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Subject: A W/ater Model Study of Recirc'latinijFlow in a
Single Injector Reactor

Abstract :

A cylindrical water model wls used to visualize the flow field in
a jet-stirred bath. The model was made of transparent plexiglass. A
plane of light illuminated a cross section of the cylinder containing
its axis and the point of injection; and thereby illuminating the small

alumina particles suspended in the water. The flow field was photo-
grap~hed, and dye visualization studies were also conducted.

A simple modification to the TEACH computer code was made so as

to account for the geometry of the model. Computer runs were made for

different injector Reynolds numbers.

Conclusions were made regarding the mean and fluctuating nature
of the flow field.
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NOMENCLATURE

Sv-mbo I

AE  coefficient of finite difference equation

Ct Craya-Curtet Number

d injector diameter

D cylinder diameter

Je flux (defined in Appendix A)

k turbulent kinetic energy

P pressure

U axial velocity

UI. mean injector velocityin
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turbulence energy dissipation rate

any variable (e.g. kA1,V)

7 exchange coefficient of0



April 1, 1980
SL/CHW: Icl

CHAPTER I

I NTRODIUCT ION

1.1 Statement of the Problem

This study is aimed at obtaining an understanding of the recir-

culating flow field in a modified single injector reactor (SIR). This

consisted oF an injector stirred liquid bath in a cylinder modified to

have outflow on both ends. The primary objective is to qualitatively

obtain a picture of the flow structure as a function of the injector

Rex-nolds number and the ratio of outflow at the two ends of the model.

1.2 Origin and Relevance of the Study

The flow field and heat transfer characteristics of a iet stirred

bath are of significant interest. Such a Jet mixing process is emploved

in many combustion applications. An example of such a system is a

boiler reactor. In this case, the fuel is a molten Lithium bath and

the oxidizer is iniected into the reactor. The reaction is exotheri-nic,

and the resulting heat generated is transferred to a boiler which provides

steam to the power cycle. ihe jet induced mixing causes an augmented

heat transfer rate to the water.

Work has been done to obtain emnirical relationships for the heat

transfer coefficients (1), and to de\'elon analytic models for the

velocity distribution and heat transfer coefficients. However, it was

felt that in order to develon suitable predictor techniques for such

sittuations, a more fundamental understandin of the flow structure is

essential.
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1.3 Previous Related Studies

,lixing in ducted turbulent jets was examined bv Becker, Ilottel

and Williams (2). They studied the effect of the Craya-Curtet

similarity parameter on turbulent mixing natterns in axisymmetric,

constant density confined jet flows, in the regime in which recircu-

lation occurred. Their experimental set-up consisted of a round jet

discharging axially into a cylindrical duct fed by a uniform stream

whoveentrancemomentum relative to that of the jet varied from zero

to moderately high values. The fields of mcan velocity and mean con-

centration were mapped and analyzed. They concluded that at small

values of the Crava-Curtet number (Ct), the initial stream flow into

the duct falls short of the entrainment needed by the jet. The

deficiency is made up by fluid recirculated from downstream. [hey

describe properties of the recirculation eddy and the post jet mixing

zone downstream of reattachment. It should he noted that in the SIR

the initial stream velocity is zero and Ct approaches zero implying

total recirculat ion.

Barchilon and Curtet (3) in attempting to improve the assumptions

made in the approximate theory of confined jets (4,5,6) made some

interesting visualization studies. '[hey detected unusually high turbu-

lence levels in the jet and recirculation regions. They found that the

rec ircu lat ion eddy which i nitial lv appeared at a C rava -Curtet numbe r of

0.97 6 extended itself' as Ct diminished and at Ct = i0.075 it occupie.

the complete duct. Low Crava-Curtet numbers are indicative of high

turltIence and Ia rge eddies implvin!', betteor mixing. 'rhere have been many
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other studies on recirculating flows in ducted jets, they have been

well summarized in (1), (2) and (3).

Abramovich (7) developed a theory for predicting flow patterns in

a dead ended channel stirred by a submerged injector, which is the

situation existing in the SIR. Abramovich treated the flow region as

two separate parts; the first in which the turbulent jet spreads throu.,oh

a counterflowing stream of fluid, and the second in which the streamlines

turn in accordance with the laws of motion of an ideal fluid. Solu-

tions for the velocity fields were obtained by solving the conservation

equations in each area. Only incompressible fluids were considered

and corrections were aiplied to these solutions to account for non-

uniform exit velocity profile. Comparison with experimental results

showed good agreement of the predict ion in the first re,.ion but ver\'

poor orediction in the second re.i1cn.

Some preliminary work at ARI ;inalvlicallv determined the velocity

di stribut ion and the wal 1h eat transfer coefficient for a closed ended

cvlinder similar to the SIR. The model divides the flow field into

four tirts: (i) let with core region, tii) Developing or spreading

jet rci'ion, (i ii) Viscous dissipation region, and (iO) Stagnation region.

The anal1'-Sis employs previolis free Jet (,,) and open ended confined jets

(7,0) to develop equnltions which are sotlxed numericallv. A closed end

effect is goenerated by incorporating a stag,.nation re",ion. The fluid

was as sumed to he incompressihle and both local and overall heat transer

calculations made. No compa ris(on to experimental data was male.
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Kerney, et al. (10) and Weimer, et al. (11) studied the penetra-

tion characteristics of vapor jets submerged in subcooled baths.

Experimental results were used to develop empirical relationships for

the penetration length (10). Weimer, et al., using a variable density

single fluid model for the two phase flow, with the turbulent mixing

process treated by an entrainment law fotmd good correlation with

results of their experiments and those of earlier investigators over

a wide range of operating conditions and injector geometries.

Avery (12) considered the case of a gaseous oxidizer jet dis-

charging through an injector subjerged in a bath containing a liquid

metal. The two phase turbulent combustion process was analyzed in a

manner similar to conventional diffusion flames. A variable density

single fluid model was used to represent the two phase mixture in

con.jiunct ion with an entrainment assumption anpropriate for systems with

large density differences between the jet and ambient fluid. The

theory provided a general relationship for estimating combustion and

condensation lengths for turbulent, unconf.ined, forced jets based on

injector and ambient properties. Results indicate that mixing charac-

teristics of gas-liquid jets when corrected for density variations are

similar to single phase .iets.

Thomon (1) studied the heat transfer for a jet induced mixiin'

process in a cylindrical chamber. A heated fluid was injected centrally

from one end of the chamber into a liquid bath. Both ends of the

chamber were insulated so only heat transfer through the side wall

was considered. DIta was Obtailned for water and ethylene c'Iycol,

iL A - - . . . . _. . . ll I ir . . .. . .
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varying the injector diameter, fluid temperature, jet momentum and

chamber dimensions. An analysis assuming total Jet momentum dissipa-

tion into shear stress along the chamber wall was developed using the

Reynold analogy to determine the characteristic parameters of the

system. Good agreement between the analysis and data set was obtained.

From the analysis, the data was correlated in terms of a Stanton

number, Reynolds number, Prandtl number and chamber length to diameter

rat i o.

(Gosman, et al. (13) present numerical solutions for seven dif-

ferent two dimensional turbulent elliptic flows. The solution

procedure employed is that embodied in the TACH computer program (1.1).

