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ABSTRACT L Combustor length (m)

L. Jet location (m)
J

An Argonne two-phase combustion ilo';, _c,,_;puter code
rh Mass flow rate (ks/s)

is u,_..dto simula_ re_tLng flows to aid in the development of
n Particle number density (#/m"_)

an advanced combustor for magnetohydrodynamic power
Nu Nusselt number

generation. The combustion code is a general hydrodynamics
P Pressure (atm)

computer code for two.phase, two-dimensional, steady state,

turbulevt, and reacting flows, based on mass, momentum, mad r Particle radius (y.m)
Re Reynolds number

energy conservation laws for multiple gas species and panicles.
S Source term of general transport equation (1)

The combustion code includes turbulence, integral combustion,
Sc Schmidt number

and particle evaporation submodels. A recently developed
T Temperature (K)integral combustion submodel makes calculations more

efficient and more stable while still preserving the major t time(It.s)
U Gas phase velocity in x-direction (m/s)

physical effects of the complex combustion processes. The
V Gas phase velocity in y-direction (m/s)

combustor unde_ investigation is a magnetohydrodynamic

second stage combustor in which opposed jets of' oxidizer are x Axial coordinate (na)
injected into a confined cross-stream of hot coal gas flow Y Vertical cross-stream coordinate (m)

following a En'st stage swirl combustor. The simulatio_a is Yi Mass fr,tct.ion ofa gas species "i"

intended to enhance the understanding of seed panicle
evaporation in the combustor and evaluate the effects of Greek Letters

combustor operating conditions on seed particle evaporation

and vapor dispersion, which directly affect overall E Turbulence.dissipation (J/kg.s)
magnetohydrodynamic power generation. Computation results I" Diffusion coefficient

show that oxidizer jet angle and panicle size may greatly affect ld. Viscosity (N-s)

particle evaporation and vapor dispersion. At a jet angle about _ Stoichiometric mass ratio of oxidizer and fuel
130 degrees, particle evaporation rate is the highest because of p Density (kg/m _)
the highest average gas ten_perature. As particle size increases I: Riclmess
beyond 10 microns in diameter, ft,,-,effects of panicle size on 0 Gas volume fraction
wall deposition rate, evaportaion del_y, and dow_lstream seed

vapor dispersion become more pronounced. • _ General flow variable
Extent of reaction

NOMENCLATURE
Subscripts

B Evaporation transfer number

CL Convergence level o Reference

C a Farticle drag coefficient b Boiling
fu Fuel species

Cp Specific heat (J/tool/K) ir Inert species
D Combustor hydraulic diameter (m) pr Product species

ltir Latem heat (J/kg) ox Oxidizer species

h Enthalpy (J/kg) res Residual quantity

k Turbulence intensity (J/kg) s Solid phase variable

K Gas thermal conductivity (W/mK) sv Seed vapor species
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t Turbulence A team of ANL and University of Illinois at Chicago developed

x .Axial direction a comprehensive combustion flow computer code, The cock.

y Cross-stream direction was originally written for air-breathing propulsion engines [12]
and has been modified for various applications in coal-f'god

INTRODUCTION combustors [13] and internal combustion engines [14], For the

present study, the code has been modified extensively over the

The concept of a magnetohydrodynarr, ic (MHD) power past few years at ANL. The study investigates important issaes

plant, which depends upon the interaction between magnetic related to the performance of an MHD second stage combustor.
fields and an electrically conducting fluid flow to generate The issues include particle evaporation, vapor dispersion, gas

electrical power, has attIacted much interest in the utility ionization, combustion, jet penetration, and fluid mixing. This

industry because it can attain higher overall efficiency and paper focuses on seed particle evaporation and vapor dispersion

produce less pollutants compared to a conventional coal-firtxt in the combustion flow.

power plant [1-2]. The U.S. Department of Energy ha__been

sponsoring a national program for the development of a proof- SIMULATION APPROACHES
of.concept MHD power plant in which industries, 1.miversities,

and national laboratories have participated. Under this An ANL two-phase two-d_.mensional combustion

program, Argonne National Laboratory (ANL) provides computer code was used to simulate combustion flow patterns

technical support to the industries who are '.,tailding the in an Ml--IDsecond stage combustor. The code solves transtx_rt
cornbustor, MHD channel, and other facilities. One major equations for five gaseous species (fuel, oxidizer, product,

activity at ANL is the use of computer simulation to aid in the inert, and seed) and solid particles over a r,'uage of sizes.

