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Subject: A Water Model Study of Recircuvlating Flow in a

Single Injector Reactor

Abstract:

A cylindrical water model wis 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-
graphed, 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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CHAPTER 1

INTRODUCTTON

1.1 Statcment 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

Reynolds number and the ratio of outflow at the two ends of the model.

.2 Origin and Relevance of the Studyv

The flow field and heat transfer characteristics of a iet stirred
bath are of significant interest. Such a jet mixing process is emnloyved
in manv combustion applications. An example of such a svstem is a
boiler reactor. In this case, the fuel is a molten Lithium bath and
the oxidizer is injieccted into the reactor. The reaction is exothermic,
and the resulting heat gencrated 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 empirical relationships for the heat
transfer coefficients (1), and to develon analvtic models for the
velocity distribution and heat transfer coefficients. lHowever, it was
felt that in order to develon suitable predictor techniques for such

situations, a morc fundamental understandine of the flow structure is

essential.
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1.3 Previous Related Studies

Mixing in ducted turbulent jets was examined bv Becker, Hottel
and Williams (2). They studied the effect of the Crava-Curtet
similarity parameter on turhulent mixing patterns in axisyvmmetric,
constant density confined jet flows, in the regime in which recircu-
lation occurred. Their experimental sct-up consisted of a round jet
discharging axially into a cylindrical duct fed by a uniform stream
whose entrance momentum relative to that of the jet varied from :zero
to moderately high values. The fields of mean velocity and mean con-
centration were mapped and analvzed. They concluded that at small
values of the Crava-Curtet number (Ct), the initial stream flow into
the duct falls short of the entrainment neceded by the jet. The
deticiency is made up by fluid recirculated from downstream. They
describe properties of the recirculation eddy and the post iet mixing
zone downstream of reattachment. It should be noted that in the SIR
the initial stream velocity is zero and (Ct approaches zero implving
total recirculation.

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.  Theyv detected unusually hieh turbu-
lence levels in the jet and recirculation regions. They found that the
recirculation eddy which initially appearced at a Crayva-Curtet number of
0.976 extended itself as Ct diminished and at Ct = 0,075 it occupied,
the complete duct.  lLow Craya-Curtet numbers are indicative of high

turbulence and large eddies implying better mixing.  There have been many

e e A oo | S80S ki a— i
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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 stirved 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 through
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
cquations in cach area. Only incompressible fluids werc considered
and corrections were anplied to these solutions to account for non-
uniform exit velocity profile. Comparison with exverimental results
showed good agreement of the prediction in the first region but very
poor prediction in the second region.

Some preliminary work at ARL analvtically determined the velocity
distribution and the wall heat transfer coefficient for a closed ended
cevlinder similar to the SIR.  The model divides the flow field into
four parts: (i) Jet with core region, (1i) Develoning or spreading
jet region, (i1} Viscous dissipation region, and (iv) Stagnation region.
The analysis employs previons free jet (&) and open ended confined jets
(7,9 to develop equations which are solved numerically. A closed end
effect is cenerated by incorporating a stagnation reecion.  The fluid
was assumed to he incompressible and both local and overall heat transfer

calculations made. No comparison to experimental data was made.

e o R
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Kerney, et al. (10) and Weimer, et al. (11) studied the penetra-
tion characteristics of vapor jets submerged in subcooled bhaths.

Experimental results wcre 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 found good correlation with

results of their cxperiments 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
conjunctionwithan entrainment assumption anpropriate for svstems with
large density differences between the jet and ambient fluid. The
theory provided a general relationship for estimating combustion and
condensation lengths for turbulent, unconfined, forced jets based on
injector and ambient properties. Results indicate that mixing charac-

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

similar to single phase jets.

Thomson (1) studied the heat transter for a jet induced mixing
process in a cyvlindrical chamber. A heated fluid was injected centrally
| from onc 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.  Data was obtained for water and ethvlene glveol,
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varving 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
Revnold analogy to determine the characteristic parameters of the
system. Good agreement between the analvsis and data set was obtained.
From the analyvsis, the data was correlated in terms of a Stanton
number, Revnolds number, Prandtl number and chamber length to diameter
ratio.

Gosman, et al. (13) present numerical solutions for scven dif-
ferent two dimensional turbulent elliptic flows. The solution
procedure emploved is that embodied in the TEACH computer program (14).
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 investigation of flow downstrean
of an axisvmmetric, sudden enlargement in channel flow. The flow
structurce is only slightly different from that in the SIR.  Thev observe
strong recirculation and their results compare well with the measure-
ments of Back and Roschle (106).

There has also been a substantial amount of work on tlow visualiza-
tion in mixing vessels. Revnold (17) used a dve to visualize a jet

directed into a water bath,  Jet breakdown was observed as a function

of Revnolds number. Revnold observed five catepories of flows which
he classified as {(going trom lower Revnold numbers to higher ones),

shearing rufts, symmetric condensation, sinuous undulations, 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 cvlindrical vessels using aaueous blue tracer solution in con-
junction with transparent cylinder walls. Four main types of jets
were observed: dissipated laminar jets (Revnold numbers less than 300),
fully laminar jets (Reynold numbers between 300 and 1000), semi-turbulent
(Revnold numbers between 1000 and 3000) and fully turbulent (Reynold
number greater than 3000). The laminar length of sub-turbulent jets
was investigated and correlated with the Reynolds number and geonetric
parameters. Crow and Champagne (19) also used dves to study the
evolution of jet instability with advancing Revnolds number. They
also emploved schlieren and light scattering visuali:zation techniques
to study the jet structure.
Rack and Roschke (16) investigated the flow of water through an

abrupt circular channel expansion. The shear laver between the central

jet and reverse flow region along the wall downstream behaved differently

in the observed regimes. Dve injection into the shear laver provided
a means of ohserving the jet reattachment lengths in the various regimes
from laminar to fully turbulert. The reattachment lengths were found
to increase from laminar flow to recach a maximum and then decrecase for
highly turbulent flows.