The calculated properties of the seven flows were comnared with

experimental results which validated the numerical procedure and the

two equation turbulence model described by Launder et al. (15). Of

particular interest here is their invest i ,at ion of flow downst ream

of an axisymmetric , sudden enlargement in channel flow. The fl ow

structure is only sli ,ht v different from that in the SIR. They observe

strong recirculation and their results coinpare well with the measlre,-

ments of Back and Roschke (1(0).

There has also been a substanti;il amount of work onl flow visua liza-

tion in mixins; vessels. Reyvnold (I-) used a dye to visuali-e a jet

directed into a water bath. Jet breakdown was observed as a funct ion

of Reynolds number. Revnold observed five cat ceories of flows which

he classified as (.goins, Crom lower Nevold numl,ers to hi ,hcr ones).

shearini" f1tis. syIet r ic Condetnsat iol, sinulious und hllat iOll;, pedal
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breakdown, and confused breakdown (at Reynold numbers higher than 300).

McNaughton and Sinclair (18) studied liquid-into-liquid jets in

short cylindrical vessels using aqueous blue tracer solution in con-

junction with transparent cylinder walls. Four main tpes of jets

were observed: dissipated laminar jets (Re. mold numbers less than 300),

fully laminar jets (Reynold numbers between 300 and 1000), semi-turbulent

(Reynold numbers between 1000 and 3000) and fully turbulent (Reynold

number greater thirn 3000). The laminar length of sub-turbulent jets

was investigated and correlated with the Reymolds number and geometric

parameters. Crow and Champagne (19) also used dyes to study the

evolution of jet instability with advancing Reynolds number. They

also employed schlieren and light scattering visualization techniques

to study the jet structure.

Back and Roschke (16) investigated the flow of water through an

abrupt circular channel expansion. The shear layer beti.,een the central

jet and reverse flow region along the wall downstream behaved differently

in the observed regimes. Dye injection into the shear layer provided

a means of observing the jet reattachment: lengths in the various regimes

from laminar to fully turbulert. The reattachment lengths were found

to increase from laminar flow to reach a maximum and then decrease for

highly turbulent flows.

h ite, et al. (20) used a particle visualization technique to

study the recirculating flow of a submerged jet dischart'.ing into a

dead ended vessel. They used this to study the tantentil vorticity,

and the visualization study was not extensive. A similar study" was

carried out by l'khcian and Iloult (2.1) to study the intake process in
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an internal combustion engine.

Numerous other authors have done work similar to what has been

discussed in this section. However no paper directs itself at

obtaining an understanding of the overall flow structure in jet stirred

baths.

1.4 Scope and Objective of this Study

From this discussion, it is evident that a better understanding

of the flow structure in the SIR is needed. The purpose of this

investigation was to visualize the flow structure in the SIR in order

to obtain such qualitative information.

In order to simulate the SIR, water was injected axially into a

cylinder which provided for a variable outflow at both ends at a low

momentum flux. The flow was seeded with fine ,lumina particles, a

hiF.h intensity light source with a condensing lens focused a thin

plane of light onto a cylinder axis. A camera located perpendicularly

above this illuminated p lane recorded the flow pattern at various

inlet momentuims and outflows (at tile two ends). live visualization

techniques were used both in the jet and in the shear layer, but with

limited success.

An analysis was carried out usinp a modified form of the TACH

comnuter pro:,ram (13,14). Velocity, pressure, turbulent kinetic

ener,y and dissipation profiles were obtained for the SIR geometry as a

function of' Reynold number. A coniparison is made between experimental

and analvt ic trends.
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CHAPTER II

THEORY AND ANALYSIS

2.1 Analog Technique

A water model was employed to simulate the flow field in a SIR,

so as to facilitate flow visualization. In order to conduct such an

investigation with a water model, it is necessary to satisfy the

similarity conditions (21).

Similarity can be classified as follows:

1. Geometric similarity

2. kinematic similarity

3. Dynamic similarity

4. Thermal similarity

Geometric similarity requires a single scale ratio between critical
dimensions of the prototype and model. In the case of the SIR-model

this scale ratio is taken as unity, hence satisfving geometric

similarity.

Kinematic similarity requires that the slopes of the streamlines

are the same in the model and the prototype, implying that the cor-

responding flows are alike. The assurmption that the fluid in both

cases are incompressible (assuming the compressibility effects in the

gaseous oxidizer are negligible) leads to the conclusion that the

continuity equation and hence the streamlines are identical for the

prototype and model (22).
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Dynamic similarity requires that the forces acting on the f 1uid

elements have the same ratio to each other at any instant. In the

SIR bath both inertia and viscous forces are of importance, and it

would seem logical to conclude that the Reynolds numbers should be

equal for the model and prototype. This would involve the problem

of determining the Reynolds number for a two-phase system. This

problem is avoided by considering that the inertia forces in tile jet

are of greater significance (high Reynolds numbers) than the viscous

forces in the jet. The injector momentum flux for the model was taken

as the same momentum flux that is present in the SIR. This established

an injector velocity range for tile model corresponding to the onerating

range of the SIR.

Thermal similarity is of no consequence in this study. It was

concluded that with an injector velocity rantge selected as in this

similarity discussion, the velocity field in the model would relate

well to that existing in the SIR. Hence, it seems to be worthwhile

to conduct an analog, experiment with water injected into water.

2.2 Analysis and Computer Code

A special case of the SIR, where the inflow and outflow are on

the same end of a dead ended cylinder was considered in this analvsis.

Fi.gure I depicts the geometry. The analysis was carried out using a

modified form of TL!ACII.

"iIA(:11-T is a form of the more ,eneral ipro) ,ram TEACH I and is used

specificallV for comvltiation of flot, s in ducts with sudden enlargements.

I I -- - L
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Modifications were made to TEACII-T to account for the geometry of the

SIR. Refer to fosman, et al. (13) for a more detailed description of

TIACH-T.

In TFACII-T the geometry is as that of Figure 2, which shows the

region of flow bounded by the duct walls, the axis of plane of symmetry,

inlet and outlet boundaries. The inlet boundary is located in the plane

of the step, where the conditions of the incoming fluid are presumed

to be known; while the outlet boundary is positioned sufficiently

enough downstream that the assumption of fully developed flow is fairly

accurate.

The inflow is presumed to be steady and turbulent, with a mean

velocitv J. . The diameters of the large and small ducts are designated
in

by P [Ind d respectivelyY.

The predictions of the problem require the solution of the equa-

tions of motion for axial velocity 11, radial velocity V, pressure I',

together with the two equation model for turbulent closure involving

turbuilent kinetic energy, k, and dissipation, t.

The nume rical technique and constants were retained in their

ent i rety, sl ight changes were made in the grid size. The only majior

mod ifications maide to deal with the model of Figture 1 were changes in

the iotindarv conditions. "h, following guidelines were used when

nAik i n, chan,es in the boundarv condi t ions:

1. Profiles for II, V, 11, k and E. are si pplied at the inlet plane.

2. At the botndary walls, the calculation of the velocity

component parallel to the wall, turbulent kinetic energy,

and dissipation re made uIsin, a logarithmic law of the wall.
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as in the original program.

3. At the axis of symmetry, the condition of vanishing

normal flux is applied to all variables.

4. At the outlet nlane, the normal velocities are deduced

from the overall mass continuity requirements and

specification of a fully developed velocity profile.

Basic changes to be made in the boundary conditions were two-

fold:

1. Introduction of an end wall at the desired location

using the corresponding boundary conditions.