design of a 50 MWt MHD combustor at TRW [3-6]. The General consev,'ation laws, expressed by elliptic-type partial

combustor is a two-stage pulverized coal combustor upstream differential equations, are used in conjunction with rate
of the MHD generator [7]. The FLrststage is a swirl combustor equations governing the mass, momentum, enthalpy, species,

operated ander substoictfiometric conditions to minimize NOx turbulent kinetic energy, and turbulent dissipation for a two-

formation while most of slag is removed. A second stage phase reacting flow. The associated ._ubmodels of this code

combustor follows the first stage combu.._tor, ha the second inck_,de an integral combustion, a two-parameter turbulence, a

stage combustor, seed material, i.e., potassium, and additional parti¢.le evaporation, and other interfacial submodels. A

oxidizer are injected to obtain desired plasma stoichiometry recently de',,eloped integral combustion submodel replacing an

r,.ndtemperat'ure for successful MHD channel operations. Arrhenius type differential reaction submodel has been
inlplemented to improve ntunerlcal convergence and enhance

Among other i.rnponant issues regarding the operation of numerical stability. A two-parameter turbulence submodel i:_

a second stage MHD combustor, seed particle evaporation, modified for both gas and solid phases. The evaporation

seect vapor dispersion, and combustion are studied to determine submodel treats not only particle evaporation but size

the effects of combustor operating conditions on MHD channel dispersion. Interfacial submodels use simple eor'relations to

performance. One of the major concerns is the distortion of gas model interfacial momentum and energy transfer.
temperature and seed vapor profiles, caused by incomplete

mixing which may significantly lower the electric conductivity General Transport Equatiort.s

of the gas and subsequendy the MHD channel performance.

Compute_" simulation is an efficient and cost-effective tool to For convenience .af numerical formulation the governing

help design an advanced combustor because it provides in- tran._port equations for both gas and solid phases are put in a
depth information about the two-phase combustion flow and common fot_:

the flexibility to experiment with a wide range of operating

conditions at relatively low cost. OJ _J

...__+ .-..Z.0y= St' (1)
Some concerns regarding the simulation of a two.phase

combustion flow include computational speed of available ha wkich _ is a general flow variable, S is a source (or sink)
computers and numerical stability of the employed computer term, and J's al_ combined _._nvective as_ddiffusive flux terms.

ccxtes. Recent advances in high.speed supercomputers,

computational techniques to solve the coupled partial (;a._ species ;tre a_ssumedto be a i_,rfect gas mixture. The
differential equations of a turbulent flow [8-9], a.nd combustion convective and diffusive flux terms of a gas flow variable caJ1
relat_ modeling, e.g., turbulence, combustion, and jet mixing be written as,

models [10-11], have encouraged people to develop

comprehensive computer models to simulate the complex

processes of fluid mixing and reaction in a combustion system.

i

I

|

!



I

= - 1"_ (2)J OpU_ o_ gas phase. The interactions between phases are ali included in
' _ax the source terms. For example, a momentum sink in gas flow

for _ = 1, U, V, Y_, Yu, Y,,, _:,h, k, or e accounting for particle drag effects is also a momentum source
for the solid flow.

Jy= 0pV_ - F_3.-_ Associated Submodels and Empirical Correlations

eYe-Y, +Y, To determine source terms *nad effective diffusion

'_= ¢ + y. (3) coefficients of the transport equations for both gas and solid
phase flow variables, submodels and empirical correlations are

Y_ = 1 - Y_,- Y, - Y_,- Y,, (4) needed. For the source terms of the transport equations of fuel
concentration and enthalpy, a submodel is required to

determine fuel cortsumption and heat release rates. For seed
where, 0 is gas volume fraction, p is density, F is effective
diffusion coefficient, 0 is the stoichiometric mass ratio of vapor concentration and particle number density, a submodel is

oxidizer and fuel, and Y, is a reference concentration. U and V required to determine particle evaporation and size dispersion
rates. For gas and solid velocities, correlations of interfacial

are velocity components, YrY_,,Y,,, are mass fractions of
drag force are required to determine momentum exchanged

gaseous species of fuel, inert, and seed vapor, respectively, '_ is between phases. For gas enthalpy and solid temperature,

richness, h is enthalpy, k is turbulent kinetic energy, and _: is correlations of interfacial heat transfer are required to

turbulent dissipation rate. Note that concentrations of oxidizer determine energy exchange between phases. For the effective

and product species are not solved directly from a transport diffusion coefficients of all transport equations, a submodel is

equation. Since a transport equation with no source te-rm is 'required to determine turbulent diffusivity for both gas and

more stable in the solution routines, the transport equation for solid phases.
oxidizer concentration is replaced by a richness equation which

eliminates the reaction sink term if richness is del'reed in An inte_al one-step combustion submodel has been

equation (3). As soon as the richness and fuel species transport developed to make numerical calculation of the complex

equations are solved, oxidizer concentration can be easily combustion processes in the present study faster and more