White, et al. (20} used a particle visualization technique to
study the recirculating flow of a submerged jet discharecing into a
dead cended vessel.  Thev used this to study the taneential vorticity,
and the visualization study was not extensive. A similar study was

carried out by Ikhcian and lHoult (241) 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 Studyv

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 injeccted axially into a
cvlinder which provided for a variable outflow at both ends at a low
momentum flux. The flow was sceded with fine zlumina particles, a
hivh intensityv light source with a condensing lens focused a thin
plane of light onto a cylinder axis. A camera located perpendicularly
above this illuminated plane recorded the flow pattern at various
inlet momentuns and outflows (at the two ends). Dve visualization
techniques were used both in the jet and in the shear layer, but with
limited success.

An analvsis was carried out using a modified form of the TEACH
computer proaram (15,14). Velocity, pressure, turbulent kinetic
encrgy and dissipation profiles were obtained for the SIR geometrv as a
function of Revnold number. A comparison is made between experimental

and analvtic trends.
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CHAPTER 11

THEORY AND ANALYSIS

2.1 Analog Technique

A water model was emploved 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

[§9)

Kinematic similarity

3. Dvnamic similarity

4. Thermal similarity
Ceometric similarity requires a single scale ratio between critical
dimensions of the prototype and model. 1In the casc of the SIR-model
this scale ratio is taken as unity, hence satisfyving geometric
similarity.

Kincematic similarity requires that the slopes of the streamlines
arc the same in the model and the prototvpe, implying that the cor-
responding flows are alike. The assumption that the fluid in both
cascs arc incompressible (assuming the compressibility effects in the
pgascous 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'uid
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 Revnolds 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 the 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 the model corresponding to the operating
range of the SIR.

Thermal similarity is of no consecquence in this studyv. It was
concluded that with an injector velocity range sclected as in this
similarity discussion, the velocity field in the model would relate
well to that cxisting in the SIR. tence, 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.
Figure 1 depicts the geometry. The analvsis was carried out using a
moditficd form of TEACH.

TEACH-T is a form of the more general nrogram TEACH and is usced

specitically for computation of flows in ducts with sudden enlargements.
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Modifications were made to TEACH-T to account for the geometry of the
SIR. Refer to Gosman, et al. (13) for a more detailed description of
TEACH-T.

In TEACH-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
accurite.

The inflow is presumed to be steady and turbulent, with a mean
velocity ﬁ&n. The diameters of the large and small ducts are designated
by D and d respectively.

The predictions of the problem require the solution of the cqua-
tions of motion for axial velocity U, radial velocity V, pressure P,
together with the two cquation model for turbulent closure involving
turbulent Kinetic encergy, k, and dissipation, «.

The numerical technique and constants were retained in their
entirety, slight changes were made in the grid size. The only major
moditications made to deal with the model of Figure 1 were changes in
the boundary conditions. The following guidelines were used when
makine chanves in the boundary conditions:

1. Profiles for U, V, P, k and € arc supplicd at the inlet planc.

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

component parallel to the wall, turbulent kinetic energy,

and dissipation arce made using a logarithmic law of the wall,
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as in the original program.
3. At the axis of symmetry, the conditior 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 boundary condition at the existing side
wall and replaccement with an outflow condition.
This called for changes in two parts of the vrrogram TEACH-T. Modifica-
tions werc made in the main program to define the initial variable
distributions to change geometry (examnle, ratio of d to D) and to
definc new variables and changes in format statemen’s. Changes were
also required in SUBROUTINE PROMOD, responsible for the modification
of the finite difference cquation terms and coefficients at the
houndaries. Changes in the individual sections of this subroutine
arc described as follows:
1. ENTRY MODU: responsible for modifications for calculation
of the axial velocity. The conditions at the top wall and
axis of syvmmetry remain the same.  The outlet boundary is

replaced with an end wall; as shown in Appendix A, the value

- e . T ST e - e r——— e ——— e = e




14 April 1, 1980
SL/CHW: 1cl

of the coefficient of the finite difference cquation is
calculated and introduced in this section. The existing

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 MODV: 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 MODTE: 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 MODV.
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 MODY.

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

ments is included in Appendix B,
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CHAPTER 111

EXPERIMENTAL PROCEDURE

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
dersity 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
velocityv 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 planc 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 cone 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-
graphically recorded as they passed through the illuminated nlanc,

vielding a picture of the instantancous flow structure.