2. Removal of the houndary condition at the existing side

wall and replacement with an outflow condition.

This called for ch1anlges in two parts of the nroram TI.\CII-T. Modi ica-

tions were made in the main program to define the initial variable

distributions to change geometry (examle, ratio of d to )] and to

define new variables and changes in format statemen's. Changes were

also required in STIBROirrINlI PROMOD, responsible for the modification

of the finite difference equation terms and coefficients at the

boundaries. Changes in the individual sections of this subroutine

are described as follows:

1. INTRY 'lOI)IJ: responsible for modi ficat ions for calculation

of the axial velocityV. The conditions at the top wall and

axis of syifmetry remain the same. The outlet boundary is

rep lacCd with aI enid Wall; as show,11 i,, Appendix A. the val,e
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of the coefficient of the finite difference equation is

calculated and introduced in this section. The existint,

side wall conditions are removed and replaced by an outflow

condition. Two outflow conditions were tried. In one, it

was assumed that the exit velocity profile was fully developed;

in the other, an exit velocity profile was assumed at the

outset.

2. ENTRY MOD\: responsible for modifications for calculation

of the radial velocity. Side wall conditions were introduced

in accordance with the law of the wall as shown in Appendix A.

3. ENTRY NIODTE: responsible for modification for calculation

of turbulent kinetic energy. Side wall conditions were

introduced in accordance with the law of the wall as in

ENTRY ,IODV.

4. ENTRY MODED: responsible for modification for calculation

of dissipation rate. Side wall conditions were introduced

in accordance with the law of the wall as in ENTRY MODV.

All other parameters remained unchanged. A list of the modified state-

ments is included in Appendix R.
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CI APTER I I I

EXPERIMENIAL PROCFDURE

3.1 Experimental Method

Qualitative information on the flow structure in the model was

obtained using a particle visualization technique similar to the one

presented by Ekchian and Hoult (24). Their method utilized neutral

density particles to study the flow structure in the water analog of

an internal combustion engine. Allen and Yerman (25) found that

neutral density particles do not alter the flow field; quantitative

velocity predictions made from their technique were within five per-

cent of pitot tube data. In this study alumina particles were used:

which for small enough particle sizes can be expected to follow the

flow as well as neutral density particles (26,27).

A two dimensional flow field was assumed, and a plane containing

the axis of the model was assumed to be representative of the flow

structure in the entire flow field. A plane so described was illuminated

at a high intensity. The width of the illuminated zone was made small

in comparison with other dimensions and it was assumed to be a plane.

The particles (assumed to move along streamlines (26)) were photo-

graphica1 recorded as they passed through the illuminated nlane,

yielding a picture of the instantaneous flow structure.

.2 --Experimental Components

Fimre 3 is a schematic diagram of the water loop. The major

IL



April 1, 1980
SL/CHW: lel

CA3

=D 0'-L

Ln

LUf

LU (D --

< >>

LL



April 1, 198017 SL/CIIW:lcl

component of the apnaratus was the horizontal cylindrical test chamber

(model). The fluid jet was injected centrally from one end of the

chamber, and fluid was continuously discharged through small holes on

both ends. The other components included a measuring tank, receiving

tank, dye bypass, centrifugal pump, valves and a differential manometer.

The working fluid, water, was pumped through a strainer and an

injector into the model. A mercury filled differential manometer used

across tile injector nozzle was calibrated to determine the injector

veloc ity. Khen the line to the dye chamber was opened, water mixed

with green dye (Merriam ;ID-2930) and was injected into the clear

bath ,ave a Picture of the spreading jet. 1
Outflow from the model could be controlled using the valves

on either end of the model. Volumetric flow rate was measured using

a ston watch (least count of a bnd redth of a second) and the measuring

tank . When dye studies were performed, the colored wateor was drained

out of tile measuring tank, the water loop was open. For tile particle

visuali::ation studies, i.e. water in tile receiving tank ,;as seeded

with alumina particles and thc tank was kept :;,irred water from the

measuring tank was not drained, but let into til receiving tank instead.

Air in the model was remo-ed I\ openingV the air purgve valve on

the manometer lin e. When this il\'e 'as opened, the lanollmeter was

isolated from the rest of tie -\- tcm b hlhuttin the manometer control

va v ve.
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Pigure 4 is a picture of the water loop as set tip. A more

detailed description of the individual components follows.

3.2.1 Model of SIR

nhe model was used in two basic configurations; the first one so

as to onabic dye in jcction with a sy ringe at various wall location.--

downstream of thle injector plane, the Second one for particle visualiza-

t ion.

) The modelI consisted of a vi--sna 1i :rt ion1 cyl inder cut out of a

plexiglass tube (Cadco Acrv Iic ). The tube had an outer diameter of

4.25 inc1hs an1d an1 internal diameter of 3.5 inches. A 6 inchi longZ

cvl indri cal tube, was used for the ('Ye studies and 13.23 inch long

one for, particle vi sual i at ion. givingv leng~th to diamieter rat ios of'

1.71 and 3. So respect iveye.

Fil'lure S showsa 1 Visual i Zt ion cvi rider as used for thle dye

v i sra I i zat iOnl stud ies . A pi-eSSUreC tap was Located (1.5 incheCs frloml

thle end Onl thle to) Of' thle cv Iinl- oerWall, and or zmerC)ous. other taps,

fit ted for sviueinjection were locatedI a long' thle cVlinder- Wall.

HIhe inJO c t i~ on t iIll' ns ' were hI made 1wdap~tinV St alldard fit 1 i rigs as'

shlow,l in ri i rre 6. T[he r ad;ens.r ced that there was no0 leakaige out

of' tilie no1de I, thle needle gir i de ensir red that thle needle (whi ci was

0 inrches I oug I did not bucikle When1 pulshed t hrorrglh thle )' and. Both

ends of' the visual i za t on cvinjde e wrre tipped axial ly for twelve

eqira Iv \Spaced W-1 :; cre%%s. 031h. thle pres~;rre taln exi sted onl thle

cvi del rused f'or thle p a 'ti Ci e Vi Sua liz t ion ,t rd ies.
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The visualization cylinder was used in conjunction with end caps,

perforated plates, rubber gaskets, visualization box end plates and

a nozzle, assembled as shown in Figure 7 (picture). Figure 8 shows

the schenatic of the same.

The visualization box is used in the Lase of particle visualization

studies, when filled with water it removes most of the distortion

in photographs caused by the curvature of the cylinder.

Figure 9 shows a perforated end plate, cut 0.25 inches thick from

a 4.5 inch diameter plexiglass rod (Cadco ANcrylic). The perforations

are 0.125 inch in diameter, set out in a T.S inch x 0.5 inch matrix

as shown. Aluminum rivets, either blank or with through holes fit into

these perforations, allowing for control of the outward mass flux

distribution. The diameters of the holes in the rivets were 0.016 inch,

0.025 inch, 0.031 inch and 0.033 inch.

The end caps cut from a 1.5 inch diameter plexi glass rod were

machined to shape. They provided outlets for outflow to the measuring

tank.

The no:zle was machined down from a 1 inch brass bar stock- it had

a 0.5 inch outer diameter and j 0.0995 inch hole diameter. It was

5 inches long and was held in place using a teflon compression fitting

screwed into the end cap.