obtained from equation (3). After ali th_ other spe.cies are efficient v.,hile still preserving the major physical effects of the
solved, product concentration can be obtained from the species combustion on the flow development. The model replaces a

conservation equation(4), previous differential combustion model which used an

Arrhenius type rate equation, The new model is found to

.'1"he solid phase equations include those governing substantially enhance the numerical stability of reacting flow

number d.ensity (n), velocities (momentum,) (U,V), and computations with the computer code. The model assumes that

temperalure (T). For each particle size group, the convective the overall reaction progress mad its physical effects can be

and diffusive flux terms of number density are: expressed by empirical correlations or tabulated data relating
the extent of reaction (or the fraction of fuel consumed) and the

_n accumulated heat of combustion to a flow time scale instead ofJ, n U _ roax a reaction time scale. Detailed kinetics cP.lculations provide
(5) data to tabulat_ or correlate an extent of reaction as a function

Jr = nV, - F _ of time. For this study, detailed kinetics calculations are carried
*aY out us!ng NASA's General Chemical Kinetics Prograrn [15].

For a combustion process at a reaction pressure of 5.7 atm and

and the flux terms for particle momentum and temperature are: initial temperature of 1750 K, a correlation of the extent of
reaction _ can be wrinen as,

J, = nU,_

(6) _= 0.1495 ln(80t + i),

J = nV_ for t < 0.1 las

= 1 - exp(-0.705t )

for _ -- U, V, orT,. for 0.1 < t':: 0.25 Its (7)

= 0.57 - 0.1774 exp(-0.78(t-0.25) TM)

The murce terrn of particle number density accounts for for t > 0.25 Its
particle evaporation, while the diffusion term accounts for

particle dispersion due to interaction with the turbulence of the A similar correlation for heat of combustion is also



obtained from the plotted results. These relations are the fluxes in the physi_al coordinates but the rate of shift of the

incorporated into the source terms of the gas enthalpy and fuel particle size spectrum due to panicle evaporation, which causes
concentration mmspon equations. More details of the integral evaporating particles to move from larger to smaller size

combustion submodel were reported at the 1991 SEAM groups. When particles evaporate, particle size decreases, seed

Conference [4]. vapor is added to the gas phase, momentum is added to the gas
momentum, and latent heat is subtracted from the gas enthalpy.

A tw- parameter turbulence submodel is used m simulate A correlation is used to predict particle evaporation rate Ln a

the turbulent transport of gas and solid phases. Based on the convective field.

work of Launder and Spalding [8], turbulent viscosity p., is

defined as: rh = 4 n r (K/Cp) Nu ln(l+B) (11)
where

k2 Nn,= 1+ .276 Re "5Sc"n (l la)
g, = 0.09 p .-_ (8) and

Cprr- "r'_
in which the two turbulent parameters k and _: are solved by B = H, (llb)
two turbulent trarmport equations. For gas momentum

equations, an effective viscosity (or diffusion coefficient) is In the alxwe equations, K is gas thermal conductivity, Cp is gas

defined as the sum of gas viscosity and turbulent viscosity. For specific heat, and Nu, Rc, Sc, and B are Nusselt, Reynolds,
equations of other gas flow variables, effective diffusivities are Schmidt, and evaporation transfer numbers respectively.

assumed to be proportional to the effective viscosity. Similarly, Reynolds number is defined using slip velocity.
diffusion coefficients for particle number density are assumed

to be related to gas turbulent viscosity and account for the Gas thermal conductivity increases with temperature and
effect of particle distmn'sion by gas turbulence as a function of decreases with pressure. In the temperature range of this study,
paritcle size. The lzrger the particle, the smaller the diffusivit3,, from 300 to 3000 K, gas thermal conductivity varies more than
The empirical formula for the particle diffusion coefficient an order of magnitude and pressure dependency bex:omes
used in this computer code is based on the work of Ward et 'al. apparent at high temperature (above 2000 K). In a two phase
[16]. flow variation of thermal conductivity of the gas with

temperature has a large effect on the rate of heat exchange

_- F, = P't (9) between the phases. By using the published data, an empirical
0.9 P (1 + 2r + 0.06ft) correlation of gas thermal conductivity has bema established

including both temperature and pressure (P) dependency. The
where r is particle radius (in gin). correlation is written ,as,

.

