ICLASS 2009, 11™ Triennial International Annual Conference on Liquid Atomization and Spray Systems, Vail, Colorado USA, July 2009

Effect of Viscoelastic Propertiesin Impinging Jet Sprays

M. A. Coil
Orbital Technologies Corporation (ORBITEC)
Madison, WI 53717

Abstract

Propellant gels are used in some rocket engingactease safety and increase system insensitigitgxternal
threats. The viscoelastic properties of these gjédsy the propellants to be stored in tanks @kef were solids and
yet to flow like liquids under pressure into thegere. However, these viscoelastic properties dsm affect their
atomization and consequent hypergolic ignition eathbustion. Gelled propellants sometimes exhdsiger igni-
tion delays that can lead to hard starts and caf#tst engine damage. For gelled propellants twihlele in mod-
ern engine systems, the effect of the gel phagdeignition must be understood. This work focusadhe effect
of the gel phase on fuel atomization. Spray expents and detailed rheology measurements investighe effect
of the viscoelastic properties on the formationngbinging jet sprays. A series of sprays were iethtp compare
among sprays of Newtonian oil and oil gels. ThHedtor was an impinging type typical of those icket engines.
Varying stream velocity and gel strength enablethgarison over ranges of momentum and viscoelasbipggties.
The spray images show marked differences in stoegtation, rim behavior, instability propagationdadarop for-
mation. These differences can be attributed pilyngr the increased elasticity of the gels. Thestc gels require
substantially more momentum to form sprays. Thigg formation behavior can be classified into megg defined
by ranges of elasticity number (El) and velocity.

Introduction

In some tactical rocket engine systems, two liquigdergolic propellants are reacted to provide pisipn for
the system. In typical configurations, a streanoxitlizer and a stream of fuel impinge, form a gpend sponta-
neously ignite. The hot combustion gases exhaostigh the nozzle at supersonic speeds, providingt While
efficient, these engines pose a number of safetgrida. The fuels are generally hydrazine-basezh as mono-
methylhydrazine (MMH), and are carcinogens. Thiliaers are generally nitric acid-based, such asbited red
fuming nitric acid (IRFNA), and are corrosive. TbBepartment of Defense (DoD) mandates increasifefysaf
tactical systems and meeting insensitive munitidhy requirements. To satisfy IM, propellant tansould not
leak profusely when damaged, thus endangering peet@nd other munitions. As a method to curtaiktleak-
age, polymers and/or particulates have been aduguopellants to create propellant gels. Thess peksess
unique viscoelastic properties that allow themeostored in tanks as if they were solids and ydiote as liquids
under pressure in the engine. Unfortunately thvéesepelastic properties also can affect the coniusif the pro-
pellants; gelled propellants have produced lomgition delays or “hard starts” that can potetyialamage hard-
ware. The work presented in this paper is padrafoing research on the hypergolic ignition of gglpropellants
that targets the effect of the gel phase on phlypieaignition phenomena: atomization, vaporizatiand mixing.
Specifically this work aims to correlate viscoelagiroperties to the formation of impinging jet aps.

Flows of viscoelastic fluids are more complex thhose of Newtonian fluids because of the developroén
history-dependennormal stresses in the fluids during flow. These normal stressas dramatically change the
character of the flow field, such as in the classtamples of recoil and die swell [1]. In spraggse normal
stresses resist elongation and drop formation amh@te stability of thin filaments. The behavidrsprays of vis-
coelastic fluids depends on the competition amaegtial, viscous, interfacial, ardlastic forces. The interplay of
these forces can be described by three indeped@aahsionless numbers, such as Reynolds humbey ¢®gi)lary
number (Ca), and Weissenberg number (Wi). Thesthblow defines these numbers in terms of dimessio
properties and lists the forces that they comp2je The rocket engine sprays fall into the (refeally) high Re, high
El regime. Most current research, however, iddarer El or lower Re cases.

