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Impulsively Started Turbulent Jets

H. Johari,*Q. Zhang,” M. J. Rose,* and S. M. Bourque*
Worcester Polytechnic Institute, Worcester, Massachusetts 01609-2280

The structure and mixing of impulsively started jets have been studied in a water tank utilizing an acid-base
reaction. The flow consists of a starting vortex that separates from the rest of the jet in the near field. Penetration
of the jet tip scales with the square root of time, normalized by the nozzle diameter and velocity. The celerity of
the jet tip is approximately one-half of the centerline velocity of a steady jet, with the same nozzle exit velocity,
at the same location. Results of chemically reactive experiments indicate that the fluid in the vicinity of the jet tip
mixes with the ambient fluid faster than the rest of the jet. The extent of the region near the jet tip with improved
mixing becomes larger as the jet travels further downstream. The more rapid mass mixing at the jet tip implies
faster momentum diffusion, which corroborates the slowing down of the jet tip in comparison with the steady jet.

Introduction

HE steady, round turbulent jet is a flow of interest in both

industrial applications and scientific inquiries. The industrial
applicationsof the turbulentjet range from vertical/short takeoffand
landing ejectors to power plant combustion chambers. Of major
importance in all of these applications is the entrainment rate of
the ambient fluid and the ultimate small-scale mixing of it with
the injected fluid. A number of investigationshave revealed that the
jet near field consists of ring vortices.!*> These vortices form as a
result of the instability of the shear layers surrounding the jet and
have been the motivation for forced jet studies. The entrainment rate
of fully pulsed jets has been found to be as much as twice the steady
jet value.> However, at sufficient downstream locations, the pulsed
jet characteristicsreverted back to that of steady jets.

A naturalextensionof the steady jet flow is the impulsively started
jet. Cantwell* studied the starting process of round jets using an
axisymmetric Stokes flow approximationand obtained the particle
paths at Reynolds numbers up to 30. The starting vortex becomes
self-similar when the coordinates are scaled by the square root of
time. The laminar starting jet was investigated by Abramovich and
Solan,> who modeled the flow as a laminar jet combined with a
spherical vortex at the tip. Their experimental data agreed with the
model, and the speed of the jet tip in the far field was found to be
approximately one-halfof a steady jet with the same exit velocity at
the same location. Kuo etal.® investigatedthe laminar starting jet by
numerical methods and found a Reynolds number scaling that was
differentfromthatof Abramovichand Solan. Witze also formulated
the turbulent startingjet in terms of a spherical vortex attachedto the
jet. The laminar and turbulent starting jet models are both based on
Turner’s mode® fora startingplume. Witze’s modelrevealedthatthe
time created by the ratio of nozzle diameter to the jet velocity is an
important parameterthat can correlatethe results. The jet tip celerity
in the turbulent case was also proportionalto the centerline velocity
of a steady jet (with the same exit velocity) at the same location.
Using an inert tracer and image processing techniques, Lahbabi
et al.” recently verified this proportionalityin turbulent starting jets.
They also showed that the starting jet entrainment, in a Lagrangian
sense, was approximately 30% greater than the steady jet. Since no
measurements of the small-scale mixing rate in impulsively started
jets could be found in the literature, an investigation of the small-
scale mixing in starting jets was undertaken.

The present effort is an experimental investigation of round, in-
compressible, impulsively started turbulentjets. The starting vortex
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and the flow immediately behind it are in unsteady motion. Our em-
phasis has been on the starting vortex motion, the penetrationof the
jet tip, and the mixing in the jet tip vicinity. The jet penetration was
recordedas a functionof time in a series of flow visualizationexper-
iments. Jet tip celerity was found by differentiatingthe penetration
data with respect to time. Small-scale mixing, as revealed by a pH
indicatorin the presenceof an acid-baseneutralizationreaction, was
examined in starting jets.