Treating a spray of particles in the Eulerian framework, K = 0.(.1223+ 0.0977 (T - 250)/1550,
the number density is taken to be a function not only of the for T < 1800 K

coordinates x and y but also of the particle radius. Zhou and (12)

: Chin [10] used a simple mathematical function used to K= 1 + 0.0977 rr- 1800)/1550+

represent the inlet size distribution of a spray. A similar size (0.2904-0.182 (P-l)/9)((T- 1800)/1200) 2_
" distribution formula is used to represent the inlet seed panicle for T > 1800 K

flow. The formula is:

In a two-phase flow, the solid flow is driven by the gas

dn r4= a exp(-br') (10) flow via the shear force generated I._tween phases which
_-- dr depenck_ on the velocity differential between phases. The larger.

. the velocity differential, the bigger the interfacial force. The

. where a and b are constants to be determined from total particle empirical formula for the pm'ticle drag coefficient used i.n the
number density and mean particle radius, combustion code is,

A transtx',rt equation for the number density of a panicle C,_= (24/Re) (1 + .15 Re_7)/(I+B) (13)
size group is derived by doing a balance over a (x,y,r) space.

Similar to the disc'retization of the x and y coordinate to yield

the physical ,space computational grid, the particle size Similarly, the empirical formula for parlMe heat transfer
ce,efficient is written in a cc_rrelation giving the Nu.sselt

coordinate, r, is discretized to yield a set of particle size groups.
number,

The number density transport equation accounts for not only

I" _" ' '"l;ilI ",u til'fill .... , _1r, lll, ',i'll llll,il,ll '_I' lll[IIll,,i_ll I110' lll'li"ill "' "llllill ' llIill l,lrlllll q'II, iiAlIll 1'



Nu = 2 + .654 Re z Sc_ (14) particle phase) in which computed particle variables change
little upon further ref'mement of particle size space. Based on

The momentum transfer rate .between phases needed for the results of the sensitivity study, a grid of 54 by 32 nodes was

source terms of gas and par_.icle momentum transport equations selected to represent the combustor configuration shown in

is calculated based on the drag coefficient and a slip velocity. Figure 1 and five particle size groups were used to represent the

The convective heat t, ;t_'lsferrate between phases needed for the size distribution for two.phase combustion flow calculations.

source terms of gas enthalpy and particle temperature transport Acceptible convergence was judged to be achieved when the
equations is calculated based on the Nusselt coefficient and a mass residual over ali computational cells was reduce:] to less

slip temperature (temperature difference between gas and solid than 10"tfor the gas phase and 10.5for the particle phase.
phases).

Most fl,_w variables are assigned values at the inlet plane
Numerical Scheme and jet openings in the side walls. A reference pressure is

assigned at the midpoint of the inlet plane. Patankar's locally

Figure 1 shows the combustor under the investigation, an one way flow assumption [9] is applied to the outflow
idealized rectmagular box consisting of four solid side walls boundary, eliminating the need to specify the values of flow

(front, back, top and bottom), an inlet for gas and particle 'flow variables at the outflow boundary. In tiffs formulation, the

(left), oxid!zer injection slots on both top and bottom walls streamwise diffusion coefficients are taken to be zero at the

representing distributed injection holes for the two-dimensional outflow boundary. "['he side walls are impermeable for gas.

computation, and the exit (right). A two-dimensional Solids are allowed to deposit on the walls. A momentum wall

computational domain is defined in a cross-sectional area in the function is used to bridge the near wall boundary layer. A
middle of the combustor away from the viscous effects near the staggered grid system was used for the numerical calculation,

front and back walls as shown in Figure 1. The two- with the gas velocity components stored on the cell surfaces

dimensional grid point system uses a horizontal x-axis and a and ali other physical quantities storeA at the nodal points of
vertical y-axis, and has the origin at the lower left comer, each cell (or scalar cell). The governing partial differential

Evenly spaced grid points are used for the y-axis and variably equations are transformed into algebraic equations by

spaced grid points are def'med for the x-axis depending on the integrating Over the computational cell. These algebraic

jet location. Dense grid points are selected near the jet opening equations are solved using a line-by-line sweep in the primary

where large flow property gradients are expected, flow dh'ecfion to avoid numerical asymmetry.

A procedure added to the computer code dynamically

alters the computational grid to adjust the ,area of the jet and
maintain a specified jet mass flow rate constant during iteration

Top oxidizer jet slot toward the solution. The width of the jet slots is adjustable
Exit during computation so the total jet mass flow rate and jet

velocity are fixed as defined by input values. When the jet

di velocity is specified at the jet inlet, the compressibility of jet

i: inlet conditions affects the mass conservation of jet flow
because pressure is no longer a free boundary condition, but
rather needs to be determined from the flow solution in the

i Fuel an interior.

