u to equation (A.3) are non-unique. It seems that to use
this triple probe for measuring the fluctuating components of velocity, one
may have to resor! to a thorough calibration of the probe. The probe also
suffers from drift in cold resistance and thus it has to be calibrated

(2)

every time before use, a time consuming process.
It must also be mentioned that in using the Levenberg/Marquardt itera-
tion scheme, the method may converge to a stationary point which is not a

solution,
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Appendix B
Aspirating Probe

{i) Introduction

An aspirating probe was designed and built with the aim of measuring
gas concentrations in co-flowing streams of differing density. In what
follows, a brief description of the operating principle and its design is
given.
(i1) Operating Principle

Basically, the probe (Fig. B.1) consists of a hot-wire sensing element
(tungsten is used here) placed in a cylindrical duct of constant area fol-
Towed by a throat. The throat exits into a chamber being pumped to vacuum,
so that with the probe placed in a stream, the flow is choked at all times.
The hot-wire sensing element is connected by leads to an anemometer {DISA
55D07) operating in a constant temperature mode. The mass flow rate is

given by
+1

Pt 2{y-1
(oU), = ll'———— (%)
R v+1
dTt

where p 1is the density
U 1s the velocity
P is the pressure
T 1is the temperature

vy 1is the specific heats ratio

R is the gas constant { = ”"i;§§:211giswg?g§£ant - %g )
W

and subscripts t and s refer to stagnation values and sonic values.
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Thus for a given gas mixture, the maximum flow rate per unit area is depen-
dent upon pté/? only, 1f the stagnation conditions are held constants,

t
then for a given gas, the Mach number M is fixed for a fixed geometry:

(1.e.,fixed area ratio,

+1)
112 -1 2{y-1
W = [y 0 lé‘"z’]hﬁ )

Using the basic gas dynamic relations, it can be deduced that p, P, T and

U are constants, so that the hot-wire element responds only to gas concentra-
tion and stagnation conditions., For a binary mixture of gases, at the same
Tt’ the Pt can change due to the viscosity of gases (especially at solid sur-

faces, or mixing). But the fractional change in P, can at most be O(M?),

t
Thus for low speed flow, such a probe may only respond to gas concentration.

In the next section, we will indicate how one can estimate the response

time of the probe.

(iii) Estimation of Response Time
In this analysis, it will be assumed that
{a) the lateral velocity v is much smaller than the longitudinal velocity

Ufie., v __
g <<V

{(b) the flow is incompressible up to the probe intake
(c) the flow is inviscid

The method of singularities {sinks, sources and ring vortices) allows
the flow past this probe to be calculated. Instead of using distribution
of ring vorticies (a more elaborate and complicated way involving the mani-

pulation of various types of integral), we use a much simpler approach here,
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The probe may be approximated by a half-Rankine axisymmetric body. The
sampling action of the probe may be simulated by a sink placed at the tip

of the probe (See fig. B,2). If the sampling rate of the probe is much
smaller than U, 0,7, then the Rankine axisymmetric body will not be altered
significantly., With these in mind, and with reference to fig.B.2, the stream
function for the flow is given by

X (x-a)
- U= a2 (B.2a)

where dT is the diameter of the capture streamtube, and a = % Do, with D=

X =

2
r? Uo + Uo f%

|-

as the diameter of the unperturbed Rankine-type axisymmetric body. In dimen-

sionless form (based on [, and U,)}, the streamlines are given by
1
1 (K' E) de X
S + = constant (B.3)

TN o L
3

while the stagnation points are given by (r,x) which satisfies

1
(X - 14-) de X

1+ - =0, (B.4)

16 [rz + {x- %’2];5 8 (X2 + p2)H

and d.?

r 0 ‘ = 0 (8.5)

T y2]2 8 (X + r2)i;

]ﬁ[rz..,(x_a_)zJ'f ( )2

stmultaneously,
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The above axisymmetric analysis would give a flow field as shown in
fig. B.3. For the dimension of the probe shown in fig, B.1, the lateral
spatial resolution of the sampling volume would be about 0.7 mm. The lon-
gitudinal spatial resolution of the sampling volume is determined by the

! with a

frequency response of the probe (e.g., for a flow speed of 7 ms~
probe response of 25 KHz, the resolution would be about 0.30 mm}. Figq.
B.4 shows the variation of time t taken by the fluid element in the sam-
pling volume to reach the probe with the streamlines within the capture
stream tube. Of course, it would take the fluid element on the stagnation

streamlines an infinite amount of time to reach the probe. Thus, an esti-

mate of the response time <t would be given by

v
[ tay

L L R (B.6)

¥
dy
0

For the given built probe shown in fig. B.1 and Fig. B.5, the response
time was estimated to be about 40 us. The given probe was tested in the
M.1.T. Gas Turbine Laboratory shock tube, as shown in Fig. B.6. The rise
time was measured {using Nicolet Explorer Digital Oscilloscope Model 206)
to be about 40 ps (Fig. B.7a and B.7b).