Experimental Technique
Apparatus

The experiments were carried out in a clear acrylic water tank of
1.2 \» 1.2 m cross section and 1.5 m depth. The jet was initiated by
the sudden chargingof a solenoid valve, which was supplied from a
constant pressurereservoir. The solenoid valve had an opening time
of about 20 ms (manufacturer’s specification). The outlet of the
solenoid valve was connected to a plenum and nozzle combination.
The plenum contained a honeycomb section and a cross to reduce
any residual swirl. Three nozzles with diameters of 0.635,1.27,and
2.54 cm could be attached to the plenum. The contraction ratios
for the three nozzles were 144, 36, and 9:1, respectively. All three
nozzleshad matched cubic contoursto obtainnearly top-hat velocity
profiles at the exit. The Reynolds number, based on the average jet
velocity V; at the nozzle exit plane and nozzle diameter d, in this
setupranged from 5y, 103 for the largestto 2 v, 10* for the smallest
nozzle. A schematic drawing of the setup and the flow is shown in
Fig. 1; the experimentalconditions, including the nozzle time d/ V;,
are summarized in Table 1.

The velocity at the nozzle exit during the starting process was
measured using a laser Doppler velocimetry system. Figure 2 con-
tains time traces of the nozzle velocity for two different nozzles.
At the lowest Reynolds number, the nozzle velocity underwent one
oscillationcycle during the startup process. The time for the nozzle
exit velocity to reach 90% of the steady-state value was found to be
in the range of 10 to 50 ms for nearly all of the runs. These velocity
rise times are comparable with the solenoid opening time of 20 ms.

Flow Visualization

Both ordinary and fluorescent dyes were used for tagging the jet
fluid. Internal structure of the jet was revealed by the laser-induced
fluorescence (LIF) technique, which utilizes a photo-sensitive dye
(disodiumfluorescein). The jet fluid marked with this dye fluoresced
when it crossed a planar laser sheet. The light sheet was created by
sweeping a laser beam back and forth at 1200 Hz. All runs were
recorded on videotape, and the data were recovered once the tape
was played back frame by frame. This arrangement allowed for a
sampling rate of 30 Hz. Because the integrationtime for each frame
of video (17 ms) was large compared with the laser beam oscillation
period (0.8 ms), the beam was recorded as a sheet. The Kolmogorov
time scale on the centerline of the steady jet was equal to the video
exposure time at an axial location of 100d. Moreover, the passage
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Table1 Experimental conditions

d,cm ReXlO—3 dl v, ms
0.635 20 2.1

12 34
1.27 15 10.9

6 27.5
2.54 5 131
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Fig.1 Schematic of the experimental apparatus.
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Fig.2 Time traces of nozzle exit velocity for two cases.

time of Kolmogorov eddies on the jet centerline was much smaller
than the video exposure time. Hence the images in the present study
are not time resolved; however, the exposure time was much smaller
than the time associated with the jet large-scale motions. Therefore,
the current LIF method is adequate for examination of the large-
scale features of the impulsively started jet.

The data extracted fromthe videotapedimages were limited to the
axial location of the jet tip as a function of time, with the exception
of starting vortex measurements where the diameter of the vortex
core was also recorded. The jet tip was clearly discernible in the LIF
images because the interface between the jet and ambient fluids was
distinct. This interface was highly contorted because of the small-
scale eddies. Even though the interface appearance varied among
different runs, the axial location of the jet tip interface was quite
repeatable. The uncertainty in the axial location of the jet tip stems
primarily from the inaccuraciesassociated with visually measuring
the interface location from the video monitor.

Chemically Reactive Runs

To probe the small-scale mixing within the jet, an (isothermal)
aqueous acid-base neutralizationwas utilized. In this set of runs, the
flow was visualized by a pH indicator, phenolphthalein, which had
a purplish red color in alkaline solution. The jet fluid contained the
alkaline solution plus the pH indicator, whereas the tank fluid was
acidic. Upon mixing with the tank fluid to a prescribed volumetric
ratio ¢, the jet fluid discolored completely. Here, ¢ is the reaction
equivalenceratio, the ratio of acidic solutionrequired to neutralize a
unit of the alkaline solution. By varying the relative concentrations
of the alkaline (jet) and acidic (tank) solutions, ¢ was altered. The
solutionconcentrationswere chosento createa sharpcolortransition

once the mixture ratio was equalto ¢. By recording the location of
the last jet parcelto discolor (i.e., molecularly mix with the ambient
fluid), the minimum jet mixing rate can be determined. In other
words, all of the jet parcels are molecularly mixed to at least the
prescribed equivalence ratio at the location of discoloration.