3.2 [xperimental Components

. Figure 3 is a schematic diagram of the water loop. The major
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component of the apparatus was the horizontal cvlindrical test chamber
(model). The fluid jet was injected centrally from onc end of the
chamber, and fluid was continuously discharged through small holes on
both ends. The other components included a measuring tank, recciving
tank, dve bypass, centirifugal pump, valves and a differential manometer,
The working fluid, water, was pumped through a strainer and an
iniector into the model. A mercury filled differential manomcter used
across the injector noz:zle was calibrated to determine the injector
velocity. When the line to the dve chamber was opened, water mixed
with green dve (Merriam #D-2930) and was injected into the clear
bath gave a picture of the spreading jet.
Out¥low from the nodel could be controlled using the valves
on cither end of the model. Volumetric flow rate was measured using
a stop watch (least count ot a hundredth of a second) and the measuring
tank. When dyve studies were performed, the colored water was drained
out of the measuring tank, the water loop was open.  Yor the particle
visualization studies, i.e. water in the receiving tank was sceded
with alumina particles and the tank was kept sdirred: water from the
measuring tank was not drained, but let into the receiving tank instead.
Air in the model was removed by opening the air purge valve on
the manometer line. When this valve was opened, the manometer was

isolated from the rest of the syvstem by shutting the manometer control

valve.
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Figure 4 is a picture of the water loop as set up. A more

detailed descrintion of the individual components follows.

5.2.1 Model of SIR

The model was used in two basic configurations; the first one so
as to enable dve injection with a svringe at various wall locations
downstrcam of the injector plane, the second one for particle visualiza-
tion.

The model consisted of a visualization cvlinder cut out of a
plexiglass tube (Cadco Acfylic). The tube had an outer diameter of
4.25 inches and an internal diameter of 3.5 inches. A 6 inch long
cvlindrical tube was used for the dyve studies and 13.25 inch long
one tor particle visualization, giving length to diameter ratjos of
1.71 and 3.50 respectively.

Figure 5§ shows a visualization cvlinder as used for the dve
visualization studies. A pressure tap was located 0.5 inches from
the end on the top of the cyvlinder wall, and numerous other taps,
fitted for svringe injection were located along the cvlinder wall,
The injection fitrings were made by adapting standard fittings as
showa in ligure 6. The eglands ensaced that there was no leakape out
of the model, the needle guide ensured that the needle (whﬁch wias
6 inches long) did not buckle when pushed through the gland.  Both
ends of the visualization cvlinder were tapped axially for twelve
cqually spaced 10-352 screws. Onlv the pressure tan existed on the

cvlinder used for the particle visualization studies,
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Picture of the hater Loop as Set up in the Lab,

!

Fig.
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The visualization cylinder was used inconjunctionwith end caps,
perforated plates, rubber gaskets, visualization box end plates and
a nozzle, assembled as shown in Figure 7 (picture). Figure 8 shows
the schematic of the same.

The visualization box is used in the case 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 Acrylic). The perforations
are 0.125 inch in diameter, set out in a 2.5 inch x 0.5 inch matrix
as shown. Aluminum rivets, cither 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 diamcter plexiglass rod were
machined to shape. They provided outlets for outflow to the measuring
tank.

The nozzle was machined down from a 1 inch brass bar stock; it had
a 0.5 inch outer diameter and a 00,0995 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 10-32 screws,

onc sct on cach end.

— -
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3.2.2 Dve 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
dve 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 ininches of mercury.

3.2.1 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 scparately the water flow
rate coming out of cach end of the model. This tank emptied into the
receiving tank for the particle visualization runs, for dve 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 larger in
size, 20 inches x 24 inches x 24 inches and normally hel? 110 litres of
water.  Atumina particles were sceded into the water loop through this
tank which was kept well stirred. A wire mesh at the tank outlet acted

as o strainer, but let the small alumina particles through.
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3.2.5 Forced Circulation Pump

The water flow through the loop was driven by a pumn 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 HP close coupled electric motor.
It could provide a maximum flow rate of 1.76 litres per second. The
flow rate through the svstem was controlled by means of a throttling

valve on the pump discharge.

3.2.6 Visualization Box

A rectangular plexiglass box of dimensions 5.5 inches x 4.75 inches
x 14 inches was used to enclose the visualization cvlinder when con-
ducting particle visualization studies. The box was constructed from
N.25 inch thick plexiglass plates glued together and made watertight
by 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, onc for water fced
and the other for air escape. 1t had a drainage port on the bottonm.
When filled with water, it removed most of the optical distortion
caused by the curvature of the cvlinder and enabled good photography.

This box was not used when doing dve visualization studies.

3.3 Lighting Lquipment

The light source consisted of a 115V, 10 amp General Electric
mercury-arc-capillary lamp, lamp housing, transformer and triped.
The lamp emitted high intensity ultraviolet radiation.  The lamp and

housing were hoth air cooled, using air throttled from the machine
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shop air supply at 55 psi. The cooling was monitored by a General
Electric mercury lamp control unit which operated on 115V, 100 ii:
power supply, obtained using a brushless inductor/alternator made
bv the Leach Co.

The lamp housing also contained a system of parallel slits and
plano-convex condensing lenses, which enlargdd, collimated and defined
a thin light beam.

The light 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 housing.