Table1l. Relevant Dimensionless Numbers

Re | Reynolds number Inertial/viscous forces| pUd/n
Ca | Capillary number Viscous/interfacial forcegjU/o
Wi | Weissenberg numbe Elastic/viscous forces| AU/d
El | Elasticity number Elastic/inertial forces | nA/pd?
We | Weber number=ReCa Inertial/interfacial forcepU?d/o
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Research in both the propulsion and polymer comtimsnon break-up of viscoelastic fluids providestarting
point for understanding. Propulsion research @akup of non-Newtonian fluids targets ramjet arcked applica-
tions. Work focuses on quantifying the atomizatioa typical spray metrics but only lightly tredtse rheology
[3-7]. The results show that the non-Newtoniaragprcontain larger drops but that they follow tresdnilar to
those Newtonian sprays: for example, the saut@nndéameter of the drops decreases with increasitig of at-
omizing gas to liquid [6] or with increased distane frequency [7,8]. In most of the propulsiolated work, the
changes in atomization of the non-Newtonian fluads correlated mainly to increases in apparenbsisc of the
non-Newtonian liquids [6], even though the visdesitwill be reduced to almost Newtonian levelshat high shear
rates inside the injector. Mansour [9] shows theadrtance of extensional viscosity due to the nbstr@sses in-
volved in elongation and atomization. The propnsiesearch generally neglects the effects ofielgsor relaxa-
tion times in atomization of complex fluids.

Research in the polymer community includes workcapillary-elastic flows, drops in polymer melts,dan
sprays of micelle solutions. In capillary-eladtimws that occur in applications such as ink jetging, fertilizer
spraying, and roll coating, unforced jets breakvigpcapillary action. The resulting jets take ofoan of spherical
droplets connected by thin filaments like “beadsaostring”. The capillary stresses force the flfrimin the con-
necting ligaments into the droplets, thus thinniing ligaments and enlarging the droplets [10]. si@malong the
streamlines allows these thin ligaments to persidie same sort of streamline tension promotedexnds of liga-
ments and hinders breaking off of droplets in vidastic sprays. The polymer melt studies showatlttie elastic
forces stabilized a submerged drop, thus requigiregter capillary forces for break-up [11-13]. tiese citations,
the Reynolds numbers were much smaller than ondédveme during atomization.

More relevant are studies of impinging jet and fit sprays of dilute micelle solutions done by I&filand
Thompson [14, 15]. These studies used relativitlyedsolutions and low flow rates but showed tffea of elas-
ticity on spray formation. In these sprays, theeth became unstable at increased velocity, amd fimimed in the
sheets. These holes grew and produced a webtliketigre. This work showed that the increasedtielas stabi-
lized the rim of the sheet while destabilizing theerior, leading to the formation of an intercooteal web of liga-
ments. Again the presence of tension in the ligammpromoted the development of stretched strusttadher than
droplets.

The ORBITEC research presented in this paper sudipinging jet sprays of viscoelastic liquids imegime,
governed by both Re and El, that represents floeladtic gelled propellants in rocket engines. ®hgctive was
to relate the rheology of the fluids to the sprahdwior. A series of sprays of Newtonian oils aildjels were im-
aged over a range of velocities. Detailed rheallgneasurements characterized the propertiesafels. These
experiments demonstrated the effects of the gedgoba atomization.