The distance from the nozzle exit to the point where all the jet fluid
parcels were discolored will be referred to as the reaction length of
the jet. Beyond this distance, every jet parcel was mixed to at least
¢ parts of ambient fluid. The reaction length is analogous to the
flame length of burning jets, especially because the reacting jets in
the present experiments visually resembled burning fuel jets. The
reaction length is directly related to the minimum mixing rate. At
any givenequivalenceratioand Reynolds number, a shorterreaction
length implies increased mixing. This chemically reactivetechnique
has been used previously to investigate molecular scale mixing in
steady turbulent jets!®!! and shear layers.!> Reaction length was
measured for a number of equivalenceratios. The reaction length of
the steady jet scales with the nozzle (momentum) diameter and is
independent of the Reynolds number for Reynolds numbers greater
than 3y, 10% (Ref. 11). It is expected that the reaction length of the
starting jet will also scale with the nozzle diameter. Furthermore,
Reynolds number effects are anticipated to be small for the range
of Reynolds numbers in this study.

In steady jets, the reaction length fluctuates quasiperiodically
about a mean value with an oscillation period equivalent to the
local jet width divided by the local mean velocity.!! Because the
impulsively started jet is an unsteady flow, the reaction length var-
ied with time prior to settling into a stable mean at the steady jet
value. The time evolution of the reaction length was measured at
three equivalence ratios for each nozzle diameter. The equivalence
ratios in the present study ranged from 1.3t0 9.5.

Results

Starting Vortex

As the flow was initiated impulsively,a vortex ring was created in
the vicinity of the nozzle exit. The jet followed this starting vortex.
The size of the vortex ring was determined primarily by the nozzle
diameter. After a short time, the starting vortex ring separated from
the rest of the jet. Images of the separated vortex and the jet, as
revealed by a planar laser sheet containing the jet axis, are shown in
Fig. 3 for the 1.27-cm nozzle. The two bright circles are the cross
sections of the starting vortex core. The vortex ring proceeded with
a faster velocity than the jet tip and the distance between the two
increased with time (see Fig. 3). The much greater entrainmentrate
of the turbulent jet as compared with the vortex ring caused the
jet to slow down by sharing its momentum with a larger volume of
ambient fluid, whereas the core of the vortexring remainedrelatively
unmixed. The convective velocity discrepancy between the vortex
and the jet tip caused the increasing separation between the jet and
vortex ring.

Fig.3 Laser-induced fluorescence images of an impulsivelystarted jet;
d=1.27 cm and Re = 1.5 |, 10%. The starting vortex has just separated
from the jet tip in the left-hand image. The vortex travels faster than
the jet tip, as shown by the right-hand image.
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The penetration and width of the vortex cores were measured
from the videotape. Each video frame was analyzed visually for
the axial location of vortex core and the separation distance be-
tween the centers of the two imaged vortex core cross sections, as
inFig. 3. The estimated uncertaintiesof 1.5 cm for the axial loca-
tion of vortex core and 0.3 cm for the Vortex core diameter are a
result of the errors associated with the precise location of the dyed
core centers and the resolution limitations of video recording. The
spreadingrate dr/ dx of the starting vortex ring was found by fitting
a straight line to the vortex radius vs axial position data because the
growth of vortex core radius » was linear with axial distance. The
spreadingrates ranged from 0.006 to 0.014 (40.001), in agreement
with Maxworthy’s data.!*> There appeared to be no direct relation
between the nozzle diameter or Reynolds number and the spreading
rate of the starting vortex. We do not suspect that the details of the
impulsive start play an importantrole in the formation of the vortex
ring. This inference is based on the experiments on the formation
of vortex rings in the wake of accelerating plates (normal to the
freestream)'* and on the evolution of dynamic stall vortex on air-
foils undergoing pitch-up at nominally constant rate.!* In both of
these investigationsthe initial accelerationrate leading to either the
constant velocity in Ref. 14 or the constant pitch rate in Ref. 15 did
not affect the overall flow features, which evolved in time.