! particle inle_,__,.7 Bottom oxidizer jet slot RESULTS AND DISCUSSION

Figure 1 Combustor geometry and a two-dimensional A parametric study has been performed to study partic]e-

i computational grid with 54 by 32 nodes jet interactions in reacting flows, and to investigate the effect of
seed injection conditions on wall deposition and vapor

| A convergence and grid serlsitivity study was conducted dispersion. The study includes two parts of simulations: oneI
to identify convergence levels for both gas and particle phases assumes particles do not vav_rize and the other assumes!

| in which computed variables have converged to four or more particles vaporize at a fixed temperature with a combined heat
| decimal digits over nearly ali of the grid po[rats, to identify a of fusion and vaporization. Common flow conditions used for

l_ level of grid refinement in which computed variables change the study are stunmarized in T_ble I.

little upon further grid refinement, and to identify a number of

particle size groups (the discretization parameter for the

I
--91
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' Figure 2 compares particle wall deposition rates for three

Table I Common Flow Conditions particle diameters: 30, 60, and 120 microns. Most significant

particle deposition is found near panicle flow stagnation poinm,

Combustor Aspect Ratio (L/D)= 3.84 about half way between the inlet and the jet location. Peak

Pressure (atm) = 5.7 deposition rates at X/D = 0.3 are 12, 5, and 2 mm/ht for 30, 60,

Inlet Gas Temperature (K) = 1974 and 120 microns cases, respectively under the 1% particle mass

Particle Boiling Temperature (K) = 1594 loading condition. Note that at the combustor inlet particles are
Inlet Gas Velocity (m/s) = 29.3 assumed to flow parallel to the walls. Particle deposition rates

Inlet Particle Velocity (m/s) = 25 downstream of the jets are small because particles are pushed
Bulk Seed Mass Fraction (%)= l to chamber center as the main flow passes the jets and

Overall Stoichiometric Ratio = 1,0 dispersion back out from combustor center beyond the jets is

Inlet Fuel Concentration = 0.368 relatively slow, being primarily a diffusive process.
Inlet Inert Concentration = 0.390

Inlet Product Concentration = 0.242 Figures 3 and 4 show flow patterns of multiple.sized

Jet Mass Flow Rate (kg/s)= 0.454 particles in the combustor. This step is essential before

Jet Temperature(K)= 300 simulating particle evaporation in reacting flows, because

Jet Location (L/D) = 0.66 particle size changes during evaporation. For simple
Jet Angle (deg.) = 130 illustrations, three particle sizes of 20, 60, and 1t30microns are
Jet Oxidizer Concentration = 1.0 chosen and their inlet number densities are assumed to Ix.

2.08xl 06,8.91x10 _, and 8.87x106 #/m3, respectively.

Flow Patterns of Non-Vaporizing Particles

O

vaporizing particles, several cases were computed. Particle
flow patterns are found differc"nt than those of the gas flow, _ _, _t.o,=,m _ .... __o_

Particles entering the combustor are pushed eidter to the L i_,_'" ' , , Jcombustor center to move around the vortices or to the side

walls, via interfacial drag. For very small particles, i.e., particle o.0 0.5 t.o t.5 2.o z.5 3.0 3.5

diameter less than 5 microns, wall deposition is negligible and X/D

most particles flow' around the vortices l_Othe cornbustor center. (3a) Number density of total pa.rticles

Particle size : ""t_t'z_0,', "",. _ ......... -- " "-1

30 microns . [ / _ ............_- ""6--U-'--
+ /' __._,,- t JI "

......i_;....................... _ _;'- ,...... _ c "-*'---_'--_
0.0 0.5 1.0 1_ 2.0 2.5 3,0 3.5

_-_- X/D
"_ (3b) Average particle size

O

:_ Figure3 Dislx."rsion of multiple-size and non-vaporizing

_, _ -- particles in the combustor_'_ .,, ,,,%.

,//"'" , '.. In Figure 3a, total number density of all particle sizes t_;

v --- shown. The normalized number density value is 10_#/m _.
o.o o.1 0._. o.3 0.4 Particles are pushea to the center portion of the combustor due

X/D to the screening effect of the oxidizer jets. Figure 3b shows

Figure 2 Particle deposition rate on wall for non-vaporizing local normalized average particle size. The reference particle
particles size used for normalization is the average inlet particle size 34

microns. The variation of local average particle size over the

Foi large/' particles, wall deposition can be significant, interior of the combustion clearly indicates thai particles of
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different sizes have different flow patterns, Figure 4 shows vaporizing seed particles is presented in the following

number density plots of each particle size group, Smaller paragraphs to give an overview of two phase flow conditions

particles follow the main gas flow more closely than larger and processes irl the combustor and to provide a basis for
particles. Thus, smaller particles nina more rapidly toward the comparison of the effecL_ of varying mean inlet panicle size

center following the main gas flow as it accelerates into the presented in the next section, Tile baseline case assumes a

center in order to paSs the optx_sing jet flows. Further, once uniform inlet particle number density and an average inlet

past the jets, smaller particles begin to spread back out over the particle size (or diameter) of 34 IJ.m. Baseline two-phase
chamber cross section more rapidly than larger particles, This combustion flow patterns are shown in Figures 5-7, Figures 5a

more rapid spreading of smaller panicles in the downstream is and 5b show gas and particle velocity vectors; Figures 6a and
due both to a larger turbulent diffusion coefficient and to a 6b show gas and p',micle temperature contours; Figure 7a

more rapid drag response to the gas flow. shows total panicle number density, contours; and Figure 7b
shows seed vapor concentration contours,

