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MASS AND MOMENTUM TURBULENT 
TRANSPORT EXPERlMEN'l'S WITH 

CONFINED COAXIAL JETS 

B, V. Johnson 
J. C. Bennett 

SUMMARY 

An experim~ntal study of miXing downstream of coaxial jets discharaing in an 
expanded du~t was conducted to obtain data for the evaluation and improvement of tur­
bul~nt transport models currer-tly used in a variety of computational procedures 
throughout the propulsion community for combustor flow modeling. The study used 
laser velocimeter (LV) and laser induced fluorescence (LIF) techniques to measure 
velocities and concentration and flow visualiz3tion techniques to qualitatively de­
termine the time dependent characteristics of the flow and the scale of the turbu­
lent structure. 

Flow vi~ualization studies showed four major shear regions occurring; a wake 
r~gion immediately downstr~am of the inner jet inlet duct, a shear region further 
downstream between the inner and annular jets, a recirculation zone, and a reattach­
ment zone. 

A combinalion of turbulent momentum transport rate and two velocity component 
data were obtained from simultaneous measurements with a two color LV system. Axial, 
radial and azimuthal velocities and turbul~nt momentum transport rate measurements 
in the r-z and r-O planclI were used to determine the mean value, second central 
moment (or rms fluctuation from mean), skewness and kurtosis for each data set proba­
bility density function (p.d.f.). 

A combination of turbulent mass transport rate, cjncentration and velocity data 
were obtained from simultaneous measurements with an LV and LIF system. Velocity and 
mass transport in all three direction~ as well as concentration distributions were 
used to obtain the mean, second central moments, skewness and kurtosis for each p.d.f. 
These Lv/LIF measurements a18~ exposcd the existence of a large region of counter­
gradient turbulent axial mass transport in the region where the annular jet fluid 
was accelerating the inner jet fluid. These results also showed that for high trans­
port ratc. regions, the trausport rate p.d.f.s, skewness and kurtosis were similar to 
those occurring in turbulent boundary layers but that in low transport regions (in­
cluding the recit'culation region) these were higher than previously measured for the 
wake regions of turbulent boundary layers. 
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INTRODUCTION 

Background 

Computational procedures to predict combustion processes are being developed and 
refined by a number of researchers (e.g., see Ref. 19 and surveys in Refs. 20, 21, 22). 
These computational procedures predict the velocity, species, concentration, tempera­
ture and reaction rate distribution within the combustors which are used to determine 
combustor liner heat load, engine performance (combustion efficiency), pollution emis­
sions (reactant products) and pattern factor (temperature distribution at turbine 
inlet). Because most combustors of practical interest have turbulent flow, the cal­
culation procedures usually include mathematical models for the turbulent transport 
of mass (or species), momentum and heat. However, the prediction of combustion pro­
cesses is very sensitive to the modeling of the mass and momentum traneport processes 
and improper models result in inadequate predictions of combustion efficiency, liner 
heat load, emissions and exit temperature pattern factor. 

The recent prediction of recirculating combu8ting flows typical of those found 
in aircraft gas turbines, have produced qualitative results which wprovide insight 
into the nature of the combustion process rather than quantitative design information" 
(Ref. 19). Although the insi~ht is helpful in diagnosing pr<"blems, the long term 
goal of the combustion modelers is to decrease combustor development costs by using 
accurate combustor design procedures: The deficiencies in the current computational 
procedures have been attributed to weaknesses in the mathematical models, including 
the transport models, and in the numerical methods. One recommendation from a NASA 
workshop on combustion modeling was that the mathematical models used in the calcula­
tion procedur~s be validated using experiments specifically designed to provide the 
required input data (Ref. 19). The first step in this process is the validation of 
the mass and momentum turbulent transport models for constant density flow. 

Th~ data used to formulate and validate the turbulent transport model. have 
been obtained primarily from velocity and momentum transport measurements because 
only a limited amount of concentration and mass transport data is available. The 
mass (species) transport data presently available are not sufficient to determine 
where inadequacies exist in the present models or to formulate improvements for the 
models. One reason for lhis situation is that the method for simultaneously obtain­
ing turbulent mass (species) and momentum transport data often have been indirect, 
requiring compromising assumptions. To overcome these limitations a new technique 
has been developed to simultaneously measure concentration and velocity and, there­
fore mass transport data which can be usea to evaluate and improve combustion orien­
ted turbulent transport models for scalars such as concentration of species and 
and temperature. 