The vortex ring separation was observed for all nozzle diameters
andReynoldsnumbers. It is surprisingthat the previouslymentioned
investigationsof'the startingjets have notreportedthis phenomenon.
The only references found in the literature that point to the sepa-
ration of the jet starting vortex ring are Gharib et al.!* and Kouros
et al.'” These investigations observed the separation of the starting
vortex in a piston-drivensetup simulating pulsatile flow through the
mitral heart valve and from an unsteady starting turbulent jet using
a gravity-drivensetup, respectively. Although it is possible that the
separation of the starting vortex may be facility dependent, three
different setups in which the flows were pressure driven (present
experiments), piston driven,'¢ and gravity driven!” have all resulted
in the same observation at Reynolds numbers ranging from a few
thousand'® to 5y, 10* (Ref. 17). The nature of flow diagnostics is
believed to have been the difference between the latter studies and
the former ones, which do not report the vortex separation. The
separation is most discernible when the entire flowfield within a
two-dimensional cross section is examined at one instant. This was
accomplished by recording the scalar field via the LIF technique in
the current experiments as well as those in Ref. 17 or by measur-
ing the velocity field by the particle imaging velocimetry technique
utilized in Ref. 16. It is possible that single point measurements,
as utilized by Witze” and Abramovich and Solan,® of the centerline
velocity may not reveal the separation because the passage of the
starting vortex would appear as a spike, well ahead of the jet tip,
in the velocity time traces. The spike can be quite narrow at high
Reynolds numbers, due to the rapid passage of the starting vortex,
and consequentlymay be filtered out or averagedout (if a number of
runsare ensembleaveraged). Thus, the separationof the starting vor-
tex from the jet body is proposedas an integral part of starting jets.

The time 7 from the onset of the flow to the vortex separation
was measured from the video images, and it depends on the nozzle
diameterandthe jet velocity. The separationtime, defined as the time
of the first image with pure ambient fluid between the starting vortex
and the ensuingjet, is plotted against the nozzle time d/V; in Fig. 4.
The uncertainty in these time measurements is 433 ms, and it stems
fromthe video frame not being synchronized with the startupand the
separation processes. Each data point is an average of 10 runs, and
the bars around each data point indicate 41 standard deviation for
the data set. For the three lowest nozzle times, the repeatability was
suchthatthe variationbetweenthe runs was lessthanthe symbol size
on the plot. The vortex separationtime appearsto be nearly constant
for nozzle times of less than 10 ms and increases for larger nozzle
times. Gharib et al.'® report that they found the vortex separation
time, normalized by the nozzle diameter and the running-average
velocity

t
V= t—ll V;dt
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Fig.4 Dependence of starting vortex separation time T on nozzle time
d/V;.
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Fig.5 Normalized vortex separation time vs nozzle time.

at the time of separation, was constant with a value of about 4.
For an impulsively started flow, the running-average velocity V' is
the same as V/;. The present averaged vortex separation times were
normalized by the nozzletime and are plottedagainstd/ V; in Fig. 5.

The normalized separation time in our experiments ranged from
6.1t047.7,inexcessof the value quoted by Gharibetal.'® The vortex
separationtime in the experiments of Kouros et al.,!” when normal-
ized by the running-average velocity ¥ in their apparatus, yields
a value of 32.3 at an average Reynolds number of 3.5 «, 10*. Our
normalized separation time data do not appear to correlate with the
nozzle time. For nozzle times less than 10 ms, the normalized sep-
aration time is expected to decrease because T was nearly constant.
For larger nozzle times, the normalized separation time increased.
It was thought that T might scale with the rise time of the velocity
at the nozzle exit. However, when the vortex separation time was
normalized by the average rise time associated with the specific jet
exit conditions, the resulting normalized separation time still varied
significantly among different cases. A proper time scale for nondi-
mensionalizing the starting vortex separation time has not yet been
found.

Jet Tip Penetration

The flow succeeding the starting vortex appeared similar to a
steady jet with the large structuresdiscerniblein the jet far field. The
spreadingrate of the jet was independentof the nozzle diameterand
the Reynolds number, consistent with previous observations.® The
position of the jet tip X subsequent to the separation of the starting
vortex was extracted from the video images and was normalized
with the nozzle diameter. In all cases, the normalized jet tip position
X/ d increased as the square root of nondimensional time 7V;/d.
This was expected from the previous measurements of Witze’ and
Lahbabietal.’ and canbe readily derived by writing the jet centerline
velocity, which is inversely proportional to the axial distance, as
d X/ dt. Integrationwith respectto time reveals that the jet tip evolves
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Fig. 6 Jet tip penetration for three nozzle diameters; a least-squares
line is fitted to each data set.
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Fig.7 Dependence of X on nozzle time. The data point denoted by the
symbol jis from Ref. 8.

as the square root of time. Penetration as a function of square root
of normalized time is shown in Fig. 6 for three nozzle diameters and
Reynolds numbers. Each data set is the average of three runs; the
uncertainty in jet tip positionis 4 1.5 cm and 433 ms in time.
Each data set was fitted by a [east-squares Iine representing