The slits transformed the light into a plane containing the axis
ot the model. The light was shielded so as to prevent light leaving

from anvwhere else except the slit,

7]

.1 Photographic Equipment

A 35 mm Canon ALE-1 camera was used to photograph the illuminated
particles through the transparent visualization box. The camera was
used in conjunction with a 12 mm Vivitar extension tube so as to allow
nndistorted close-up photography. The camera was mounted 10.1 inches
vertically above the model axis and the tfocus was set at intfinity to
give a sharp and clear picture. Provisions were made for lateral
movenent of the camera, so the entire flow ficld could be photographed
using exposures at the diftferent locations along the axis of the model.
Vigure 11 shows the camera position relative to the light source and

visualization box.
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3.5 Visuaalizotion Particles

To rane the flow in the model visihle, small alumina particles

were used as the seed particle to he trocted The slumint vowder

used was supplica by dromized Moty coweer o cac. The particaces, though

Yo

not neutral density, were vers ol

1m0 Gianetsr range of
30 to 10 microns.

Alumina particies have hoeb o000 and Riave been ased by

numerous investlgators, <ach o oa- 0 00 0 o et o 0 [t s ersertial
for « particle to follow the f1ac oo 00, 5t a0 Mave soall vialues for
sankins velocity.,  The <inkin: wol oot o directIy proportional to

the sanare of the rarticle drarcrer, and to the difference bet cen

the particle and tluid densityy 1t i< inversely proportional to the
fluid viscosity (2o, Though the density mateh between alurina and
water is not too pood, it is compensated tfor by using very smatl
particle sizes. The residence time of a fluid element in the model

is so small that sinking is almost non-existent. Thus, such particles
arc expected to map the flow well.

The traces of the particles as scen on the photographs were pro-

1
jections of their puths into a plane containing the axis of the model.
The particles were seeded into the waterloop through the receiving tank
which was Kept stirred.
- 5.0 Fhotography
Optimun photography was obtained using a Kodak Tri X film (TX-135-20)
{ - which was black and white film exposed and developed at 100 ASA. The
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(2
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optimum camera setting was obtained at a shutter speed of 1/15 seconds
and an aperture £8.0 when the light slit was 8 to 10 mm wide.

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

a film strip projector.
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CHAPTER TV

PRESENTATION AND INTERPRETATION OF RESULTS

4.1 Dve Visualization Experiments

Two techniques were used for dve 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 dve into a clear bath in the model, through

glands fitted to the mode!l wall.

1.1.1 Nozzle Dyve Injection

5

Test runs weremade using inlet velocities ranging from 2 m/s
to 13 m/s. These velocities corresponded to those in the SIR
applving the similarity conditions of Chapter 11, The corresponding
inlet Revnolds number range was from 4170 to 406550, According to
McNaughton and Sinclair (18), for inlet Reynold numbers greater thuan
3000 for liquid-liquid jets in short cyvlindrical vessels, fully turbulent
jets are observed.  Indeed, these dyve visualization studies did reveal
a turbulent jet, comprisced of a forward moving conical jet region and
a slower moving backflow region which surrounded the iet. No laminar
lenuth was observed, and the jet mushroomed at the point of injection,

The dyve used was neutral density and was assumed to follow the
streamlines.  The technique however could not nrovide more detailed
information in this case Jdue to the diffusivity associated with
turbulent flows.  Hich {low velocitices caused the entire bath to ¢loud
in o fraction of a sccond, turther limiting the offectiveness of the

techniaque,  These experiments established that the jet was turbulent
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and that recirculation was predominant.

4.1.2 Svringe Dye Injection

This technique was intended to help in gaining insight into the
reattachment lengths of the 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 dve was bled into the shear laver between
the jet and reverse flow region, through holes in a circular channel
wall upstream of a sudden expansion. Their studies were limited to a
Revnold number range from 20 to 4200,

Mve was injected into the hath at various locations downstream
of the no:zle. The svringe was inserted to different depths and the
dve released. By releasing dve at a given axial location, but varving
radial locations, the shear laver was located at the point above which
the dve moved in the reverse direction and below which the dyve moved
with the jet flow. When dve was injected into the shear laver, it was
expected to follow it until it reattached at the cylinder wall at some
downstream location. Unfortunately, duc to the high turbulence
in*ensity 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 cvlinder walls: when it
approached the end of the cylinder the dye seemed to turn and a part
of it would flow back along the cyvlinder wall. Tt must be pointed out
that duc to the clouding of the dye at the end of the cylinder and due

to the fluctuating location of the shear laver, such inferences arce not
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very obvious and could be questioned. These inferences however seem

i o - 3m

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

and to observe how this overall structure fluctuated.

1.2 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. The |
experiment was run in the jet Reynolds number range similar to that

in the dve experiments. Outflow at both ends of the model was varied.

Ficure 12 shows the typical flow pattern observed. The flow
consisted of a spreading jet, a strong recirculating back flow near

the wall, and numerous eddics which appearced and disappeared in less

than 1/10 of a sccond. These eddies caused the jet flow to bend
around them, their appearing and disappearing causing a side to side

- whipping motion of the jet. It secemed that the jet whipped from one
wall to another in an almost regular manner. This whipping was stronger

for higher Revnolds numbers but was confined to a region near the extreme

.. e .. SR attnnutic, s .. et
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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 iniector 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
particies tend to accumulate at the extreme end where they are dis-
charged. One can observe a lot of eddy structure in the central segment,
surrounding the high velocity jct 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
casce 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 scen to turn away from the
direction of jet flow into the reverse flow region. In this case the
number of eddies existing are not as manv as in Figure 13, Jet entrain-

ment is evident.
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Fig, 15 Picture of Flow Field at Revnolds Number ~057

{out flow on extreme end)
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Fig. 15 Picture of Flow Field at Revnolds Number 705

(outtlow on injector end)
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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 arc 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 numher 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. TFigure
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 TEACH Computer Code

TEACH was run for the model usine a wiater analoo with outflow

onlyv on the injector end, the extreme end was a reeion of stapnation,
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Fig. 17 Picture of Flow Field at Revnolds Number 18093

(outflow on injector end)
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The outlet velocity profile was specified in two wavs:
1. Assumed a specified uniform exit velocity profile.