The entire assembly was held together by two sets of 10- screws,

one set on each end.
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3.2.2 Dye Bypass

Figure 3 shows a dye bypass loop. It was used when dye injection

through the nozzle was desired. It was possible to divert all the flow

or a part of the flow through this bypass where it picked up the green

dye on its way to the injector. The bypass had three control valves

as shown in Figure 3 and a dye container which had to be recharged

after each run.

3.2.3 Differential Manometer

A Meriam Instruments 60 inch mercury differential manometer was

calibrated to give the inJector velocity as a function of the pressure

drop across the nozzle measured in inches of mercury.

3.2.4 Measuring and Receiving Tanks

A plastic measuring tank with dimensions 12 inches x 12 inches x 12

inches was used with a stop watch to measure the volumetric flow rate in

the water loop. It was possible to measure separately the water flow

rate coming out of each end of the model. This tank emptied into the

receiving; tank for the particle visualization runs, for dye studies

this tank was cut off from the receiving tank and all the water was

drained out. The mean water temperature was found to be 70'F.

The receiving tank was also made of plastic, slightly larer in

size, 20 inches x 24 inches x 2.1 inches and normally he]-' 110 litres of

water. ..' \umina particles were seeded into the water loop through this

tank wh ich was kept well stirred. A wire mesh at the tank outlet acted

as a strainer, hut let the small alumina particles throuih.
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3.2.5 Forced Circulation Pump

The water flow through the loop was driven by a pump located

downstream of the receiving tank. The pump manufactured by the

Allis Chalmers Corporation was a centrifugal pump with a maximum

rpm of 3450. It was driven by a 0.75 IHP close coupled electric motor.

It could provide a maximum flow rate of 1.76 litres per second. The

flow rate through the system was controlled by means of a throttling

valve on the pump discharge.

3.2.0 Visualization Box

A rectangular plexiglass box of dimensions 5.5 inches x 4.75 inches

x 1-4 inches was used to enclose the visoalization cvlinder when con-

ducti ng particle visualization studies. The box was const ru cted from

0.25 inch thick plexiglass plates glued together and made watertight

hy using silicon sealant. The end plates of this box fitted into the

model assembly between the perforated plate and the end plate as shown

in Figure 8. This box had two ports on the top, one for water feed

and the other for air escape. It had a drainage port on the bottom.

Mhen filled with water, it removed most of the optical distortion

caused by the curvature of the cylinder and enabled good photography.

Thi s box was not used when doing dye vi sual Ii at ion studies.

3.3 L. ighting Eq uipment

The litiht source consisted of a 11.5V, IC) amp (eneral Electric

mercury-arc--capi larv lamp, lamp housiiin,, transformer and tripod.

Ilhe lamp emitted higth intensity' ultraviolet radiation. The lamp and

hnisin,, were both air cooled, using air t hrottled from the machine

Ll9
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shop air supply at 55 psi. The cooling was monitored by a G'eneral

Electric mercury lamp control unit which operated on 1l15V, .100 HI:

power supply, obtained using a brushless inductor/alternator made

by the Leach Co.

The lamp housing also containcd a system of parallel slits and

plano-convex condensing lenses, which enlarged, collimatedand defined

a thin light beam.

The liviht source and lenses in a single housing were mounted on

a tripod as shown in the picture of Figure 10. This allowed for

raising or lowering and swivel motion of the light housin .

The slits transformed the liht into a plane containilnu the axis

of the model. The light was shielded so as to prevent li .ht leavin,

from anywhere else except the slit.

S..1 Photogrpi F(W tplmelt

A 35 mm Ci non AF-1 camer'a was used to photoTraphl the illmininated

particles through the transparent visualization box. The camera was

used in conjunction with a 12 mm Vivitar extension tube so as to allow

udistorted close-up photography. The camera was mounted 10.1 inches

vertically above the model axis and the focu., was set at infinitv to

give a sharp and clear picture. Provisions were made for lateral

movemeIt of the camera, so the entire flow field could he phot ographed

usini" exposlres at the different locations along the axis of the model.

Viture II shows the cmera position relat ive to the light source and

visualiration box.
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particle sizes. The residence time of a fluid element in thle model

is so small thla t s in k in t is alm1Tost nlon-eXistenlt. Thuls, such part i c ILes
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The traces of the part icl I is a seen on) the phot ot rapls werie pro -

j ect i ons of the('i r pa1ths' inTto a planire cnjta i 11in I the aiS of thle mTodel').

The naut i cics were seeded into( the water loon t hrouili thle rece ivin', ta;nk

wh ich was kept st irred.
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OApt irmwl plotoprapllv was obtailmed us n.! a KOdAk Yri X Cilm(N] ;-o

which wa,; h i;ikk and white filim exposed and developed at 100t ASA. The
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optimum camezi setting was obtained at a shutter speed -,f UIS seconds

and an aperture f8.0 when the light slit was 8 to 10 mm wide.

The negatives were used to project an image on a screen using

a film strip projector.
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CIHAPTIR IV

PRESENTATION AND INTI:RPRETATION OF RESIII.TS

4.1 Dve Visualization Experiments

Two techniques were used for dye visualization studies in the

model. In one case, adve-water mixturewas injected into a clear

bath in the model, through the nozzle. In the second case, a syringe

was used to inject pure dye into a clear bath in the model, through

glands fitted to the model wall.

•.1.1 No-zle Pvc Injection

Test runs were made using inlet velocities ranging from 2 m/s

to 1S m/s. These velocities corresnonded to those in the SIR

applying, the similarity conditions of Chater II . The correspondin.'

inlet Revnolds number range was from .1170 to 4165.0. \cco rdin to

Mc Nau'hton and Sinclair (18), for inlet Revnold numbers greater than

3000 for liquid-liquid jets in short cylindrical vessels, fullv turbulent

Jets are observed. Indeed, these dye vi. ualization studies did reveal

" turbulent jet. comprised of a forward moving conical jet region and

a slower movin , backflow regt ion wh ich surrounded the Jet. No laminar

length was observed, and the jet mushroomed at the point of injection.

The dye used was neutral density and was assumed to follow the

st remlines. The technique hot'ever could not nrovidc more detailed

informati on in this case dule to the di ffisivi tv associated with

turbulent flo%,i. lii th flow. velociti es caused tihe entire bath to cloud

in a fraction of a second, further liitie the ef'ectiveness of the

technitule. "hese experiments citablished that the Jet was turbulent



34 April 1, 1980
SL/CH4: icl

and that recirculation was predominant.

4.1.2 Syringe Dye Injection

This technique was intended to help in gaining insight into the

reattachment lengths of tile turbulent jet. It was also hoped that this

method would provide a means of isolating particular regions in the

flow that were of interest. A similar technique was used by Back

and Roschke (16), in which dye was bled into the shear laver between

the jet and reverse flow region, through holes in a circular channel

wall utstream of a sudden expansion. Their studies were limited to a

Revnol number range from 20 to 4200.

DVe ,Ias injected into the bath at various locations downstream

of the nozzle. The svringe was inserted to different depths and the

dye released. By releasing dye at a given axial location, but varying

radial locations, the shear laver was located at the point above which

the dye moved in the reverse direction and below which the dye moved

with the jet flow. When dye was injected into the shear layer, it was

expected to follow it until it reattached at the cvlinder wall at some

downstream location. Unfortunately, due to the high turbulence

in-tnsity and fluctuating flow pattern such observation was not clear.