(X _Xo)ld= a(ﬂ/,-/dﬁ (1)

The virtual origin effects were minimal since X,/ d varied between
_1.6 and 1.5. The values of o ranged from 2.14 to 2.58 with an
average of 2.4 for all the runs. This is to be contrasted against the
value obtained by Lahbabi et al.’ of 2.9 at a Reynolds number of
2.6 , 103. To examine whether o depends on the nozzle time, as
predicted by Witze’s model, o was plotted against the nozzle time
inFig. 7. There appears to be a slight reductionin ct with increasing
nozzle times. Because the variations of ocare relatively small in the
current experiments, i.e., are within 10% of the mean value, we will
assume that the jet tip advances with a constant value of aequal to
2.4 for all conditions.

One can determine the jet tip celerity, in a Lagrangian sense, by
differentiating the expression for the jet tip position in Eq. (1). The
resulting normalized jet tip celerity is

1
dx 1 (V"2 o d
— V== - == 2
dr 7 2“<d) 2 X_X, 2)

where time has been replaced with the expressionfor jet tip position.
The last expression for the normalized mean celerity of the jet tip,
except for the crand X values, is the same as that for the centerline
velocityof steady turbulentjets. Therefore, the jettip celerity follows
the same scaling as the steady jet centerline velocity. Chen and
Rodi'® suggest a value of 6.2 for the proportionality constant o2/ 2
in steady jets, whereas the reported values by Rajaratnam!® and

Wygnanski and Fiedler® are 6.3 and 5.7, respectively. The average
of ameasurementsin our impulsively started jet experimentsresults
in a value of 2.9 for o?/2. This value implies that the tip of the
starting jet proceeds at a velocity approximately equal to one-half
of the steady jet centerline velocity. The same relationshiphas been
reported in the previous investigationsof starting turbulent jets and
even in the case of laminar starting jets.>

Reaction Length Evolution

The experiments with chemically reactive starting jets revealed
that, within the extent of our tank, the core of the starting vortex re-
mains nearly unmixed for equivalenceratios as low as 1.3, although
the rest of the released fluid surrounding the core becomes mixed
quite rapidly. This was expected from an earlier study of mixing
in turbulent vortex rings.?! Since small-scale mixing in the starting
vortex core could not be examined in the present setup, attention
was focused on the jet mixing subsequent to the separation of the
starting vortex. As will be shown, the mixing within the jet at any
axial location becomes equal to that in steady jets after a certain
time following the passage of the jet tip.

The meanreactionlength L of steadyturbulentjets in aqueousme-
dia has been found to increase linearly with the reaction equivalence
ratio.!%-!! The constant of proportionality was about 10. Moreover,
the instantaneous reaction length oscillated quasiperiodically with
a period proportionalto the local jet diameter divided by the local
centerline velocity.!! The present measurements were concerned
with the evolutionof the instantaneousreaction length as a function
of time in starting jets. At large times, the reaction length would
reach an asymptotic value, associated with that in the steady jet.
Dependence of the steady jet mean reaction length L, normalized
by the nozzle diameter, on the equivalenceratio ¢ is shown in Fig. 8.
The uncertainty of the reaction length measurements is estimated to
be within 2.9 cm. The best-fit line to the data has a slope of 8.5.
This is lessthan the previous measurements; however, the important
aspect is that the mean reaction length increased linearly with the
equivalence ratio.

The temporal evolution of the reaction length L(¢), i.e., the
colored pH indicator front, for the equivalence ratio ¢= 6.8 at a
Reynolds number of 1.5 y, 10* is shown in Fig. 9. The steady-state
mean reaction length L/ d is denoted by the horizontal line at 63d.
The jet tip location X/ d, obtained from the inert dye data in Fig. 6,
and the reaction length are almost the same until 20d, to within
our experimental uncertainty. After this point, the reaction length
proceeds slower than the jet tip, denoting increased mixing near the
jet tip. The reaction length becomes nearly equal to the asymptotic
average value of 63 nozzle diameters at about 915 nondimensional
time units. At this time, the jet tip is beyond 73d. Soon afterward,
the reaction length starts to fluctuate in a manner characteristic of
the steady jet. Only two oscillation cycles are apparent in this plot
becausethe average oscillationperiod at this averagereaction length
isabout 3 s, correspondingto 280 nondimensionaltime units. Mean-
while, the jet tip continues to extend into the ambient fluid.