-.. In Figure 5, vector length represents velocity magnitude;

I "U_ _ inlet gas velocity is 29.6 m/s', and inlet particle velocity is 25

_ 1]_ °.,,,,..,._,,.......=.-,___..,f,_g,"'-_;---_-------'**,__...-..-..rn/s. In Figure 6, temperature is normalized by the reference
o __'°"-__'°'_-'----7:_----° temperature 2950 K; inlet gas temperature is 1974 K; particle

_. lt_. r,..,,,,_ ._ inlet temperature is 300 K; and jet temperature is also 300 K. In_ "t---' , , .... _ _ , J
o.o 0..5 1.0 1.5 2.0 2.5 3.o 3.5 Figure 7a, total number density summing number density of

X/D five size groups is normalized by ik_inlet value 528x106 #/m_.

In Figure 7b, seed vapor concentration is expressed by mass

percentage; inlet seed vapor concentration is zero; and inlet

(4a) 20 microns seed particle mass flow rate is about 1% of exit gas mass flow
rate.

" 9_ ......

...... I i "" a.... i -_ --- I i "-"
0.O 0.5 1.0 1.5 2.0 2.5 3.0 3.5

_ _
o. 2" _ --"
C, [ I I I "-" I i 1 I

(4b) 60 microns o.o 0.5 l.o 1.5 2.0 z3 3.0 3.5
X/D

e,. (5a) Gas velocity

.... i , i ' , , _ , ° Ir:=...-__ .-
0.o 0.5 _.o 1.5 2.0 2-s _0 3.5 !::.:: f, _ f:ili_'_--"_ :z

X/D _ I,.--',_ .,._..,, ,,- -. - , • "- v'- -',
o.o 0.5 _.o _.5 2.0 _.5 3.0 3.5

(4c) 120 microns X/D

Figure 4 Particle dispersion of each panicle size group as (5b) Particle velocity (30 microns)
shown in number density contour plots

Figure 5 Comparison of gas and pa.rticle flow patter_z_
Flow Patterns of Vaporizing Particles

A baseline case of two-phase combustion flow with



° °t@ _ . ,,-:_.--- -.... _ _" I _ '::::'" ......

i ' i w I I _ O; l.O 1.5 2.0 _ 3.0 3.50,0 0.5 1,0 1.5 2.0 2.5 3.0 3.5 0,0

X/D X/D

(6a) Gas temperature (Tb) Seed vapor concentration (%)

Figure 7 Dispersion of seed particles and vapor

]liT 1
! ! °"_""-'--_ In Figure 5, particle and gas show different flow patterns

a 'g ',,iIo-],l,],],_ because of slip velocities, Slip velocity between gas and

_" /il!iilii _.._-_-0._,---._ particles diminishes as the gas flow develops and particles

o_/il_lt|__,.-,,_l I ' "lo z-_ 3,oi 37--.5 move downstream in the combustor. Because smaller particleso,o o.5 1,o 1,5 .- react more quickly to the effects of drag, the srnaller the

XID particle ,,.hesmaller the slip velocity. For particles smaller than

(6b) Particle temperature (30 microns) 5 li.na, slip velocity is negligible. In Figure 6, particle

temperature lags gas temperature as panicles are heated up by
Figure 6 Comparison of thermal patterns the gas. Slip temperature (or temperature difference) between

gas and particles becomes smaller as particles move

With 130 degree counter-flow injection, intense mixing downstream in ti_e combustor until the particle temperature

occurs upstream of the injectors at X/D = 0.66, and the flame is reaches boiling temperature. The smaller the particle the faster

established in this intense mixing zone (Figure 6a). Because the the particle temperature reaches boiling temperature. For
.jets penetrate dee'ply into die main flow, large vortices form particles smaller than 5 pm, particle temperature reaches

behind the jets (Figure 5a), and the flame follows the vortex boiling temperature almost immediately. Figure 7a shows that

boundary from the upstream, where fuel and oxidizer first some particles are pushed by the oxidizer jets to the combustor
meet, around toward chamber center as the oxidizer jets are center before they are vaporized; some particles impinge on the

turned downstream. The flame then continues to develop as a wall in upstream of the oxidizer jet openings; and some

diffusion flame in the mixing layer between fuel and oxidizer particles escape the combustor. At Ixqling temperature, "1"_,=

4, in the downstream. Computed results show that the fluid 1595 K, particles vaporize at a rate depending on the

temperature, the fuel concentration, and the oxidizer surrounding gas temperature and slip velocity. Figure 7b shows

concentration at the exit are approaching their respective that seed vapor is formed primarily near the combustor center

equilibrium values, and is gradually diffused to the side walls as the gas flows
downstream.