At lower Reynolds numbers (about 5200 to 7000) it was possible to

infer that the flow did not reattach to the cylinder walls- when it

approached the end of the cylinder the dye seemed to turn and ai part

that iLe to the cloliding of the dye at the end of the cylinder and due

to the fluctuati ng location of the shear layer, such inferences are not
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very obvious and could be questioned. These inferences however seem

to be in agreement with Back and Roschke's predictions that reattachment

occurs about 9 to 10 step heights downstream of injection for turbulent

Jets; in this case the cylinder was only 3.5 step heights long.

This technique established the fluctuating nature of the flow and

that numerous eddies existed in the reverse flow regions. These eddies

were isolated since they would contain dye injected into them for a

small length of time until fluctuations caused the eddy to disappear.

This time period was not long enough for detailed observation. The

need was felt for obtaining an overall picture of the flow structure

and to observe how this overall structure fluctuated.

.4.2 Particle Visualization Experiments

Illuminated alumina particles were used to visualize the flow

field in the model with a length to diameter ratio of 3.5. *he

experiment was run in the jet Reynolds number range similar to that

in the dye experiiments. Outflow at both ends of the model was varied.

Fivure 12 shows the typical flow pattern observed. The flow

consisted of a spreading jet, a strong recirculating back flow near

the wall. and numerons eddies which appeared and disappeared in less

than 1/10 of a second. These eddies caused the jet flow to bend

around thein, their appearing and disappearing causing, a side to side

whipp ing motiol of" the Jet. It seemed that the jet whipped from one

wall to another in an almost regular manner. This whipping was stronger

for hi iher Revnolds numbers bt wias cnnfined to a reoion near the extreme

L' l. . . . . . .. . . . ..= .
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end (away from the injector) of the cylinder. For small Reynolds

numbers, the whipping was weaker but was prevalent in the entire flow

field; in this case the jet would whip in a serpentine manner. These

observations are not obvious from Figures 13, 14 and 15 as these

figures represent instantaneous flow pictures.

Figures 13, 14 and 15 provide the contrast between varying outflow

at either end. All three pictures represent an inlet Reynolds number

of 7057. The three frames in each picture represent three segments

of the model each photographed separately and at different instants

of time.

Figure 13 shows the case where all the outflow is on the extreme

end of the model. The jet entrainment near the injector end can be

seen. Recirculation is not very strong compared to the case of

Figure 15, in which outflow is all on the injector end. Alumina

particles tend to accumulate at the extreme end where they are dis-

charged. One can observe a lot of eddy structure in the central sement,

surrounding the high velocity jet core which is wrinkled and broken.

In Figure 15, not many particles are visible in the backflow

region along the walls due to the high velocities existing in this

case which makes it difficult to record the particle motion at the given

level of illumination. In this case a stagnation region is observed

at the extreme end and particles can be seen to turn away from the

direction of Jet flow into the reverse flow region. In this case the

number of eddies exi -,tin.v are not as manv as in Figure 13. let entrain-

en t is evident.

L ..



38 April 1, 1980
SL/CHIW: ici

13Pi ct Lre of Flow Field ait Royo id- Number 7(1.'7

(ou~itfl Iow on ext reme end)



April 1, 1980

1' 1lic-tire of, V low Fit" . I it cvflo1l& \Iinber-7~

(nitt flo (1'IIJ:lli. 1Y d i!1 1 Bu ic ry~C ) I)? h ('Tti



.10 April 1, 1980
SL/CHW: IcI

r Pi ct iPC of Fl ow Viel ai;t RexvnolIds Nui:iber 70)W,

(011t f]I OW OT in I cto r end)



41 April 1, 1980
SL/CHW: lcl

Figure 14 shows the case where the outflow is equally divided

between the two ends of the model. It does seem that this case is

between those of Figures 13 and 15. Particle accumulation is absent

at the extreme end and the reverse flow velocity near the wall

becomes large only for the near injector region. Eddies and wrinkled

jet structure are predominant in the central segment.

It is concluded that the outflow configuration is of major

consequence in determining the flow structure in the model.

The effect of higher Reynolds numbers was studied. Figure 16

shows the picture of the flow structure for a Reynolds number of

32315, it is the case with all the outflow on the injector end and

is compared with the similar case (Figure 15) for a Reynolds number of

7057. The higher Reynolds number case shows a highly turbulent jet

with a high velocity backflow. There is high jet entrainment in the

near nozzle region and a resulting high spreading rate of the jet. A

lot of small eddy structure is visible in the extreme end region.

This is in contrast with the lower Reynolds number cases where eddy

structure was predominant throughout the length of the model. Figure

17 shows the same outflow configuration for a jet Reynolds number of

18095. The overall structure remains the same, small eddy structure is

ovserved even in the central segment.

4.3 Results from the Modified T[Ai Computer Code

TACII was run for the model usi n, a water analo,, with out 'low

only on the injector end, the extrcme end w;is a reiion of stagnation.
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The outlet velocity profile was specified in two ways:

1. Assumed a specified uniform exit velocity profile.

2. Assumes a fully developed velocity profile at the

exit plane.

Fi,ure 18 shows that regardless of how the exit velocity profile

is specified, the corresponding axial velocity profiles are %,ithin

+-S,, of each other at an x/L of just 0.065. As x/L increases the

two profiles approach each other more closely. It is concluded that

despite such big differences in the specified exit velocity Profile,

the donstream velocity profiles are not very different: the choice

of outlet condition is not too important as long as continuity is

satisfied. This comparison was made for a case with an in iector di-

ameter one third the size of the cy linlder diameter, it is assumed

that the same trend continues for smaller injector diameters, such as

that in the model.

In all subsequent runs, a fully leveloped velocity profile was

assumed at the exit plane. This provided for a more continuou:s

variation in velocity profile from one axial location to the next.

Figure 19 shows the comparison between axial v'elocitv profiles in

the pipe step case and the modified case for the model.

The residues from iteration to iteration show ,ood ;iud stable

coxnvo ,e'ee . The v'alltues of the residucs for ti.e ti mox"entuim, \ rmo," t ,,m

id collt i ll i tv become vevI sill I , as does that for t ur(I tu I kI n ,

en r...'I. t', di ss i pat i on res i due thoI'l sp;all I appe:11- to ,e ?"

At A slOwIr ratO. 'hese runills were made ulsitnuo the IT t':" !-C! [k it T1

t. ors that wer*e 11;ed ill the orih inail pro..ram. hi .ie, i t ' ,
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residues were only slightly higher than in the original test case.

Figure 20 shows the velocity vectors at some of the grid points

for the case where the injector Reynolds number 25590, comparable to

that of Figure 16. Appendix C tabulates data For this case. The figure

shows a strong jet core with slight entrainment. The backflow is

strong near the wall and eddies appear to exist, suc as in the stagnation

region near the extreme end. Results obtained at both higher and lower

Reynolds numbers show the same trend. Entrainment is very great in the

injector vicinity as can be seen by the velocity vector ! in Figure 20.

Another interesting trend observed using the program at very high Reynolds

number is the appearance of additional small eddies. It is important

to realize that all eddies will not show up on the computer results

since time averaiging causes some of the regularly fluctua tini, eddies

to disappear.
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CHAPTER V

SUMMARY AN) CONCLUSIONS

5. I Summary

The objective of this study was to investigate the fluid flow

structure of a jet induced mixing process in a SIR, where the Jet

is directed along the cylinder axis.