If the mixing rate near the jet tip were the same as that in a steady
jet, the reaction length and the jet tip would proceed at the same rate

100
Rex10?  d(cm)
u 5 2.54
80 Fe 5127 v
v 20 0.635
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40 /
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Fig.8 Steady-state mean reaction length as a function of equivalence
ratio ¢
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Fig.9 Time evolution of the instantaneous reaction length L/d and jet
tip X/d. The horizontal line indicates the asymptotic value of reaction
length L for ¢ = 6.8. The jet tip trajectory is taken from the inert tracer
data in Fig. 6. The passage time of the region with improved mixing is
denoted by A T.

as far as the asymptotic value. Beyond there, the reaction length
would fluctuate and the jet tip would continue as before. However,
the reaction length does not reach the asymptotic plateau at the
same time as the jet tip, indicating that there is increased mixing
near the jet tip. Once the region near the jet tip with improved
mixing passes, the reaction length becomes stationary, and the jet
behaves similarly to the steady jet. The extent of the region near the
tip with improved mixing is argued to be proportionalto the large-
scale structure dimension at the location of the steady-state mean
reaction length. Thus, the large structure passage time at the steady-
state mean reaction length is the time period AT associated with
faster mixingat the jet tip. The time period AT is defined as the time
ittakes the instantaneousreaction length to arrive at the steady-state
mean reaction length after the jet tip has passed the same location.
The time AT is shown graphically in Fig. 9 for the case of ¢= 6.8.
Scaling arguments for AT will be presented in the next section.

Discussion

There are two major issues concerning the structure of impul-
sively started jets that need to be further discussed. The first is the
significant difference between the normalized starting vortex sepa-
ration times in the present study and those obtained in the Ref. 16.
The other is the temporal and spatial scaling of the region near the
jet tip with enhanced mixing. The proposed scaling is based on the
jet large structures.

The issue of large differences between the present dimensionless
valuesof vortex separationtime and that of Gharibetal.'® stems from
the different methods used for characterizing the separation time.
The data in Ref. 16 are based on the vortex ring circulation mea-
surements obtained by the particle image velocimetry technique.
The present visual measurements are based on the observation of
pure ambient fluid in between the jet tip and the vortex ring. If the
separationof vorticity occurs earlier than the appearance of ambient
fluid on the centerline, then our values are expected to be largerthan
those in Ref. 16.

To resolve this apparent conflict, the separation time of circula-
tion in our experiments can be estimated by calculating the time
that it takes for the jet to produce an aggregate circulation equal to
the vortex ring circulation.!® The circulation produced at the nozzle
is approximately equal to ij t/2. The vortex ring circulationat the
separation point can be estimated by the product of vortex diameter
2r and its convective velocity U shortly after separation. Both of
these values were extracted from the vortex ring spreading rate and
penetration measurements. The vortex ring velocity U was found
by fitting a polynomialto the ring penetration vs time data and then
differentiatingthe polynomialto arrive at the ring velocity as a func-
tion of time. The separationtime of circulationaccordingto Ref. 16
is given by 2rU/ (ij/ 2). The normalized separation time would
be 4(r/ d)(U/ V;). Table 2 shows the results of these calculations.

Table 2 Normalized vortex ring radius, celerity, and separation
time according to Ref. 16

d, cm Re y¢ 10-3 rld ulv; Ar/ d)(UI V)
0.635 20 2.6 0.3 3.1
12 1.5 0.4 24
1.27 15 1.0 1.0 4.0
6 1.6 0.4 2.6
2.54 5 1.7 0.4 2.7

The normalized time computed in this manner is much smaller than
those obtained from the visual observations. Moreover, these values
with an average of 3 are quite close to that of Gharib et al. Then, the
current data are consistent with those of Ref. 16 once the same defi-
nition is used for characterizingthe pinch off of the starting vortex.