2. Assumes a fully developed velocity profile at the

exit plane.

Figure 18 shows that regardless of how the exit velocity profile
is specified, the corresponding axial velocity profiles are within
+5% 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 nrotile,
the downstream velocity profiles are not very different: the choice
ot outlet condition is not too important as long as continuity is
satistied. This comparison was made for a case with an inicector Jdi-
ameter one third the size of the cvlinder diameter, it is assuncd
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 tor a more continuous

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

Figure 19 shows the comparison bhetween axial velocity profiles in

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

The residues from iteration to iteration show good and stable
convercence.  The values of the residues for the U momentun, U monentun
and continuity become very small, as does that for turbulent Ninct:o
cnerev.  The dissipation residue thouph small appears to he conuer oo
at a slower rate. These runs were made using the same ander relvatoon

tactors that were used in the original program. The valoes of the <iqa?
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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 prid points
for the case where the injector Revnolds 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
Revnolds numbers show the same trend. [Entrainment is very great in the
injector vicinity as can be seen by the velocity vector E in Figure 20.
Another intercsting trend observed using the program at very high Rewnolds
number is the appearance of additional small eddies. It is important
to recalize that all eddies will not show up on the computer results

since time averaging causes some of the regularly fluctuatine eddies

to disappear.
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CHAPTER V

SUMMARY AND CONCLUSIONS

5.1 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 watcrmodel was constructed which satisfied the conditions of
similarity. 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 horizontal cvlindrical vessel, containing

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

from onc end of the model and was continuously discharged throuvh small
holes on both ends. The water flowed in a closed loop for particle
visualization studies and in an open loop for dve visualization. Runs
were made at various inlet Revnolds numbers. The outlow on both ends
was also varied.

Two techniques were used for the dve visualization studies in

the model. Noz:zle dye injection was emploved to study the spreading

behavior and the turbulent nature of the flow ficld., Svringe dve
injection through glands in the model wall provided for a study of

- jct reattachment and eddy structure.

The particle visualization entailed photographing the pencrated

flow patterns which weremade 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 apnroximated a

plane, containing the cylinder axis and point of injcction.

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:
1. The flow consisted of a spreading turbulent jet with
a strong region of reverse flow near the walls., Eddy
structure, predominant in the reverse flow region,

indicated high turbulence intensitv.

to

Fluctuating eddies caused the jet core flow to bend

around them, producing a side to side whipping motion

of the jet. The flow structure was highlyv fluctuating.
3. The jet did not reattach to the cyvlinder walls,
4. At high 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 hipgh 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.

Outflow configuration was felt to have a maior 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 cvlinder length,
the stagnation region at the extreme end disappeared.
Results obtained using the modified form of TEACH are time
averaged flow ficld variables, for a case with no outflow
on the extreme end. Results showed a strong turbulent jet
with a high velocity reverse flow. A stagnation region was
cncountered at the extreme end, where the streamlines of the
jet bend into the region of reverse flow. Bddy structure
was indicated.

Comparison between visual and analytic trends was not

feasible. This was due to the fact that a4 time averaved

visual structurce could not be constructed.
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5.3 Recommendations for Further Study

It would be of 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 Revnolds number and

length to diameter ratio be studied.
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APPENDIX A

CALCULATION OF FINITE DIFFERENCE EQUATION

COEFFICIENTS FOR NEW SIDE WALL

Retfer to Figure 21 for the nodal configuration at the introduced
extreme end wall. The boomerangs show had data is stored.

Consider the node (15,J) where J can vary from 2 to 21, the flux
term (general) is defined as:

1

. "
io=eup -0, !
e ¢c ¢ A ox'e

For the axial velocity momentum equation,

. Au

iy =culu -1 =

T e ¢ o dx'e
o

since U, is very small and negligible in the near wall region
. . u
Je = 0, theretore AO = 0,

Similarily for the U momentum;

T A R Yarg Tt
‘e Tlee v, e Tv NI
"¢
= e V(15
Ax(13) Vs
theretore

AV =0, and 80 =S - o
c P P OAX

these changes in the source tev Sn are made in accordance with the law
ot the wall, as used in the original program. Similar treatment is used

tor # = k,»
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APPENDIX B

MODIFICATIONS iN THE COMPUTER CODE

The following changes were made in the computer code:

Changes in the MAIN PROCRAM

Changes

CHAPTER 1

new values were assigned in the following statements, as

NJ = 22

RLARGE = 0.0445

ALTOL = 7.0 * RLARGE

Statements numbered 43 and 494 were removed
The following statements were added:

RAT = RSMALL/RLARGE

UOUT = ~UIN*RAT**2/(1.0-RAT**2)