A review of techniques to measure instantaneous velocity, temperature and species 
concentration at a point is presented in llef. 2. The current discussion will be 
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limited to concentration measurement techniques. There are several intrusive tech­
niques for simultaneously measuring velocity and concentration. Libby (e.g., Ref. 
3) has successfully used two hot wires in air-helium mixtures; how.ver, hot wire 
techniques are generally limited to flows without recirculation and have not ~een 
used extensively for gaseous mixtures other than helium and air which have large 
variations in thermal conductivity and density. Other methods require two probes 
which are often bulky and preclude 'point' measurements, 

Several non-intrusiv~ measurement techniques have been proposed to obtain simul­
taneously velocity and concentration measurements in recirculating flows (e.g., Ref. 
4). Raman scattering, marker nephelometry (Ref. 5), and the laser induced fluores­
cence (LIF) of a trace material are three techniques previously used for obtaining 
the concentration portion of these measurements. Raman scattering has applications 
for combustion studies but has sensitivity limitations for room temperat~~e fluid 
mechanics studies. Marker nephelometry requires high seed rates and pr~be volumes 
for LDV velocity measurements orders of magnitude smaller than the probe volume for 
concentration measurements. Laser induced fluorescence of trace dyes or gases offers 
an experimental method which is compatible with LDV measurements. 

The use of fluorescein dye as a trace element in water was chosen for use in the 
current study of mixing between constant density fluids for several reasons. These 
reasons are: (1) that the dye and water are relatively inexpensive, (2) the wave­
length required to excite the dye is compatible with current LDV equipment, and (3) 
the fluids are convenient to use. This choice restricts the measurement technique 
to the acquisition of constant density transport data. Although the combustion pro­
cess has variable density gases mixing in a reacting environment, the mathematical 
transport models for combustors are expected to be based on the turbulent transport 
phenomena found in constant density mixing with modifications for variable density 
and reacting flows. 

A preliminary effort at UTRC to obtain quantitative concentration measurements 
with fluorescent dye in 1975 was described by Owen (Paper 28 of Ref. 4). The current 
effort at UTRC was initiated in 1978 and makes use of improved optics, data handling 
capabilities and operative procedures. Initial results from the current effort were 
presented in Ref. 6. These measurements were limited in scope as only mean and 
fluctuating axial and radial velocities and radial mass transport measurements were 
obtained. The experimental capability for the present study was expanded to include 
measurement of the mass transport in the axial (z) and azimuthal (e) directions and 
the momentum transport in the z-r and z-O planes. Data acquisition and stora~e tech­
niques were used in the present study which allowed the calculation of the higher 
moments of the velocity, concentration and turbulent transport rate probability den­
sity functions. 

The current application of the combined LV/LIF measurement techniques along with 
the available data handlir.g procedures provides an opportunity to obtain data which 
can be used to evaluate a number of computation methods and turbulent transport 
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model.. Re.ult. from the pre.ent .tudy can be u.ed to evaluate (1) the pre.ently 
u.ed two-equation turbulence model, (2) the Reynold •• tre •• tran.port model and (3) 
the probability den.ity function formulation for predicting turbulent tran.port and 
concentration fluctuation •• 

Outline of Preaent Study 

Turbulent mixing of confined coaxial jet. i. being .tudied becau.e of its .imi­
larity to the combustor .ituation and thus it. value in the mathematical modeling of 
combustor flow field.. Surveys of previous experimental studi~s were presented in 
Refs. 7 and 8. The turbulent mixing characteristic. of confined coaxial jets are 
applicable to the combustion fluid mixing proce •• because the flow field has the 
same features found in gal turbine combustors and furnaces. The coaxial jet. provide 
a method of introducing fuel and air into the combustion chamber. 1he recirculating 
flow zones associated with coaxial jets in en1arg~d ducts provide the pilot r~gion 
usually required to maintain flame in a combu.tor over a range of operating conditions. 

The Reynold. number (Re • pVd/u) of flow injected through various sections of 
aircraft gas turbine combustors vary from 104 to 106 and, therefore, the flows are 
generally turbulent. Lower Reynolds numbers occur for flow through cooling holes at 
engine idle conditions. Higher Reynold9 numbers occu~ for flow through swirlers or 
dilution jets at engine takeoff conditions. The flow conditions selected for the 
detailed data acquisition in the pre.ent study have Reynolds numbers of 15,900 and 
47,500 for the inner and annular .treams, respectively. The.e Reynold. numbers are 
factors of 5 to 20 greater than the transitional Reynolds number range and in the 
range occurring in aircraft gas turbines. Therefore. turbulent transport phenomena 
mea.ured in the present experiment are also expected to be typical of the transport 
phenomena occurring in ga. turbine •• 

The .hear regions of coaxial jet. confined in an enlarged duct are presented in 
Fig. 1. The discu.sion of the re.ult. from the present ,tudy will ~~ related to each 
region as applicable. The terms and .ymbo1 •• hown on the figure will be u.ed through­
out the report. 

