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Introduction

Tbe_obje_vesofdmisresearchare (i)to obuLinandanalyzeexperimentaldataonflameimages,and tbespafialand

temporaldistributionsoftempmmm_, radiation,velocity and gas-phasespeciesinmicrogravityturbulentgas-jetdiffusion

flames and (if) to utilize these dam to validate and refine the existing Ixedicfive capabilities. Work on this l_oject commenced
in June 1996.

The first investigations on turbulent gas-jet diffusion flames in microgravity were initiated by Bahadori and co-woAe_ in
1991. These sl_dies have shown that significant differences exist in the Iransition tm3cesses in normal-gravity and
microgravity flames, and that the tmbulent flames in microgravity behave very differently as compared to their buoyancy-
dominated normal-gravity coun_ Oiegde 1994, ref. 1). F_r example, in the wansition regime while the visible flame
height, for given fuel and nozzle size, in normal gravity decreases, the height of the microgravity flame increases as shown in
Fig. I. In the fully developed turbulent regime, the nmmal-gravity flame height is indepe_kat of injection velocity, whereas
the microgravity flame height continues to increase, although m a lower rate than in the laminar and transitional regimes.
Other differenc_ between the normal-gravity and microgravity flames arise in the jet shear-layer instability characteristics,
extent of the transitional regime and blow-off limit characteristics (Zhce et al 1993, ref. 2, see also Fig. I).

The parameter useful in assessing buoyant effects on gas-jet diffusion flames is the Froude nmnber, Fr, (Glassman 1996, ref. 3)
which denotes the ratio of forced convection and buoyant convection and is given by

Fr= uo2/gL

where u0 is the jet injection velocity, g is the gravitational _on and L is the length of the flame. Note that the

Richardson number, FriAp/p, where p is a reixe_ntative flame density and _o is the density difference between flame and

ambient, may also be conskiered for estimating the influence of buoyancy. For a diffusion flame, however, Ap/p is of unit order
so that the Richardson number is essentially the inverse of the Froude number. Previous results have shown that significant
differences exist between the notarial-gravity and microgravity flames even when the normal-gravity flames have Fnmde

numbers in excess of 103. This indicates that to obtain momentum-dominated flames under normal-gravity conditions requires
extremely high jet velocities of the order of teas of meters/second. "I'nisleads to extremely large Reynolds number for typical
nozzle sizes used in the lalxraory which leads to problems in resolving the tmbulent flow field both experimentally and
computationally.

In microgravity, momentum-dominated mflmlent flames ate obtained at much smaller velocities than in nmmal gravity. Thus,
significantly larger length and time microscales of the tnrbulent flow field under momenl_Jm-dominated conditions are
obtained. Hence, studying and making mea.mrelfienls in turbulent gas-jet diffusion flames in microgravity offers the potential
tOcaputre the details of the turbulent flow field under momentum-dominated conditions. This understanding has a wide range
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of practical applkaficms such as diffusion flames in induslrial comtmsmrs and engines whe_, because of high velocities,
buoyancy effects are small and in the turbulence decay process in large-scale fires.

Experimental Apparatus and Approach

The _enlal phase of the ixogrmn has _enced and testing is planned at NASA Lewis in the 2.2-Second Drop Tow_,
the 5.18-Second _ty Facih'ty and the DC-9 aircrafL The tests are designed to take advantage of the diffm'ent
individual nature of these f_ilities.

The 2.2-Second Drop Tower provides a high-quality microgravity envimmneat sad quick ummmund times. While 2.2 seconds
is not sufficient time to make statistically stationary flow field measuremems, lxevious _ suggests that it is
to provide good _ for ovendl flame d/mens/om. Hence, tesls in this facifity will be conducted _y _ _ _
candidate flames for the delailed measmements. This is importmt since typical microgravity flame heights for the injeclion

Reynolds numbers of interest (3000-10,000) for hydrocadmm fuels such as propane and methame me of the order of 50 cm for
nozzle diameters to be utilized (around lmm). Itis desirable toreduce both theflame height and the heat release rate to
conduct flow field measurmnents. One way to do this is to dilute the fuel with an inert gas, for example, nitrogen and these tests
will quantify the effect of fuel dilution. The drop rig has been designed and is currently unde_ constroction.

The 5.18-Second Zem-Caavity Facility provides a high-quality _ty environment and significantly greater time for

quantitative measurements than the Drop Tower. These tests will utilize the Gas Jet Diffusion Flame hardware (Fig. 2) with
selected candidate flames with the objective of making derailed measmremems of tempmaum_ aridflame radiation. Free-wire

ll_-mocouples will be utilized to obtain tzmperatnres at different axial and radial locations. Time constants of the utilized
themmcouples will also be measmed in order to correct the fluclaafing _ts of the measured _ _ _
win be mmuaed ruing tlzmopik dmecu_ both f_m theen_ flame(i.e., glob_ radiation)_ _ _ w__
regions of the flame. At this time, a thezm¢r,ouple.rake with eight thermocouples has been c,onslrtwted and instalkd in the rig.
Also, the radimne_ assemblies have bern consncted.