A water model was constructed which satisfied the conditions of

simi larity. The analogy leads to the conclusions that the flow pattern

observed in the model is representative of that in the SIR and that the

velocities in the model are related to those in the SIR.

The water model was a hori zontal cyl indrical vessel , containing

a water bath at room temperature. A water jet was injected centrally

from one end of the model and was continuously discharged throug:h small

holes on both ends. The water flowed in a closed loop for particle

visia ii za tion studies and in an open loon for dye visualization. Runs

were made at various inlet Reynolds numbers. The ouflow on both ends

was also varied.

o techniques were used for the dye visual ization studies in

the model. Nozzle dve injection was employed to study the spreadin.'

behavior and the turbulent nature of the flow field. Syrin.e dye

injection through glands in the model wall provided for a st udy of

jet reattachment and eddy structure.

The particle visualization entailed photographing the ,enerated

flow patterns which wer, wade visible by illuminating small :alumina
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particles placed in the water loop. The particles were visually ob-

served in the model when they passed through a narrow zone of high

inten:ity illumination. The narrow zone of light approximated a

plane, containing the cylinder axis and point of inj(ction.

A modified form of the TEACH computer code was used to make

analytic predictions of velocity, pressure, turbulent kinetic energy,

and dissipation fields in the specific case of a dead ended model

with all outflow in the plane of injection.

5.2 Results and Conclusions

For a jet induced mixing process in a SIR, the major observations

and conclusions of this investigation are:

. 'he flow consisted of a spreadingq turbulent jet with

a strong region of reverse flow near the walls. Eddy

structure, predominant in the reverse flow region,

indicated high turbulence intensity.

2. Fluctuating eddies caused the jet core flow to bend

around them, producing a side to side whipping motion

of the iet. The flow structure was highly fluctuating.

3. The jet (lid not reattach to the cylinder walls.

4. At higih injector Reynolds numbers, the whipping was

strong but confined to the extreme end of the model,

where eddy structure was concentrated. The reverse

flow along the wall was strong. .Jet entrainment near

the injector was high causing a rapid spreading.
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For lower Reynolds numbers, the whipping motion was

weak. Eddies were prevalent throughout the flow field

causing a serpentine whipping. The reverse flow was

weaker and the entrainment (hence spreading) less.

5. Outflow configuration was felt to have a major effect on

the flow structure. The effect of higher outflow on the

injector end was to produce higher reverse flow veloci-

ties near the walls, eddy structure became less prevalent,

and a region of stagnation began to form at the extreme

end. Increased outflow at the extreme end caused smaller

reverse flow velocities, eddy structure became predominant

especially in the central segment of the cylinder length,

the stagnation region at the extreme end disappeared.

6. Results obtained usin19 the modified form of' TLACHI are time

averaged flow field variables, for a case with no outflow

on the extreme end. Results showed a strong turbulent jet

with a high velocitv reverse flow. A stagnation region was

encountered at the extreme end, where the streamlines of the

jet bend into the repion of reverse flow. Eddy structtre

was indicated.

7. Comparison between visial and an; 1vtic trends was not

feasible. This was due to the fact that a tine ,iveraed

vi sual structure could not be c n.;trutktcd.
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5.3 Recommendations for Further Study

It would beof great value to record the flow patterns on movies

or video tape. This would provide for a better understanding of the

fluctuating structure and provide a base for time averaged visual

observations.

Velocity measurements should be made to permit a thorough

evaluation of the analytic model. The laser doppler velocimeter

would seem to be the proper choice of instrument for such turbulent

recirculating flow configurations.

The analytic model has potential for further modifications. It

could be extended to account for outflow at both ends.

It is also suggested that a wider range of Reynolds number and

length to diameter ratio be studied.
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APP1.NDIX A

CALCULATION OF FINITIE DIFFER.NCE "QUATION

COEFFICIENTI'S FOR NEW SIDE WALL

Refer to Figure 21 for the nodal configuration at the introduced

extreme end wall. The boomerangs show had data is stored.

Consider the node (I5,J1 where J can vary from 2 to 21, the flux

term (general) is defined as:

Je ee - dxce

For the axial velocity momentum equation,

-- :ul u _ 1 -- ,'
• ee e i .

e

since u is very small and negligible in the near wall region

e = 0, therefore Au o.

Sili larilv foi- the V momentum;
V -\' 13

1 ~ - _ ) walIl
e e " 1x'e v5

V0

t here fore

A 01, and S' = S = _-
e p p Ax

these changes in the source te';11 Sp are made in accordance with the law

o the waall, as used in the original program. Simi lar treatment is used

for 0 - K
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APPENDIX B

ODIFICATIONS iN TilE COKIPIPTR CODE

The following changes were made in the computer code:

Changes in the MAIN PROGRAM

CIH\PTER I

new values were assigned in the following statements, as shown:
N. = 22
RLARE = 0.0445
ALTO1 = 7 .0 * RLARGE
Statements numbered 43 and 44 were removed
The following statements were added:
RAT = RSMALL/RLARGE
IUOIT -IUlN*RAT**2/(1.O-RAT**2)
TEOIIT = TIJRBIN* IIOIIT**2
ErDOir = TEiOIJT**I .5/(AL:%HI)A*RLARGI(

CHAPTER I I

The following statements were included:
)0 201 , = ,sTPi, N.iH

TE(1,,I) = TEOIIT
U](2,I) = IOIIT

201 ED{1,,J) = EDO(I

1)0 203 1 = ', NII
203 YPLUSN(I) = 11.0

Statement number 117 was replaced by;
DO 657 .1 = 2, ,ISTP

Changcs in '",',ROlr'I NE PROMNOD

ENTRY MODII
C ------- TOP WA.L
No changes required.
C ------- SIDE WAIL
DO 213 J = 2,NII

213 AlE(NI.II,,T) z 0.0
C- ------ SYMMETRY AXIS
No changes required.

ARDI NT= O. 0
FI.OW= 0 .0
DO 204 1 .=..IST II, N.NIMI
ARIHN = . * D ( ,, +II ( ,, )* .I *;N .)

ARINT = -\RIlT + ARDEN
204 F.0%=FIOW + ARI)IN*I((.,

II.NC = IFLOW'IN + FLOW)/ARI:NT

II -L i ... . . .. . .. . . . I ..
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D0 205 J-.JSTPI,N.Jr-11
205 t)(2,,J) - I(3,1]) -IJINC

REITU RN

ENTRY MODV
C -- -- S I DI: WALL
CDTERM = CMI1f*0.25
XP =XJ(Nl)-X(NIMI)
I =NIMI1
DO 310 1- _N.JMi
SQR-IK=SQZT (C.5* (TV (I,.J) +T F(1,J-1)) )

XPLTJSA= 0.5* (XPLU,[SE (.J) +XPfI.I (.J- 1))
It: (\PI.IIS\A. .11 .631 CIO 10 3 11

C0d 10 3)12
.)I [M~l LIA- V I sms/ x 1

:;I Al I ,.P =(). ()
TAIDE f(1 -TATTE- (2)
JAIIT (N.J ) -' lDE IrT
( F OP NALL
N- chan!,es requti red.
c ---- SYTIR A\IS
No clianoc requ ired.