Materialsand M ethods

The spray tests used mineral oil and mineral d& ge propellant simulants. The objective wagudya range
of viscoelastic properties bracketing those seetuiment gelled propellants. Using a hydrocarbolrent such as
mineral oil instead of water was very importantdugse of surface tension effects. In impingingsjays, the sur-
face tension forces work similarly to the elastiecks in limiting sheet spread but differently thihe elastic forces
in promoting drop formation. Hence it is importanthave the correct level of surface tension teeobe the rele-
vant interplay of forces. Figure 1 illustrates thiferences in sprays of fluids with different fage tensions. These
images show how different the wave disturbancesrarveater versus mineral oil sprays. The gellanswa SEBS
(styrene — ethylene butylene — styrene) triblock/mper that was easily soluble in the mineral dihe gel was pre-
pared by dissolving the polymer in the mineralarila hot plate stirrer. To achieve reliable prépsy the cooling
and settling time must be closely monitored. Tworfulations were used: 1% and 2% polymer. Theg2dds
about the consistency of one that would providegadie IM properties; the 1% was chosen to produb&her
level of break-up. Measurements on a paralleleptaeometer determined the rheological propertiegure 2
shows the rheology data. The viscosity curveg)(&fow that the viscosity increases with polymenaentration
and that the gels are shear-thinning. Extrapajatinthe shear rates of ~>1€een in atomization, the magnitudes of
the viscosities will approach Newtonian levels. eTiots of storage modulus, G’, (right) a measudrelasticity of
the gel, show that the 2% gel is much more eldta the 1% gel. These data also allowed estimationaterial
relaxation times which are useful in the dimensigelanalysis. Table 2 lists some properties cktlgels for com-
parison. Note that the G’ increases proportionailyre with gellant content than the viscosity. f&ce tension
measurements show that the gels have the sameesueision as the mineral oil. Thus any differenamong
sprays of these fluids will not be caused by s@rf@nsion effects.
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Figurel. Imagesof Water (left) and Mineral Oil (right) Sprays. Stream Velocity = 20 m/s
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Figure2. Viscosity Data and Storage M odulus Data for the Polymer Gels

Table2. Summary of Viscoelastic Properties of the Gels

Symbol N1 N100 A G
Property Viscosity| Viscosity | Relaxation| Storage
@1s |@1008 | time Modulus
@ 1Hz
units Pa-s Pa-s S Pa
1% polymer gel 1.63 0.1 0.5 0.16
2% polymer gel 46.3 1.1 3 73.3

Figure 3. Impinging Injector and Camera Alignment
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An impinging injector that is typical of those usadactical rocket applications produced the spr@igure 3).
The streams exited orifices of 0.013” (0.33 mm) anginged at an included angle of°90A syringe pump pro-
vided a constant flow rate. The maximum velocjper(stream) was 35 m/s. A Nd: YAG laser illumimatee
sprays from behind, and a CCD video camera captimades at 30 fps. The camera and laser weretedédn
capture the sheet formed perpendicular to the pldiibe impinging streams. At each set flow rateages were
acquired after the sprays had come to a quasiysttate.

10 m/s 20 m/s 30 m/s

Figure4. Comparison of Imagesfrom Mineral Oil, 1% Gel, and 2% Gel (top to bottom)
at Velocities of 10, 20, 30, and 35 m/s (left to right)

Resultsand Discussion

The imaged obtained from the experiments were quitresting and allowed some interpretation ofgsheay
formation. The array of images shown in Figureofhpares the sprays from mineral oil, 1% gel, andg&d The
images represent an 8 mm x 8 mm field of view the df which is just above the intersection pointtled two
streams. The location allows viewing the earlyestiermation behavior. The sprays are compardiked veloci-
ties of 10, 20, 30, and 35 m/s. Matched velociteker than Re were chosen because the viscogithence the
Re vary with the velocity. The viscometry data waeen at fairly low shear rates, and extrapolatirggdata to the
shear rates seen in the injector (>4 would be inaccurate. At the shear rates showFigare 2, the viscosity is
decreasing in approximately a power-law relationt &t higher shear rates it will asymptote to aedixvalue.
Among the fluids the sprays show marked differerinespread of the sheet, behavior of the rim, aistutbances
within the sheet.

As the two fast-moving streams impinge, their motam induces formation and spreading of a flat shee-
pendicular to their plane. The surface tensionelasticity forces oppose and limit the spreadifthis sheet. Here
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the surface tensions are uniform, but the elagtioitreases with gel strength. The images showedsing sheet
width with increasing gel strength. This trendistirates the effect of the elastic forces in lingitthe momentum-
driven spreading of the sheet.