TEOUT TURBIN* UOUT**2

EDOUT = TEOUT**1.5/ (ALAMDA*RLARGE)

CHAPTER 11

The following statements werce included:
DO 201 J = JSTPI, NJMl

TE(1,J) = TEOUT

U{2,1) = vouTr

ED(1,.0) = EDOUT

PO 205 T = 2, NIMI
YPLUSN(I) = 11.0

Statement number 117 was replaced hy;
DO 657 J = 2, JSTEP

in CUSROUTINE PROMOD

ta
—
‘i

204

ENTRY MODU

C mmmmmm- TOP WALL
No changes required.
Commmmam SIDE WALL

DO 213 = 2,NJIML

AE(NTHMIL,T) = 0.0

C ------ SYMMETRY AXTS

No chanpes required,

C o--e---- OUTLET

ARDENT=0,0

FILOw=0.0

NO 204 I=0STP1, NJIML

ARDEN = Q5% (DEN(2, 01 +DEN(3, 1)) *REIY*SNS (L)
ARDENT = ARDENT + ARDEN
FLOW=FLOW + ARDEN*U(3,.J)

UINC = {FLOWIN + FLOW)/ARDENT

shown:
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DO 205 J-JSTP1,NJM]
u(2,J) - u(3,1) -UINC
RETURN

ENTRY MODV

C-v-n-- SIDE WALL

CDTERM = CMU**0, 25

XP =XU(NT)-X(NIMD)

I =NIMI

DO 310 J=2,NIM1

SQRTK=SQRT(C.S* (TE(I,J)+TE(1,J-1)))
DENV= 0.5* (DEN(I,J)+DEN(T,J-1))
XPLUSA= 0.5*(XPLUSE{J}+XPLUSE(J-1})
TF (XPLUSALLE.11.63) GO TO 511
TMULT-DENV*CDTERM* SQRTK*CAPPA/ALOG (ELOG*XPLUSA)
¢0O 70 312

MULT-VISCOS/XP

TAUL T =-TMULT*V(T,.0)

AT, Jr=0,0

TAUEC DY -TAUE (D)

TAUE (NJ) - TAUE (NTM1)Y

C ------ TOP WALL

Nnochanges required. 1
C --nen- SYMMETRY AXNIS

No change required.

RETURN

ENTRY MODP 7
RETURN

ENTRY HMODT
RETURN

ENTRY MODTE

C ----- TOP WALL

No chances required

C ----= STDE WALL

XP=XUINT)-X{NIM])

[=NTM1

NO 620 1=2,NJM]

DENV=DEN(T,.0)

SQRTK-SQRT(TE(L,.0))

VOL=REIVHSNS(TYVSEW(T)

XPLUSE () =DENV*SQRTRY*CDTER XD /VISCOS

GENCOU=0L S8 (ABS (TAUE I+ D) VT, ¢ D)« ABSCTAUE () *V (T, ) /XP

DUDX=((V (T, )V (T, T4 eV (T, 006V, d4 3 /0 - (VT LD +V (], T+ 1)
A1,V (=1, 0613y /70, 0) /SER (D)

GENRES=CEN(T, D VIS, ) DX

GENCL, T =GENRTE S«CENCOU
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I[F({XPLUSE(J).LE.11.63) GO TO 621
DITERM=DEN (1,J)* (CMU**0, 75) *SQRTK*ALOG (ELOG*XPLUSE (J) )/ (CAPPA*XP)
GO TO 622

621 CONTINUE
DITERM=DEN(1,J)* (CMU**0, 75) *SQRTK*XPLUSE (J) /XP

622  CONTINUE
SU{1,J)=SU(I,J+SUKD(I,J)+GEN(T,J)*VOL
SP(1,J)=SP(1,J)+SPRD(1,J)-DITERM*VOL

620 AE(I,.01=0.0

C----- SYMMETRY AXIS ;
No changes required ;
RETURN

ENTRY MODED

O TOP WALL

No changes required

C ~---- SIDE WALL

XP=XU(ND)-X(NIM1)

I=NT1:1

TERM= (CMU**0. 75} 7 (CAPPA*XTD)

NJM2=NT-2

DO 720 J=2,NJM2

SUCT,J)=CREAT*TERM*TE(T,J)**1.5
720 SP(1,J)=-GREAT

C ----- SYMMETRY AXIS

No changes required.

RETURN

END
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APPENDIX C

AXTAL AND RADIAL VELOCITIES AS CALCULATED BY THE MODIFIED TEACH

PROGRAM CORRESPONDING TO A REYNOLDS NUMBER OF 25590.