The extent of the enhanced mixing region near the jet tip was
argued at the end of the last section to be proportionalto the large-
scale structuredimensionat the locationof the mean reaction length.
If this reasoning is valid, then the first large-scale structure of the
starting jet mixes faster than the rest of the jet, presumably because
it encounters fresh ambient fluid all around its leading edge. The
time scale Ty, for the passage of first large-scale structure at any
axial location is found by dividing the local jet width & with the
local characteristic velocity. The jet tip celerity d X/ds was taken
from Eq. (2) as the characteristic velocity,

1) X _ 20xld)x
(dXx/de) ~ Vi@l (xId)] VR

3)

Tlarge ~

where x is the axial coordinate and the virtual origin effects have
been neglected. In the preceding expression, the jet width & was
set proportional to x due to the linear spreading rate of the jet.
Because the jet large-scale structures grow with the axial location,
the jet region with improved mixing rate becomes larger as the jet
tip travels further downstream. The time span for faster mixing AT,
which is argued to be proportional to Tjye, should also increase
with the axial coordinate. For any equivalence ratio, the pertinent
axial location is the steady-state mean reaction length, i.e., x = L.
Substituting this into Eq. (3) results in

12

AT T ~
J

4

Because the steady-state mean reaction length L is linearly propor-
tional to the equivalence ratio ¢ (see Fig. 8), then the normalized
time span during which faster mixing is observed should scale with
¢ squared,

AT(V;ld) 5 11¢7 (%)

The constantof 11 was arrived at from the values for proportionality
constants o o, 2.4, Sz 0.44x, and L o, 8.5¢.

To verify this line of reasoning, the time difference between the
jet tip and the reaction length arrival at the steady-state mean re-
action length was measured from individual time traces for each
equivalenceratio. These AT measurements were then averagedand
plotted against ¢ in Fig. 10. The AT values for the largest nozzle,
which had the smallest equivalence ratios, are not included in this
plot because the jet mixed and discolored shortly after the vortex
separation. The best-fit line on the log-log plot has a slope of 1.9,
and the measurementsare correlated with the power law expression
6.2¢"°. There appears to be reasonable agreement between the pro-
posed scaling for AT and the measurements despite the factor of 2
difference between the absolute values of the model and the mea-
surements. Therefore, the large-scale structure of the jet can be used
to correlate the time span of faster mixing at the jet tip with the jet
parameters at any equivalenceratio. The faster mass mixing at the
jet tip also implies faster momentum diffusion, which corroborates
the slowing down of the jettip in comparisonwith the steady jet. The
first large-scale structure at the jet tip mixes mass and momentum
faster than the rest of the jet in an impulsively started flow. At any
axial location, the jet recovers its steady-state characteristics once
this large-scale structure passes by.
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Fig.10 Time span of faster mixing at the jet tip as a function of equiv-
alence ratio ¢.
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Fig. 11 Schematic structure of an impulsively started jet. The lighter
shaded region at the jet tip indicates the region with faster mixing com-
pared with the rest of the jet.

Conclusions

The impulsivelystarted turbulentjet was investigatedin a series of
experiments in a water tank utilizing inert and chemically reactive
markers. Based on the findings of the current study, the structure
of impulsively started jets is summarized in the schematic sketch
in Fig. 11. The starting vortex ring of an impulsively started jet
separates from the rest of the jet in the near field after a relatively
short time. As expected, the mixing in the core of the vortex ring
is quite small as compared with the rest of the jet even though the
released fluid surrounding the vortex mixes much faster. Beyond
the very near field of the jet, the flow consists of a vortex ring that
is the remnant of the starting vortex. The jet follows this vortex
ring, and the distance separating the vortex ring from the jet tip
increases with time due to the difference in the entrainment rates
of the jet and the vortex ring. The jet tip proceeds downstreamat a
rate proportionalto the square root of the dimensionless time. The
jet tip celerity, found from the derivative of the penetration data,
is approximately one-half of the centerline velocity of a steady jet,
with the same nozzle exit conditions, at the same location. The jet
tip follows the same scaling as the steady jet.

Results of the chemically reactive experiments reveal that the jet
tip mixes with the ambient faster than the rest of the jet. The ex-
tent of the region near the jet tip with improved mixing increases
with the downstream distance and is shown to be proportional to
the large-scalestructureat the jet tip. The axial extent of this region
is approximately one-half of the local jet width or one-half of the
local large-scale structure length. This was inferred from the time
AT associated with improved mixing being halfas much as the time
for passage of the large-scale structure at the jet tip. Thus the un-
steady effects are primarily confined to this jet region immediately

upstream of the jet tip, at least as far as mass mixing is concerned.
The proximity of pure ambient fluid to the jet tip region and the pro-
cess of vortex separation are possible reasons for improved mixing
near the jet tip. Further work is needed to elucidate the mechanism
for the increased mixing and the details of the concentration field
near the jet tip.
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