The extent of each region shown in Fig. 1 has been previously shown to depend 
upon the dimensions of the coaxial jets and ducts, the velocities in the two .tre~s 
and the fluid properties. The length of the wake region depends upon the jet inlet 
velocity profiles and the development of the 8i1ear layer between the jets. The 
length of the shear layer between the jets will depend upon the ratio Ui/Ua. and the 
dimensions of the jets. The length and velocities in the recirculation region will 
depend on the jet and duct dimensions and the velocity of the aaPular jet. The flow 
ch~racteri.tics in the reattachment region are likely to be influenced by the charac­
teristics in the shear layer between jets before reattachment. Thu., the flow field 
is relatively complex with interaction between .everal region •• 

lone pre.ent .tudy wa. initiated with a flow visualization study to qualitatively 
determine the effecta of velocity regio, Ui/Ua' and Reynold. number on the flow 
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characteristics of the shear regions cited in Fig. 1. Theae tests were conducted for 
one inlet and duct geometry. Results from the study were also used to determine 
Itreamwise locations for obtaining detailed velocity, concentration, and transport 
rate measurements. 

The major focus of this study was on the acquisition, reduction and analyais of 
velocity, concentration, masl tranaport rate and momentum transport rate measurements 
at seven axial locations within the duct teat aection. Singll' ;omponent velocity 
data and inner jet fluid concentration data w.re obtained simultaneously to deter­
mine the local mass (or Icalar) transport rate. Two velocity components wer~ ob­
tained simultaneously to determine the local momentum transport rates. As a result, 
the concentration and principle velocity diatributions were obtained during at least 
two nonconaecutive data acquisition runs. The data set for each point meaaurement waa 
analyzed and reduced to obtain the mean and three central moments from each proba­
bility density function (p.d.f.), i.e., the mean valuea, the rms deviation from the 
mean, the skewness of the p.d.f., and the flatness factor (or kurtosia) of the p.d.f. 
The averagea and central moments were obtained for the mass and momentum tranaport 
p.d.f.s as well as the velocity snd concentration p.d.f.s. The reduced results for 
each data point set are tabulated and presented in this report. Graphical presenta­
tions of representative results are also included to aid in the discussion of the 
results. 

Although the flow condition of the data reported in Ref. 6 was the same MS that 
for the present study, the additional measurem~nts of the present study produced 
several interestinR and important results. Flow visualization showed the secondary 
vortex pairs superimposed on the conventional large scale turbulent structure in the 
shear layer between the jets. The axial mass transport results showed countergradient 
mass transport rates larger than the radial mass t~ansport rates in a large c~utral 
region of the flow. With regard to the evaluation of the mass and momentum trana­
port models, the third and fourth central moments of the concentration and ma~s 
transport rate were found to be larger than those for the velociti •• and momentum 
transport rate. These results provide the turbulent transport modelers with much 
needed detail to (1) determine differences between the current models and experi­
ments or (2) formulate improved models. 
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DESCRIPTION or APPARATUS AND PROCEDURES 

Flow Sy.tem 

A .ketch of the te.t .ection alonl with the inlet and exhau.t .ection. i •• hown 
in ril. 2. The workinl fluid for thi. experiment wa. water with a temperature of 
approximately 20C. The te.t .ection con.i.ted of a 122 na in. ide diameter by 1 m 
lonl. thin-vall Ila •• tube mounted in an optical box. Flow to the te.t .ection en-
tered through an annular duct and a amaller center tube (Fil. 3). Flow exhau.ted 
through the exit duct, up over a weir and flowed to the drain. The top end of the 
duct containing the weir wa. open to the atmo.phere. The atma.pheric pre.lure at 
the weir prevented the te.t .ection from becoming overpre •• urized. In order to de-
crea.e the optical di.tortion obtained when conductinl flow vi.ualization and optical 
experiment. in circular tube. thorulh water-gla •• -air interface., a flat-faced opti-
cal box .urrounded the circular te.t .ection which wa. filled with water. The inlet 
plenum for the annular duct contained three perforated plate. to produce approxi-
mately uniform flow and an honeycomb lection to remove .wirl from the flow. No flow 
Itraightening device. were u.ed for the inner jet tube which wa. approximately 25 mm 
(1 in.) dia. and was fed with the same diameter duct and hOle for the lengths of 
over 10 ft. • 