The predicted cornbust!on flow patterns for variousCD, ,,,,, '1

i1 ____ 1 oxidizer jet angles have been computed and compared.
Oxidizer jet angle is found to have a large effect on combustion

"': ...... i ] performance as well as particle evaporatlon. Predicted flow
',"' _ , sharply with those of 130 degree oxidizer jet injection

O.0 0.5 1.O 1.5 2.0 2..5 3.13 3.5
described above. For 50 degree injection the oxidizer jets doX/D
not penetrate significantly into the main flow, but rather are

(7a) Particle numberdensity rapidly turned into the downstream forming a thick high

gradient region near the walls. This flow configuration creates

a nearly pure diffusion flame with a relatively low rate of

mixing and combustion compared to the 130 degree injection
case. Clearly, the change of combustion flow patlerrks affects

the combustion performance, especially, the unifomaity of

temperature profile at the exit plane (or exit thermal



mixedness), which has great influence on the particle seen in Figure 8 due to the screening effect of the jets. Larger

vaporization and vapor dispersion, The dependence of exit seed particles take significantly longer time to heat and to vaporize
vapor mixedness on jet angle for a two-phase combustion flow than smaller particles, As shown in Figure 8 for the 34 t.t m
is found similar to those of thermal mixedness for gas diameter ease, center line number density remains above 40

combustion flow and fluid mixedness for non-reacting flow, A percent of the inlet value ali the way to the exit plane. Results

large increase in particle vaporization occurs when going from show that for the larger inlet mean particle diameter cases (34 IX

co-flow injection to counter-flow injection. The angle range for m and above), significant numbers of particles escape the

most effective particle vaporization and vapor dispersion is chambel before vaporization has been completed near the
approximately 130 degrees, chamber center.

Although there is no experimental data for direct
--_--,,,, .,

comparison with the two-phase combustion calculations, the

prediction of optimum jet angle appears to be in general _ Particle diameter
agreement with preliminary testing results mad the predicted _" // "_

34 microns

optimum jet angle matches the design of TRW's MHD second _ -- _ ....

stage combustor [7] .......

Effect or Particle Size on _ :d Vapor Dispersion g:Ig
Particle size has a significant effect on overall p_'ticle ..a"

evaporation (larger particles take longer to vaporize) with _. ", "_

consequent impact on seed vapor mixing and uniformity of the _ _ ",,seed vapor profile at the combustor exit. Computations were

performed for four different inlet mean particle diameters in the \_ "-.
range 8.5 to 68 tx m. One set of computations assumed a _ := ""_-- ""'" ----I I _' "

uniform distribution of particles across the chamber inlet, A o.o 1.0 zo 3.0

second set of computations assumed a normal distribution with XffJ

the peak of the inlet particle number density occurring at the Figure 8 Centerline total number density of a particle laden

chamber mi@lane, combustion flow with various mean particle sizes

Results presented in the next few paragraphs are for Of course, number de'nsity is not a measure of the mass
cases of uniform inlet number density distribution. The change fraction of the seed particles that has vaporized at the chamber

of total number density (the sum of number density over the exit plane, because as particles vaporize they decrease ira size,

particle size spectrum at a point) along a line of grid points but they still exist and cxmtribute to the total number density

adjacent to the chamlx:r center line and here after referred to as until they have vaporized completely and their diameter

the center llne is shown in Figure 8 for various inlet mean becomes zero, The fraction of injected particle mass vaporiz.ed

particle diameters. The injected particles are assumed to be at combustor exit for the 34 I.t m case is about 90 percent, for
cold relative to the incoming gas stream from the first stage the cases of smaller particles (17 and 8.5 I.t m mean inlet

combustor. Before vaporizing, the particles must be heated by diameter) over 98 percent was vaporized by chamber exit,
the surrounding gas, This prevaporization heating takes longer while for the largest mean inlet diameter case tested (68 Ix m),

for large particles than for small particles, and therefore the fraction of inlet particle mass vaporized dropped to about

number densities for cases with larger size particles remain 40 percent.