The DC-9 aircraft provides mere reduced-gravity lime than the Drop Tower and the Zem-CmmvityFacility; however, file g-
levels are not m low and thorn can also be g-jitter effects. Tests me planned in the Gas Jet Diffuskm Flame rig for aircraft
_ts with selected candidate flames with the objective of visualizing the turbulent smJctures and for making LDV
measurements. An IR camera, if available, will be used to obtain the infrared s/gnatures of specific species by hr,orpcnting

optical filters. A 16-bit data acquisition system with high sampling rate mq_bility will be _ into the aircraft rig for
the LDV measurements. The rig upgrade will commear_ this year.

Modeling

The obtained _ data will be useful for assessing both direct nmnerk.al simulaficm as well as standard tm4mlent
flame models. The primary modeling objeclive in this project is to assess the validity of turbulent flame models since the
obtained dam will l_ovide a bew, hmark case for mcm_entum-dmnina_ gas-jet flames.

The nummi_ model is under development madutilizes standard turbulent models in conjunction with state relationships for

chemistry fcf predicting the time-averaged flow field and correlations. Thus, the set of governing equaticms utilized are of the
form

divCou,- r, gradt) = S,

where

0 = u, v, w : Momentum V# -p(v t + VI)

St = -grad(p)+ gravity+ viscous
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= h : _mal_ r_ = p (vt + v])/ab

S(I, = -Dp/_ + heatsomrces

= 1 : Con_mty r_ = o

S_ = O+ bOLmdarysom_s

In the above equations, u, v, and w are the three components of the velocity, p is density, p is pressure, h is enthalpy, and v t and

v I are the 13Ebulentand laminar kinematic viscosities, respectively. These equations ale supplemented by equatims for the

tnrbuleat kinetic onergy, k, and the dissipation rate, e. The model solves for pressure, velocity, temperature, species
ccecenuafions, and tuflmleat kinetic energy and dissipation rate. Radiative Wansix_ utilizing models such as the six-flux
model, for major gas species (e.g., CO2 and H20) will be included in the code.

Results and Discussion

In general, gas-jet diffusion flames may be classified as momenmm-dominaled, buoyancy-dominated or flames that are

influenced by both momentum and buoyancy. Similitude and scaling m'guments have been presented in the literature (e.g.,
Blake and McDonald 1995, ref. 4) to distinguish these regimes based upon weighted Fronde and Richardson numbers.

However, for the purpose of relaining clarity in the discussion herein, attention is focused only on momenlmn-dominated and
buoyancy-dominated flames.

The fundamental differar..e between momenlmn-dominated and buoyancy-dominated gas-jet flames is iliuslralcd in Fig3
which plots the flame centerline velocity (nonnaliz_ by injection velocity) as a function of axial distance (normalized by flame
length) do_ of the nozzle for three different cases: (i) laminar l-g (ii) laminar 0-g and ('fii) turbulent flame. The
laminar flame calculafio_ are fxom a laminar flame model (Edelman and Bahadori 1986, ref. 5) and tbe mflzfl_ flame
calculations utilized a preliminary fast-chemimy version of the model described above u_ng a k-£ formalism which does not

include the gravitational acceleration tenn. Some success for the mean flow quantifies has been reported in the litermme using
similar models for a high-velocity hydrogen jet flame with air co-flow where buoyant effects were retxr_ to be small (e.g.,
Kent and Bilger 1976, ref. 6).

Considering the laminar case it is clear that for the buoyancy-dominated flame the axial velocity increases with distance
downsueam of the nozzle whereas for the momentum-dominated (0-g) case it da:teases. The difference is due to Imoyant
acceleration in the 1-g casewhichyieldsanaxialvelocity dependence on the square root of the axial distance (Bahadori et al

1996, ref. 7). For the turbulent case, which represents a momentum-dominated flame because of the neglect of the gravitational
accelenttion term, the axial velocity exhibits a decay over the flame length although the predicted decay is not as dramatic as

for.tbe .ia_..0-.gcase. Whileco .ml._.rations of abuoyancy_ lulbuleat flame are not plescnted here, thereis
evidence m the literature that the axial velocity increases with downstream distance in this case (e.g., Durao and Whitelaw
1974, ref. 8).

This difference in the velocity field f_ momentum-dominated and buoyancy-dmninated flames leads to m-_lcingdifferences in
their behavior. For example, for the laminar and transitional flames, the instability characteristics of the flame and associated

shear layers me completely different. Application of parallel shear-layer instability theory showed that for the axisymmetric
mode, the microgravity, momentum-dominated flame has a single _ layer which et'iginates at the nozzle rim and crosses
the flame ne_ the tip. The nmnal-gravity buoyancy-influenced flame, however, has three critical layas associated with the
axisymmctric mode. The innermost layer originates at the nozzle rim and is associated with the instability of the fuel jet
issuing into the aun_. A pair of critical layers is formed on the o"xs£zer side of the flame sheet and, being buoyancy
driven, me believed to be responsible for flame flicker which is absent in the microgravity case.