A Ichematic of the flow component. u.ed in the experiment i. presented in Fig. 
4. For the la.er veloc~eter te.tl, flow wa. circulated by a pump from the .torage -I. 
tank, through metering valve. and flow mea.uring device. to the center jet inlet 
and annular jet inlet of the inlet plenum. The flow from the annular duct and 
center tube entered the te.t .ection, mixed, di.charged into the exhau.t duct., and 
returned to the .torage tank. For the :.V/LIF te.t. and flow vi.ualization te.t. 
where fluore.cein dye va. u.ed a. a tracer, the water from the exhau.t wa. dilcharled 
into the city lanitary lewer and fre.h vater repleni.hed the .y.t ... 

For te.t. with dye. the dye va. added to the inner jet fluid in a mixing chamber 
a short di.tance from the innet jet metering valve. Uniform flow of the dye wa. 
obtained by metering the dye through a micrometering valve with a 20 to 40 p.i pre.­
.ure drop. Thi. pre •• ure drop wal large compared to other preslure drop. in the 
IYltem to en.ure a uniform dye concentration in the inner jet fluid. A magnetic 
rotating mixer wa. uled to keep the dye well .tirred. An inline filter wa. required 
to prevent the dye micrometering valve from clo8ginl. 

Flow Vi.ualization 

Sketche. of the optical arrangement. used to obtain flow vi.ualization photo­
graph. and motion picture. of the flow pattern in the r-z and r-6 plane. are .hown 
in Fig •• 5 and 6, relpectively. An argon ion la.er with a principle line of 0.4880 
um wavelength (or all line. operatina) and a 1 am dia. beam VA. u.ed a. the light 
.ource. The laser beam va. pa •• ed throuah a cylindrical len. (a Ila.s or plastic 
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round rnd) cau.inl the beam to diverle in one plane while maintainin, a beam thicknell 
of approximately 1 mm. The Ilall rod val politioned with the axil vertically to illu­
minate the r-z plane through the telt section axil and vith the axil horizontally to 
illuminate r-e plane. at .elected axial location.. Cameral vere u.ed to view the flow 
with the camera optical axil at right angle. to the plane being illuminated (Fil" 5 
and 6). Relatively high concentration. of dye were u.ed in the inner jet for the.e 
flow vi.uali&ation .tudie.. In general, the dye concentration wal increa.ed until 
the fluore.cent light level wal high enoulh for good photograrhic contra.t; too high 
dye concentration. cauaed nonuniform light ab.orption along the light path. 

LV/LIF Inltrumentation 

Overview 

The la.er velocimeter (LV) and la.er induced fluore.cence (LIF) mea.urement. were 
obtained primarily u.ing commercially available component. and conventional la.er 
velocimetry practice.. Some electronic component., which were not commercially avail­
able when fir.t required at UTRC, were de.igned and fabricated by the UTRC in.trumen­
tation group. The equipment utilized for each mea.urement will be de.cribed a. the 
technique i. di.cu.sed. 

The LV measurement .y.tem. employed in the.e experiment. u.ed the dual beam LV 
optic. concept. The laser-Doppler velocimeter dual beam operating principle i. lla.ed 
on the .cattering of light from a .mall particle traveraing the mealurement or probe 
volume. When the aeed particle i. traveling with the fluid flow, the flow velocity i. 
al.o determined. The probe volume occur. at the inter.ection of two equal-inten.ity 
coherent la.er light beam.. The LV optic. were arranled to obtain the minUmwm beam 
wai.t diameter (and therefore the highe.t beam inten.ity) at the probe volume location. 
The inter.ectinn of two coherent la.er light be ... at the probe volu.. cau.ed an inter­
ference fring pattern to occur with a frinae 'pacing, df • ~/(2 .in (./2»), where ~ 
i. the la.er lilht wavelenath and, i. the anile betveen the tvo la.er lilht be .... 
Light .cattered from the particle traver.ing the probe volu~ va. collected and focu.ed 
onto a photomultiplier. The frequency of the light inten.ity, fD' arriving at the 
photodetector va. related to one component of the particle velocity component, fD • 
Ui/df, vhere Ui i. the velocity component perpendicular to the optical axil and in the 
plane of the two laser light be.... Further de.cription. of dual beam la.~r doppler 
velociaetry including the frequency .hift used to prevent flow direction ambiluity are 
pre.ented in Ref. 10. 