AXTAL
I
J

220

21 -4

' 20 -4
19 -4

18 -4

17 -3

16 -3

15 -2

14 -2

15 -1

12 -1

11 -8

‘ 10 -2
0 1

, 8 2
V 7 4
6 1

5 2

A5

509

29

X = 0

VELOCITIES AT GRID
2 3
.0 0.0
.25E-01  -4.02E-01
.25E-01  -4.20E-01
.19E-01  -4.14E-01
.00E-01 -3.96E-01
L72E-01 -3.69E-01
L35E-01 -3.33E-01
L90E-01  -2.91E-01
LA0E-01 -2.45E-01
L8TE-01 -1.92E-01
L35E-01 ~1.40B-01
L21E-02 0 -8.93E-02
L25E-02 -2.25E-02
L09E-01 9.92E-02
.45E-01 2.42E-01
.87E-01 4.88LE-01
LO5E+00 1.055E+00
LA0E+00 2.10E+00
. 50E+00 5.50E+00
LO0E+00 9. 00E+00
L90E+00 9.90E+00
.0 0. 006

TABLE 1
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POINTS AS CALCULATED BY MODIFIED TEACH

0.0
-3.98E-01
-4.15E-01
-4.09E-01
-3.92E-01
-3.66E-01
-3.32E-01
2.92E-01
-2.47E-01
-1.98E-01
-1.47E-01
-9.34E-02
-3.10E-02

7.65E-02

2.30E-01
4.00E-01
1.07E+00
2.41C+00
5.49E+00
9. 89E+00
9. 90E+00

0.012

0.
.95E-01
.11E-01
.04E-01
.88E-01
.63E-01
.31E-01
L93E-01

(o RN B ]

0

L50E-01
L03E-01
L52E-01
LTOE-02
L56E-02
.36E-02
L07E-01
LO7E-01
L12E+00
HE+00
SATEL00
.88E+00
LO0E+00Q

.02

0.
.95E-~01
.08E-01
.01E-01
.85E-01
.0lE-01
.31E-01

_‘\

e R R N ]

6

0

95E-~01

.516-01
.08E-01
L50E-01
L06E-0
4.506E-02
.58E~02
.82E-01
J12kE-01
. 10E+00
LS1E+00
LA3E+00
. 85E+00
CA0E+00

.020

19

~J

.0

LO9E-01
L09E-01
.01E-01
.85E-01
L62E-01
L32E-01
.97E-01
.58E-01
L15E-01
LO68E-D]
JASE-01
L01E-02
L80E-02
L70E-01
LAdE-01
L30E+00
.02E+00
L3TE+0D
L TOE+00

LO0E+Q0

030

.0

LO8E-01
J4E-01
.05E-01
.88F-01
.62E-01
.35E-01
.01E-01
.63E-01
L22E-01
.78E-01
.31E-01
L56E-02
LO0E-D3
LT3E-01
L03E-01
LA2E+00
.78E+Q0
LALE+00
L.G8E+00
, Q0L+ 00

.054

T —
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; TABLL 1 (cont.) ;

i

o 10 3 12 13 14 15 16

J {

A 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
21 -4.23B-01  -4.64E-01 -4.79E-01 -5.29E-01 -6.0TE-01 -7.6T7E-01 -1.1TE+00 0O
' 20 -34.24E-01  -4.41E-01 -4.66E-01 -5.04E-01 -5.62E-01 -6.9TE-01 -1.08E+00 0
19 -4.13E=-1 -4.206E-01 -4.45E-01 -4.75E-01 -5.19E-01 -6.30(-01 -9,98fE-01 O
18 -3.91E-n]1 -4.053E-01 -4.19E-01 -4.42E-01 -4.71E-01 -5.56E-01 -8.83E-01 0
17 -3.70p-01 -3.78E-01 -3.89E-01 -4.06E-01 -4.19F-01 -4.72E-01 -8.41FE-01 O
16 -3.30E-n1  -3.48£-01 -3.55E-01 -3.67E-01 -3.64E-01 -3.83E-01 -5.70E-01 0.« i
0
0
0
0
0
0

(92

15 -3.0TE-N1  -3.13E-01 -3.18E-01 -3.25E-01 -5.05E-01 -2.900E-01 -3.72E-01
14 -2.T0E-0n1 -2,76E-01  -2.78E-01  -2.83E-01 -2.45E-01 -1.98E-01 -1.47E-01
15 -2.50E-01  -2.36F-01 -2.36E-01 -2.40E-01 -1.81kE-01  -1.08E-01 1.05E-01

' 12 -1.87E-N1 -1.95F-01 -1.920-01 -1.95Lk-01 -1.22t-01 -1.87E-02 5.81E-01
. i1 -1.42E-01 -1.500-01 -1.%i-01 -1.45E-01 -5.37E-02 T.18E-02 6.48E-01 1
10 -S.77E-02  -9.521-02  -8,33E-02  -T.538E-02 5.200E-02 1.72E-01 1.02E+00
9 -3.92E-053 -1.71L-053 2.32E-02 6.671L-02 1.72E-01 3.00E-0] 1.39E+00 0. ]
8 1.91-01 2.000-01 2.091E-01 4. 21E-01 4.068LE-01 5.45E-01 1.82E+00 O 7
7 6. 88E-0n1 8.031-01 YL N8SE-0] 1.10E+00 1.08E+00 1.09E+00 2.31E+00 0. g
6 1.58E+00 1.74E+00 1.89E+00 2.00F+00 2.07E+00 2.28E+00 2.80E+00 0O é
5 2L05E+00 3.130+00 3.28E+00 3.45E+00 3.421E+00 5.85E+00 3.55E+00 0. ;
4 5.26E+00 5.726E+00 5.26E+00 5.200L+00 5.24E+00 5.66E+00 4.25E+00 0.t %
3 9.49E+00 Q. 235E4+00) 8.911:+00 8.5.1E+00 8.13E+00 8.10E+00 4.94E+00 0. §
2 9. 90L+00 9.88E+00 9.85E+00 9.77E+00 9. 63E+00 9.57E+00 S5.39E+00 0 ;
X = 0,069 0.089 0.112 0.159 0.172 0.212 0.260 0.5!
]
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VELOCITIES