It is noted that the sensing element is placed at a position in the

duct where the flow (laminar} is expected to be fully-developed.
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Fig. 7: Linearised signal from the triple-wire probe at

station 1 through station 10
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The pictures are blown-up view of the originals using Polaroid

type #52 film.

Notation:
The letter following the picture number (e.g., #la) refers
to flow visualisation picture taken at the same location
with the fiash-tube fired at a different time after the

flow is steady for the blown-down period.

The number in seconds is the time at which the flash-tube

‘s fired.

The number in inches is the distance the center of the

picture is from the splitting cylinder.
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Fig. 10: Direct excitation pictures (as viewed from side window)
for co-flowing streams of equal density with the inner

stream set to swirl.

Direction of flow is from right to left,
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Fig. 11: (Quenching pictures {as viewed from side window)

for co-flowing streams of equal density with the

inner stream set to swirl.
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Fig. 12: Collisional excitation pictures las wiewed from

10

side window) for co-flowing streams of equal

density with the inner stream set to swirl,
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Fig. 13: Direct excitation pictures of flow field in axial plane

(as viewed from an axial direction) for co-flowing
streams of equal density with the inner stream set to

swirl.
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ﬁ%ﬁﬁﬁ%ﬁﬁg pictures {(as viewed from the axial direction)

for co-flowing streams of equal density with the inner

stream set to swirl,



Fig.

15:

81

Colligsional excitation picture for flow fileld
in axial plane {as viewed from the axial
direction) for co-flowing streams of equal

density with dnner stream set Lo swiv]
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Fig. 16: Direct excitation pictures (as viewed from side window)
for co-flowing streams of different densities [inner-

nitrogen, outer - helium) with the inner stream set

to o swinl,
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Fig, 17¢  Quenching pictures (as viewed from side window)
for cosflowing streams of different donsities
[inner « nitrogen, outer « helium) with the

faner stivan et to wwird
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Fig., 18: Direct excitation pictures {as %iewé& from axial
direction) for co-flowing streams of different
density {inner - nitrogen, outer - helium) with

inner “tream s6t to swirl.
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for co-flowing steams of different dengities {inners
nitrogen, outer - helium) with the inner strean set

foswivrl,
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Fig. 20: Direct excitation pictures {as viewed from side

window) for co-flowing streams of giiffﬁréﬁf den-

Fig, 21: Quenching pictures [as viewed from side window)

for co-flowing streams of different densities
{immer « heliygm, outer - nitrogen) with the

inner stream sel to swirl,



Fig. 23:
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Direct excitation pictures las viewed from the axial

3 B
direction) for co-flowing streams of different den-
sities (inner - h%@%um,'muﬁew -mitrogen) with the

tongy styedn set o . gwivh.,

1
2

Quenching pictures (as viewed from the axial direction)

for co-flowing streams of different densities (inner «
helium, outer - nitrogen) with the inpér stréam et

B oswivd,
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Fig., B.1: Aspirating Probe

Fig. B.2
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suction rate = 1.59 x 10 m¥/s

free stream velocity = 7 ms~
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Fig. B.3: Flow around an axisymmetric Rankine-type body with a
weak sink placed at its tip.
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Fig. B.5  Aspirating probe



driven section
{air)

diaphragm
| pd
=5 * T
; &
/ §
S L0 vacuum pump driver section
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Time/point = 1 us

~ Total No. of points
DISA 550 collected = 4096

Anemometer Scope set to pretriggered
digital ' ' -
voltmeter voltage
divider
§§€$}e§
. Explorer
§w§§%§§§* Digital oscilloscope

{contraction in area at end of shock tube will cause reflection of shock wave)

Fig. B.6  3Set-up to measure probe response time



Fig. B.7a:

Qutput of Digital Gscilloscope:

response time of probe = 40 us

Fig. B.7b:

OQutput of digital ccope:
amplitude of response =

.28y
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