ENTRY TIOD
RETU RN

ENTRY '101)]

ENTRY MODTlE
--- TOP WALL

No chian. 'es rcqiIred
C --- S I DE WALL.
x P= X1 I -X (N IMI)
I=rNP 1
DO)0620 1 =2,N.JlNH

VQ'[ - 1 +V'T (' ( I .T II+V 1 1 . I V( V(

+ VNi I .58()D+ VATIE-IT+ .) +1 1.11) A)SIAI W. I\(,1)iN

G(;~(NPIS+(; NC.!-x5(
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IF (XPItLSE (J) LE I 1 03) GO TO 621
t ITURM=1)EN( I,J )* (CHl**0 '5) *SQR'UK*NLOG (EL OG*XPItUSE (J) / (CAPIPA*XPl

GO TO 622

621 CONTINIE
)IT'F)F=N I,,J)*(CMI* *O. 75).*SQRTK*XPLIJS"(J)/XP

622 CONT I NUE
Su ( I , ) =SJ ( I ,.J+SIJKI) (I ,J ) +(1N (I ,J *\IOL
SP (I ,J)=SP (I ,J) +SPKD (I ,.J)-1)ITERM*VOL

620 AE(I,,J)=O.0
C - SY.TETRY AXIS
No changes required
RETURN

ENTRY MOD
C-TOP 'ALL
No :hanges rCquired
C ------ SIDE W'ALLI
XP=XJ (NI)-X (NI,'1
I=NIM I

TERM= ((1UJ**0. 75) ? (CAPIA*XP)
N.lM.2=N.J. 2
DO 720 J=2,N.J12
S11 ( ,. ) J)RT*'ElM*TE (I , ) ** 1. 3

720 51(I ,.) =-GREAT
C ------ SY'ITRY AXIS
No changes required.
RETURN
ENID

iLw
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APPENDIX C

AXIAL AND RADIAL VELOCITIES AS CALCULATED) BY THE MODIFIED TEACH

PROGPLVI CORRESPONDING TO A REYNOL[DS NuMBER OF 25590.
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TABLE I

AXIAL VELOCITIES AT GRID POINTS AS CAI.CULATE1) BY NIODIFIED TEACH

I 2 3 5 6 78
J

22 0.0 0.0 0.0 0.0 0.0 0.0 0.0

21 -4.25F-01 -4.021:-01 -3.981:-01 -3.951:-01 -3.951:-01 -3.99F-01 -4. 08-01

20 -4.25E-01 -4.201E-01 -4.15E-01 -4.111-O1 -4.08F-01 -4.09E-01 -4.1411-01

19 -4.19E-01 -4.14E-01 -4.09Y3-01 -4.04E-01 -4.01F-01 -1.01E-01 -4.O5E-01

18 -4.00E-01 -3.96E-01 -3.92E3-01 -3.88-01 -3.85F-01 -3.85F-01 -3.8813-01

17 -3.72E-01 -3.-9-01 -3.6613- -3.631-01 -3. t Ir-01 -3. (,:1'-0 1 -3.621:-01

16 -3.3517-01 -3. 33F-01 01 -. 11:-20-1 -3.3113-01 -3.521-01 --. 35E-01

15 -2.901F-01 -2.91E-01 -2.921.-01 -2.93E-01 -2.951-01 -2.97-01 -3.01F-01

14 -2.40E-01 -2..431-01 -2.471F-01 -2.5013-01 -2 5.113-01 - 2.581:-01 -2.63E-01

13 -1. 871-o1 -1.9213-01 -1.981F-01 -2.03E3-01 -2.081F-01 -2.1513-01 -2.2213-01

12 -1.3313-01 -1.4013-01 -1.4713-01 -1.52F3-01 -1 .59E-01 -1 . Si-01 -1 .781-01

11 -8.211F-02 -8.9313-02 -9.3,11'-02 -9."h1t-02 -1.00F-01 -1. 181-01 -1 .31i-01

10 -2.251:-02 -2. 251-02 -3. 101-02 -3.5(,I!-02 -4 .561:-02 -6 .011-02 -7. 561-02

9 1 . 09)1-01 9.921- 02 7.651:-02 5. 361:-02 3. 81:- 02 1 . 89f3-02 3.991:-03

8 2. 45 1-01 2.421F-01 2.301F-01 2.07F3-01 1 .821"-01 1. 701-01 1.73F-01

7 4. 871-01 4.881:-01 4.9013-01 4. 971:-01 5. 121-o1 5 .4413-01 6. 0313-01

6 1.05E+00 1.051+00 1.0711+00 1. 1214+00 1 .191+00 1.301'+00 1.421:+00

5 2.4013+00 2..101'+00 2.411+00 2.4,11+00 2.5 11+00 2. (2F+00 2.781-.00

4 5.5017+00 5. 501+00 5..191+00 5. .171.00 5 .431+00 5. 371.+0 0 5 . 3113+0

3 9.901:+00 9.9014.00 9.893+00 9. 881E+o 9. 851+00 9. 791+00 9.6813+00

2 9. 901+00 9.9013+00 9.901:+00 9. 90F+00 9.90F+00 9. 9013 + 00 9,903.00

X = 0.0 0.006 0.012 0.012 0. 029 0.0.10 0.054

LC
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1\IJl. I (cont

l1 11 12 13 14 15 16

22 0. 0.1 0.0 0.0 0.0 0.0 0.0 0

21 -4. 2,3-01 -4.,411-01 -4.79E-01 -5.2911-01 -o. 07F-01 -. 671'-01 -1 .17+00 0.(

20 -4. 2-11-01 -4.411-01 -4.66E-01 -5.04F-01 -5.621-01 -6.97L-01 -1.0817+00 0.'

19 -.. 13 1=-i -4.26F-01 -4. SE-01 -4. 75E-01 -5.1911-O1 -6.30E-01 -9.9813-01 0.t

18 -3. 9U.- 01 -4. 05F-01 -4. 19E-01 -4.42E-01 -4. 71F1-01 -5.561-01 - S.83-01 0.i

17 -3 -(h)i-Ol -3.781-01 -3. 89E-01 -4. 06E-01 -4. 1911-01 -4.72F-01 -8.411-01 0.f

16 -3.1011-01 -3.18-01 -3. 55E-01 -3.67F-01 -3.61F-01 -3.8.31F-01 -5.701-01 0.1

15 -3.0711-01 -3. 13-f-01 -3. 18E-01 -3. 25F-01 -3.O511-01 -2.9011-01 -3.72L-01 0.'

1. -)1. -01 . 7(,11-01 -2. 781-01 -2. 8311-01 -2. 451L-01 -1 .9S11-01 -1.47F3-01 0.!

13 -2. 31'-01 -2.-,6F-01 -2. 3ol:-o1 -2.,101-01 -1..81F-01 -1.0811-01 1.051-01 0.

12 -1 7-11-fil -1.9511-01 -1 .9211-01 -1.951-01 -1 .22-01 -1.8711-02 3.81E-01 0.

11 -I ..121- -1 .5)1 -01 -1. 11-()l -1 151 -()1 - 5.17F-02 7. ]gi-02 6.48E-01 0.

10 -S. 771- 02 -9.,,21.-12 -S.i.-1-o2 -- 5Sh-02 3.251S-02 1 .721*-01 1.0211+00 0.'

9 -3.9217-03 -1. 7 11-03 2. -'1)2 (.1-02 1 .1:-L01 3.061E-01 1.391'+00 0.