AT GRID POINTS AS CALCULATED

TABLE

64
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BY MODIFIED

1980

TEACH

I 2
J
22 0.0
21 1.36E-03

.25E-03
.26E-03
7. 10E-03
LTOE-03
LOTE-03
.00E-02
L04E-02
L28E-05
SABE-03
L31E-03
LA5E-03
.25E-04
.70E-03
LT7E-03
.00E-04
.45E-04
1.47E-03

3 3.35E-05
2 0.0

1% ¥

~J

W 'O = = o

. 009

.0
J19E-03
L12E-03
L23E-03
.23E-03
.91E-03
LO0E-02
L04E-02
.84E-03
LS51E-03
LO5E-03
.18E-03
6.
-1.
-6,
-6,
-6.
.47E-03
.72E-03

.59E-04

23E-05
42E-03
13E-03
56E-03
56E-05

.0

0.
.17E-04
.04E-03
L49E-03
.84E-03
LO3E-03
.538E-03
.69E-03
.20E-03
.21E-03
.08E-03
. 24E-03
L1OE-03
.65E-03
L28LE-02

.33E-02

to

0

L74E-03
L20E-03
.53E-05
.11E-01
L0

010

o = & & O

1o

t9

9

0.

.0 0
.15E-05
.39E-04
.38E-03
.08E-03

-7

024 0.

-8.
-9.
-8.

.0

.18E-04
97E-04
02E-04
89E-04

.01E-03  -9.80E-04
.84L-03 -1.29E-03
L67E-03 -1.92E-03
LO2E-03 0 -2.99E-03
L39E-04 -4.65L-03
.85E-04 -7 .04E-03
JI3E-03 0 -1.04E-02
LI3E-03 0 -1.18E-02
L16E-02 -2.05E-02
LO0E-02 0 -2.67E-02
L01E-02 -2.48E-02
L87LE-03  -7.93E-03
L20E-02 1.61E-02
.81E-03 8.95E-03
SAALIE-05 0 -3,.78E-05
.0 0.0

0.
.50E-03
.45E-03
.1Q9E-03
.87E-03
.59E-03
.47E-03
LSOE-03
L00E-03
LO1E-02

0

L20E-02
LO06E-02
L1aE-02
L72E-02
Jd1E-02
LO06E-02
NOE-03
.82E-02
LASE-02
1.08L-05
.0

.046

0.
-2
-3
-5.

-6.

-7.
1
1.
1
0.

0.

.20E-03
.84E-03

.730-03
.05E-03
LO5E-02
L23E-02
ASE-02
L73E-02
L08E-02
L52E-02
L00E-02
L19E-02

.80E-02

.O0C-04

0

22E-03
49E-03

53E-02

AME-03
9aTE-02

4]

061 W




I 9
J
22 0.0
21 -2.77E-05

20 -4.94E-03
19 -6.28E-03
18 -8.51E-03
17 -1.01E-02
16 -1.17F-02
15 -1.34E-02
14 -1.52E-0C
13 -1.74E-02
12 -2.00E-02
11 -2.32E-02
10 -2.70E-02
9 -3.06E-02
8§ -3.00E-02
7 -2.13E-02
6 -4.97E-05

5 1.68E-02

4 2.32E-02
3 7.16E-04
2 0.0

X = 0.078

-

0.
.25E-03
-5.
-8.
-1.
-1.
.34E-02
-1.
.63E-02
.78E-02
-1.

-5

-1

-1
-1

-2

.23E-02
.29E-02
.14E-02
.A44E-02
LA2E-03
.52E-02
.41E-02
.58E-03
.0

o to

t
1O = = = BD

o

10

0

84E-03
07E-03
00E-02
18E-02

49E-02

94E-02
90E-02

.099

65

TABLE 1I (cont.)

11

0.0
-4.10E-03
-7.46E-03
-1.04E-02
-1.30E-02
-1.52E-02
-1.73E-02
-1.92E-02
-2,13E-02
-2.35E-02
-2.60E-02
-2.90E-02
-5.20E-02
.28E-02
.G68E-02

1.49E-02
-7.78E-04

1.35E-02
.35E-02
.09E-03
0.0

[}
[ SO TR Y]

to

(2]

0.124

0.
-5.

-9

-1
-1
-1

-1
-1

12

0
34E-03

.67E-03
-1.

33E-02

.61E-02
.81E-02
.91E-02
-1.

92E-02

.82E-02
.59E-02
-1.
-7.

23E-02

20E-03

LO0E-04
.15E-02
.17E-02
.25E-02
L44E-02
.86E-02
.34E-02
L77E-03
.0

.154
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13 14
0.0 0.0
-9.21E-03 -1.93E-02
-1.75E-02 -3.89E-02
-2.50E-02 -5.88E-02
-3.14E-02 -7.83E-02
-3.66E-02 -9.65E-02
-4.03E-02 -1.12E-01
-4.25E-02 -1.25E-01
-4.33E-02 -1.33E-01
-4,27E-02 -1.35E-01
-4.10E-02 -1.29E-01
-3.81E-02 -1.13E-01
-3.45E-02 -8.47L-02
-3.14E-02 -4.26E-02
-3.19E-02 1.47E-02
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