Each LV .y&t .. va. comprised of component. cr .ub.y.t ... Which perfora Ipecific 
function. and which can u.ually be interchanged vith equipment from variou ... nufac w 

turer.. A la.er-velocimeter .y.tem con.i.t. of the followinl component.: (1) a 
la.er. (2) a .ending and receiving optical .ub.y.tem, (3) a .ilnal procel.or(.). (4) 
a data handling .ub.y.tem, (5) a traver.e .y.te. to po.ition the prODe volu.e, and (6) 
a .catterina particle generator or .eeder. Following are .hort del~riptionl of the 
compon~nt. u.ed for both th~ LV/LIF and two component LV Iy.tema. 
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Por all the mea.urement. repor~.d. the particle. naturally occurrina in the lelt 
Hartford water .upply were u.ed a. LV leed. (Item No.6), '!he traverle .y.tem con.b­
ted of a millina machine ba.e vith three direction. of mot\on and relative traver.e 
po.ition .ccuracie. of : 0.1 am (Item Mo. 5). 

The l.ser-Ooppler veloci.eter .ian.l proce •• or. (Item No.3) .. plify and filter 
the .ianal. from the phot~dUltiplier. v.lid.te the Doppler frequency .amp1e •• and • 
fin.lly compute the Doppler period which i. the reciproc.l of the Doppler frequency. 
The SCIM!rRICS Model 800A .ianal proce •• or ..... ured the el,pled ti .. for 8 Doppler 
cycle.. The proce •• or cnunter record. the pu1.e. from. 125 MHz cry.t.l durina the 
8 cycle period. In order to check the v.lidity of the LDV lian.1, the procl.lor 
.1.0 me •• ured the pu1.e. for 4 .nd S Doppler cycle •• nd comparel vith the 8 cycle 
relult to en.ure the LOV .ian.l i •• v.lid one-partic~~ .ian.l. The inteler number 
tr.n.mitted to the computer i, the period of the Doppler frequency in n.nolecondl. 
Two .i,n.l proce.lor. are required for the UTIC .y.tem (one for each velocity campo-
nent) • 

A minicomputer d.t. handlina .y.tem (Item 4) v •• u.ed to acquire •• tore and re­
duce the d.ta on line. 1hi •• yt .. con.i.ted of (1) a ~ata h.nd1ina interface (con­
.tructed by UTRC). (2) a DEC PDP10/11 minicomputer vith • dual di.k operatina .y.tem, 
(3) I DEC Laboratory Peripher.l Sy.tem. (LPS) vith an AID lianal converter, and (4) 
• DEOwriter III teletype printer. Specific function. of the data handlina interf.ce 
and the AID converter will be de.cribed when applicable to •• peeific me •• urement. 

~o Component LV Me •• urement. 

A li.t of the equipment employed for the tvo-component LV mea.urement. il pre.ented 
in T.ble I-A. A .ketch of the optic.1 ~rran.ement u.ed for the two component la.er 
ve10cimeter .... ur~nt. i •• hown in Pia. 7. The milline machine u.ed to po.ition the 
probe volume vithin the te.t .ection had • ranae of approximately 240 .. in the .tr ... -
vi .. direction. ~. ranae. for the vertical and cro.1 ";ream directionl were Ireater 
than the dimen.ion of the te.t .ection. 

A .ketch of the optical component. and beam pathe u.ed for the two component 
velocity .... urement. i. pre.ented in Pia. S. Thi •• yetem wa. operated in • direct 
back.,attedna mode. The 0.5145 ". v.veleoath be .... vere u.ed for the etre_ile 
velocity r~ •• urement.. The 0.4880 um v.velen.th beam vere u.ed for the radi.l .nd 
azimuthal velocity me .. uremente. A BraG. cell va. u.ed for both velocity cOllpOllent. 
to elilllin.te the flow direction ambiauity. Thi. optical tub.yet .. provided .i,nal 
to noile ratio. ,reater tb.n 20 except ne.r the te.t .action vall •• 

The LV D.ta Handlina Interface v •• u.ed to accept only tbote d.t. poi,nt. when 
the two velocity coaponent. vere obtained vithin • period of tta. of 1 .. ec. Howe~er, 

data .cqui.ition r.te te.t. .howed that a1.olt all of the .ete of two ca.ponent dat. 
vere obt.ined from a .inale p.rticle. Thi. t~ period v~. co~.id.red appropri.te 
for a probe volume of lenatb = 1 am and for typical vel~citie. of 1 M/.ec. The time 
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from • clock vithin the data h.nd1inl .yatem v ••• 1ao recorded .t each data ~cqui.i­
don. 