In the turbulent regime, the significance of the difference in the velocity fields may be understood in terms of the variation of
the local Reynolds number based upon the local centerline velocity and local flame width. The magnitude of the local Reynolds
numberincreaseswithaxialdistanceforthenormalgravitybuoyancy-dominated flame and decreases with axial distance for

ty flam.e. If it is as._um,ed that the local turbulent velocity magnitude scales with the local centerline velocity, and
mtegral length scale Is proportional to the local flame width (which is relatively invariant over the flame length)

then it is clear that the local turbulent Reynolds number, Re.r, follows the same trend as the local mean flow Reynolds number.
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The smallestscaleoftmbeleace,thatistheKolmogm'ovlengthscale,variesasReT"°aSindicatingthatf_ thebuoyancy-

dominatedflame,thesizeofthesmartestscalesdecreaseswithincreasingdistancealongtheflame(sinceReT increases)

whe_as fog the _ty fimneqthe opposite occurs (since ReT decreases). _ is ocmsistent with tm'bulen_

behavior. The _ dissipation is of order u//l where u/is the turbulent velocity fluctuation magnitude and I is the integral

length scale. This is a measure of the highest firequencies (Le., the smallest scales) in the turbulent specmun. The integral
length scale is expected to be relatively invariant over the flame length whereas u/ will scale with the mean velocity. Thus, u//l
is expected to decrease downstream for the microgravity case indicating a decrease in the highest __ _ _ m_ m
the size of the smartest scales.

_ental evideEe _ the above discussion is provided by Fig. I which shows that the microgravity turbulent flame
heights are larger than the normal gravity tmoyancy-domimted flame heights. Fofiowing Glasmum (ref. 3), it may be argued
that flame height, L, is Wop(mional to the fuel volume flow rate, Q, and is inversely Wcptmiotml to the effective d/ffusivity,

Ddf;_mt is

La Q/Dee

In the laminar regime Deft regnsents the molecular diffusivity whereas in the turbulent regime it rewesents an eddy

diff_vity. From l_g. 1, it may be inferred that Deftfor the nmmal gravity turbulent flame is between tw° t° three _ _

value of Defffor the _ _vity flame. Deft in the tutbulentregime scales as the product of a turbelent

velocity scale (u/) and an integral length scale. Since the integral length scale is the same fm _ _, it h e_ _ _ _

smallerforthemicrogravityflameaswas suggestedearlier.

INmding the completion of the 2.2 Second Drop Tower rig, _ work in the Zem-G Facility has commenced with the
Gas Jet Diffusion Flame _ The objectives of this inifial testing ale to establish the feasibility ofreducing flame height
in _V/ty by addil_ a dihlellg go gh_ f'uo[ aild alSO m aSSeSS ChSll_ S in the _li]_ behaviOr _ Of the addSd dilumL

Tbeini_finghasbeenwith_Reynoldsn.mber/l_.es0_= 1000)wire a propane(60_)- ni._. (40_)
injecdoa mixture utilizing a 1.6 mm diameter nozzle. At thisReynoldsnumber, the flame is in the laminm"regent (re/'. 1)
which facili_es comparL_n with laminar _unes of.ndihUed lXOpanein microgravity for which a subsm_l database
exim. For _ .ndflt.ed ixo_ casetJ_ 0.mira.s) flan_ I_ht for the _ _ _ _ _
available data would be approximately 40 cm. The addition of the nitrogm reduces the vis_le flame height to approximately
25 cm.Theflamel_ g_x_rs tobe_lymduc.ed however oomlmmtmtheundilmedcaseconsi.m_with
decreasedamountofsootintheflamecempan_ totheundilutedpropaneflame_ the _g perk_ of its

developmentThisbehaviorissimilartothe n_mal gravitybehavior(AxelbaumaadLaw 1990,ref.8) whereitisalm'buted
toacombinationofreductioninfuelconcenlratim(whichisexpectedtobetheprimaryeffectattheinvestigateddilutim)and

flametemperatme.

Tempemlme m_ ca the centerline of the nitrogen-diluted flame are compared with cozresix_fing measmema_ in
the undiluted pmpmg case in Fig. 4. The undiluted case is at a lower Reynolds n_ _ = _) _ _ _ __ _
ne_mlizing the axial distance by the flame length. This figure shows that the temperature distribution is similar in the two
case& It must be cautimted that the _ do not reach a steady state at Ibe end °f the micmSmvity peri°d f°r the
laminar flames. This is shown in Fig. 5 which plots a representativetemperaturedev_t for the nilrogen-diluted flame

(Re = 1000). Iris unclear at wesmt whether the tempemmes win reach steady state during the available time for the
modenttely tmbulent flames that are to be stndied- The ratio of the times to reach steady state for the laminm"and mrtmlem
cases is invegseJy related to their effective diffu_vifies. From Fig. 1 and earlier discussion, fireeffective diffusivity for the
moderately tmbulent flames is aPlm3ximately 30% more than for the laminar flames which indicates that the turbulent flames
will reach steady state only 30% faster than the laminar flames.
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