higher into t,he downstream of the chamber. A second process

affecting particle number density at chamber center is the Both the extent of vaporization and the location of

screening effect of the jets. The main flow is forced toward vaporization vary with mean inlet particle size over the range

chamber center in order to pass the sidewall oxidizer jets, and of panicle sizes ..ested. As previously noted, particles that have
particles are pushed into tlae chamber center in this process not vaporized upstream of the jets are pushed via interfacial

through drag effects. For the smallest particle case (mean drag to the chamber center, D'ue to the presence of

diameter 8.5 bl. m) most of the vaporization takes piace recirculation zones behind the jets, the sFreading of the main

upstream of the jets at (X/D = 0.66), and therefore, the total flow back across the chamber in the downstream of the jet

center line number density for this case drops rapidly and location is gradual. As a consequence, the component of

continuously due to vaporization as the particle flow moves particle drag away from the center line in the downstream of

downstream from the inlet. For the 34 bt m diameter case, a the jets is very small, and particles tend to remain concentrated
large buildup of particle number density in chamber center is near the chamber center line in the region downstream of the



jets. Therefore, when vaporization of larger particles occurs 1 percent by mass, the effect of inlet mean particle size on
downstream of the jets due to longer prevaporization heating combustion progress, measured by the change of center line

delay and longer vaporization time, _ed vapor is primarily fuel concentration, was small. The peak gas temperature (near

deposited near the chamber center in that downstream region, 3000 K) drops about 50 K due to the presence of particles.

In the MHD application, a uniibrm distribution of seed vapor is

desirable, and delayed vaporization for larger seed particle A second set of cases was computed with a normal
sizes makes the exit distribution of seed vapor much less distribution of inlet number density. This distribution

uniform. This result is shown is Figure 9 where exit seed vapor concentrates particles in the chamber center at the inlet and

concentration prof'des are plotted. For the cases with mean simulates an injector source of particles in the near u_tream of

inlet particle diameter of 8.5 and 17 li. m, the seed vapor the inlet plane, As noted in the discussion of cases with a
distribution at the exit is fairly uniform. For the 8.5 la m case uniform particle distribution at the inlet, the screening effect of

much of the vaporization occurs upstream of the jets, In the 17 the oxidizer jet_ at X/D = 0.66 tends to push the particle flow
la m case a large portion of the vaporization occurs downstream into the chamber center. The difference between a uniform

of the jet inlet plane, and therefore near the chamber center, inlet distribution of particles and a normal distribution with

however, most of the vaporization still occurs far enough number density peak in the center is primarily a consequence of
upstream of the chamber exit for t.b_ vapor deposited near processes upstream of the jets, The main difference in

chamber center to spread out across the chamber via diffusion vaporization and seed vapor distribution occurring between the

and turbulent transport, giving a relatively uniform seed vapor uniform and normal distribution of particles at the inlet is an
distribution at the chamber exit plane, For the case of 34 I.t m increase in the portion of vaporization occurring near the center

mean inlet particle diameter, much of the vaporization occurs line primarily for the cases of smaller irflet mean particle size,

too far into the downstream of the chamber for the spreading Because this increase in near center deposition of seed vapor
effects of diffusion and turbulence to have much impact by the occurs primarily upstream of the jet.s, sufficient length of

time the flow reaches the chamber e_it, and therefbre the seed chamber remains for much of this vapor to spread out over the

vapor distribution for the 34 la m inlet mean particle size case chamber cross section as the flow proceeds downstream.

has a pronounced peak in the chamber center (Y/D = 0.5), Consequently, seed vapor distributions are slightly but not
Figure 9. dramatically less uniform at the chamber exit for the normal

inlet distribution cases than for the uniform inlet distribution

cases, and the effect is more pronounced for the smaller inlet

_] .'"'"........,........, mean,2]particle sizes.
,,........... . ._,. Particle size

.._.-_.._':'--"---" _" _.'_--3.-_ "1["'"'".. 6 micronsI _. ---"'_ _ ," '" % •---._ _ "'"....... '"',., ,,o " ,. ,, "- ,,. ,. ,
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Figure 9 Comparison of exit seed vapor concentration profiles o,o 1.o z0 3,0

for various mean particle diameters X/D

The presence of vaporizing particles in the flow may Figure 10 Centerline particle number density of sever
affect the combustion progress through heat removed from the individual size groups

gas phase for vaporization, dilution of reactants with seed

vapor, slight changes in hydrodynamics due ta momentum The computation of each case also uses a normal

transfer via interfacial drag, and turbulent kinetic energy distribution of pamcle sizes about the inlet mean particle size

removed from the gas phase also due to interfacial drag, In the to represent the inlet particle size spectrum. For purposes of

cases tested, which ali used a particle loading of approximately discrete computation on a digital computer, the size spectrum is

[]
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