The behavior of the rim surrounding the sheet gasignificantly due to the fluid properties. Itigh surface
tension fluid such as water, distinct droplet shiegidccurs along the rim. In the mineral oil, threplet shedding is
less visible. In the gel sprays, the rim formsithjaments that extend from the rim. This is aarmeple of the
ligament stability seen in viscoelastic fluids. eTeapillary forces that might pinch off drops canagercome the
elastic forces, and the ligaments remain stablestnetchy.

The fluid properties affect the type of disturbaseen in the sheets. In the impinging jet sprdigturbances
propagate down the sheet and ultimately leadlioeidking apart. In the mineral oil sprays, thesslginitially very
smooth and then shows a set of smooth, even, aerhnmvaves. In the gel sprays, a few different &infldistur-
bances occur. The interiors of initial sheetsraresmooth but instead show small-scale, disorgaindisturbances.
As the velocity rises, waves start propagating dtivensheets. In the gel sprays, the wave tramgeanerally un-
steady in time. The high viscosity likely damps ttropagation of the waves; the elasticity mayé&inor even
distort the propagation. Two types of unique diséimces occur near the periphery. As stated ealifg@ments
form due to instabilities in the rim. Also, as edtin [12], holes form in the sheet and stretchize. These insta-
bilities lead to the eventual breaking of the shetet webbed structures unique to elastic sprays.

In these sprays, the dominant forces are the effmsties and the inertial forces, both within teegnd between
the jet and the surrounding air. Levels of elasticumber, El, and velocity can be used to defiame regimes for
spray behavior. Figure 5 shows a plot of El vdoeigy with data points for each of the images showAnnotated
on each data point is the Re. The viscosity measat 100 $ shear rate estimates the viscosity level for tis;g
the actual viscosity is somewhat smaller. Linesadr on the chart divide it into regimes. In thstfregion, there is
insufficient momentum for a sheet to be formed, tra spray is merely a stream. In the second negisheet
forms and spreads due to increased momentum. elnmiheral oil case, the sheet is almost instaniyevand
smooth; in the 2% gel case the sheet spreadsysloith increased velocity. In the third regionstiirbances ap-
pear in the sheet. The type of the disturbanciesguite a bit among the fluids. In the mineiigltbe disturbances
lead quickly to breakup into drops. In contralsg 1% gel sheet shows waves, holes, and ligaméutthe velocity
levels in these experiments, the 2% gel does nginkie show disturbances. Note that the sheetdton actually
starts at lower Reynolds numbers in the 2% gelcaBse of the high viscosity of the 2% gel, veryhhiglocities
would be required to match the Re of the minerhl @ihis plot demonstrates how a fluid with higlagticity re-
quires much higher velocities to break up a sgragause the momentum has to overcome the elastisfo
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Figure5. Regimesof Spray Behavior
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Due to the elasticity and normal stresses seeheise gels, the ultimate form of the spray is mdifterent
than in a Newtonian fluid. The formation of ligamte along the periphery of these sheets, discuslsede, pro-
duces very interesting web structures downstreamhefheet. Figure 6 shows an example of ligamientsing
along the rim and two examples of webbed structdoesnstream of these sprays. As the velocity efdpray in-
creases, these ligament structures become incgbasimg and thin. These long, skinny shapes caraf@ the as-
sessment of the quality of the atomization, becateedard metrics apply only to drops. These lgahave high
ratios of surface area to volume, and will likelsaporate quickly, but they have larger mass.

These experiments demonstrated how the increaskasticity in a fluid hinders its ability to be ated in a
standard impinging jet. Future work will cover radevels of velocity, look at gels with differerdroposition and
viscoelastic properties, and acquire high-speedy@wavith a larger field of view. Applying frequgnanalysis to
the sprays and developing specific image procegstitniques will enable quantitative results.
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Figure 6. Examplesof ligament and web formation in mineral oil gel sprays:
a. 1% gel, 17m/s, b. 1% gel, 20 m/s, ¢c. 1% gel, 35 m/s
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Nomenclature

d diameter or orifice n apparent viscosity

G storage modulus o surface tension

U velocity A relaxation time

R density
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