8 1. 911-01 2. 1011-01 2.1F1- 1 .1. 211-01 4.081E-01 5.451-01 1.821'+00 0.

7 6. S,1-1 8.011.-01 -o.(8.-01 11011+00 1 .081+00 1.091'+00 2.311:+00 0.,

6 1 . 581+00 1 7111+00o 1 . IT+ 0 2.091 +00 2. 071:+00 2.281'+00 2.891,+00 0.

5 2. 95.+00 3. 1311+00 3.28 1+00 3 .31+00 3. 421:+00 3.8511+00 3.551-+0,') 0.

4 5. 261+00 5. 251+00 5. 2oI3+ 00 5. 291+00 5. 2411+00 5.661+00 4 .25E+00 0.

3 9. 191.+0(0 9.23f:+00 8.911+00 8 5.11+00 8 1.31+00 8.103+00 4.941'+00 0.,

2 9. 9011+00 9.881+00 9.851+00 9. 771E+00 9.631F+00 9.57+00 5.39E+00 0..

X = 0.069 0.089 0.112 0.139 0.172 0.212 0.260 0.3 1

ifl1.S t'A 1, 660- QUALII PB.I1.,g.1 ;
r'ksl~IV LUk



6-1 April 1, 1980
SL/CHW: Icl

TABLE I I

RADIAL VELOCITIES AT GRID POIN'S AS CALCULATE-I) BY MODIFIED TEACH

1 2 3 4 S 6 7 8
J

22 0.0 0.0 0.0 0.0 0.0 0.0 0.0

21 1.36E-03 1.19E-03 7.171E-04 4.15E-05 -7.181-04 -1.501-03 -2.201F-03

20 3.25E-03 3.12E-03 2.04E-03 6.39E-04 -8.97E-04 -2.45E-03 -3.841-03

19 5.2617-03 5.23E-03 3.49E-03 1.38E-03 -9.02E-04 -3.19E-03 -5.22E-03

18 7.1617-03 7.23F-03 4.841-03 2.08F-03 -8.8917-04 -3.871'-03 -6.49E-03

17 8.791:-03 8.91F7-03 5.93E-03 2.61F-03 -9.80F-04 -4.59f'-03 -7.73-03

1 ( 9.9-1:-03 1.0OE-02 6.581-03 2.84E-03 -1.291-03 -5.471:-03 -9.051-03

IS 1.001:-02 1.0.17-02 6.69E-03 2.67E7-03 -1.921F-03 -6.597-03 -1.05F7-02

1-1 1.0417-02 9.8117-03 6.20E-03 2.0217-03 -2.99E-03 -8.0917-03 -1.23E-02

13 9.28E-03 8.5117-03 5.21E-03 8.391:-04 -4.o5E7-03 -1.011E-02 -1.415E-02

12 7. .10F -03 6.95-03 4 . 081"-03 -8.851-04 -7 .041'-03 -1.291-02 -1.73E-02

11 5.311-03 6.18E-03 3. 241-03 -3.1317-03 -1.04F7-02 -1.617-02 -2.0817-02

10 3. 131-03 6.23E-03 2. 19F7-03 -6. 13F-03 -1.41-02 -2.1,11:-02 -2.521:-02

9 -4.2517-04 -1.421:-03 -4.6517-03 -1 . 161-02 -2.051-02 -2.721:-02 -3.001:-02

8 -1.761-03 -6. 1317-03 -1.2817-02 -2. 0017-02 -2.6717-02 -3.1117-02 -3.1917-02

7 -1.7717-03 -6.561,-03 -1. 331:-02 -2. 0117-02 -2.44S7-02 -2.661:-02 -2.5317-02

6 2.0917-04 -6.5617-05 -1. 7417-03 -4. 8717-03 -7.931:-03 -9.09E-03 -7.941F-03

5 8.451:-04 3.4717-03 7. 291E-03 1.201:-02 1.61E-02 1.8217-02 1.801'-02

4 1.417-03 1.721-03 2 5.11:-03 4. 81F-03 8.9517-03 1.-1517-02 1.971:-02
1.3.351"-05 1.5917-04 1 1117-041 2.411E-05 -3.781:-05 -1.081:-05 1.96E-04

2 0.0 0.0 0.0 0.0 0.O 0.0 0.0

X = 0.003 0. 009 0.016 0.021 0.0311 0.046 0.061

. . . ., : , , .
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TABLE II (cont.)

1 9 10 11 12 13 14 13 16

J

22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

21 -2.77E-03 -3.25E-03 -4.10E-03 -5.34E-03 -9.2113-03 -1.93E-02 5.14E-02 0.0

20 -4.94E-03 -5.84E-03 -7.46E-03 -9.67E-03 -1.75E-02 -3.89E-02 1.02E-01 0.0

19 -6.28E-03 -8.07E-03 -1.04E-02 -1.33E-02 -2.50E-02 -5.88E-02 1.52E-01 0.0

18 -8.51E-03 -1.00E-02 -1.30E-02 -1.61E-02 -3.14E-02 -7.83E-02 2.0017-01 0.0

17 -1.01E-02 -1.18E-02 -1.52E-02 -1.81E-02 -3.66E-02 -9.65E-02 2.46E-01 0.0

16 -1.17-02 -1.341:-02 -1.73E-02 -1.91F'-02 -4.03E-02 -1.12E-01 2.89E-01 0.0

15 -1.34E-02 -1.49E-02 -1.92E-02 -1.92E-02 -4.25E-02 -1.25E-01 3.28E-01 0.0

14 -1.52E-02 -1.63E-02 -2.13F-02 -1.82E-02 -4.33E-02 -1.33E-01 3.62E-01 0.0

13 -1.74E-02 -1.78E-02 -2.35E-02 -1.591E-02 -4.2E-02 -1.35E-01 3.901-01 0.0

12 -2.001-02 -1.94E-02 -2.60E-02 -1.23E3-02 -4.101-02 -1.29E-01 4.12E-01 0.0

11 -2.32E-02 -2.90E-02 -2.90E-02 -7.20E-03 -3.811-02 -1.13E-01 4.271E-01 0.0

10 -2.701-02 -2.23E-02 -3.20E-02 -3.901E-04 -3.45E-02 -8.471'-02 4.34L-01 0.0

9 -3.06F-02 -2.29E-02 -3.28E3-02 7.15f:-02 3.141 -02 -4.2613-02 4.3213-01 0.0

8 -3.001'-02 -2.14E-02 -2.68E-02 1.17E-02 -3.191E-02 1.47F.-02 4.2013-01 0.0

7 -2.1-)F02 -1.44E-02 -1.49E-02 1. 517--0 -3.77E-02 8.031:-02 3.96E-01 0.0

6 -4.971F-03 -1.412E-03 -7.78E-04 1.44f:-02 -3.43E-02 1.33F-01 3.551-01 0.0

1.68F-02 1.52E-02 1.35F-02 1.86E-02 -1.81F-02 1.6113-01 2.9613-nl 0.0

4 2.32E-02 2.41E-02 2.35F-02 2.3413-02 2.031:-03 1.5913-01 2.171E-01 0.0

. 7.161;-04 1.58E-03 3.09E-03 4.7717-03 1.8513-03 9.7513-02 1.1513-01 0.0

2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

X 0.078 0.099 0.124 0.154 0.190 0.234 0.286 0.33
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