LV/LtP Me •• urement! 

A 1i.t of the equi,.ent employ.d for the la.er ve10ci.et.r/l •• er induc.d f1uorea­
cencI .... ur~ment. i. pr •• ent.d in T.ble I-I. A .k.tch .hovina the ~rr.nlement of 
th. optic.l component. u.ed for the LV/LtP .... ure.ent. i •• hown in Pia. 9. Th. LV 
•••• urement. vere obt.ined in • forw.rd .c.tt.rina .ode while the LtP .... ur ... nt. 
were obt.ined in • direct b.ck.c.tt~rinl mode where the liaht v.a .ent .nd received 
throulh the ... e l~n •• 

The 0.4880 ~ v.velenath of the .rlon ion l •• er v •• u.ed both to excite the 
fluore.cence of the fluore.eein dye for the LIP .... ur .. ent and to .c.tt.r liaht from 
p.rticle. for the LV .... ur ... nt.. The l •• er be .. inten.ity u •• d v •• .onitor.d durina 
bench te.t. to determine power fluctu.tion.. The pe.k to p~ak pow.r drift over. 20 
.inute period v •• 1e •• th.n O.S percent. 

Pluore.cein dye v •• ucle frOll fluore.c.in dhodiull lilt vith • chemical foraula 
C20H100SN.2' Thi. dye i. u.ed exten.iv.ly for v.ter pollution .tudie •• nd i •• v.il­
able from chemic.l .upply hou.e. in powder ferm. Ab.orption .nd .. i •• ion .pactr. d.t. 
for fluore.cein dye c.n be obtained from aef. 11. A liquid o)'e conc.ntrate v •• fOrMd 
by di •• olvina 2.S ... of dye rovder in I t.ble.poon of .1cOhol and then mixina vith 1 
liter v.ter. A dilute .01utiOl.' of dye va. ude by .ixi", I .1 of concentr.te vith 
3.S1 of v.ter. The dilute .olution v ••• dded to the inner jet fluid in r.tio. of I 
part dilute .olution to 760 p.rt. v.ter. the dye in the diiute .ixtur. v ••• tirred 
for over one hour and Cln be considered unifomly .ixed. Th. dilute concentr.tion VI. lIixed "inline" vith the inner jet (luid. V.ri.tion in dye concentration •• t the 
inner jet inl.t loc.tion e.n be .ttributed to the l •• t .ixina proc.... A current-to­
volt.,e converter va. u.ed to convert the curr.nt throu,h the LIP photoaultipli.r tube 
to • volta,e. The .ian.l from the photo.ultiplier .1.0 v •• filt.r.d vith • 2 18& 
low pa •• filter to relllOve the .hot noi.e ••• oci.ted vith phot~ltipli.r tube.. Th. 
2KH& filt.rinl v •• comp.tible vith the typic.l v.locity of 1 aI •• c .nd probe lenath 
of 1 RD. Th. LIP .Dlloa .ian.l va. proce ••• d throuah .n A/D volt.a. convera.r .ach 
t~ .n .ccept.ble LV .ian.l v •• obt.ined. The LV .nd LIP data were .tored a. paira 
alona vith the data .cquiaition tille by the D.ta H.ndlin, aub.y.tem. 

LF/LIP D.t. leduction 

Conv.ntional LV d.ta int.rpret.tion techniqtel wer. u.ed to proc ••• aDd .tore 
the d.ta. Lhtin •• of the pro,r. u.ed to edit the tvo·.'coaponent v.locity elata ad 
the LV/LIP (;'ta .re pre.ented in Table. V-I .nd 2. r •• pectiv.ly. Th. data fre. the 
LV .i ... 1 pr~c ••• or. aDd the LIP .iana1. h.v. be.a .tor.cS and viii be av.ilabl. 
throuah the RASA Project Manal.r for r •••• rch.r. who vi.h to obtain oth.r infor.a­
don fro. the data than the IIOMIIIt. and correlation. obtained in the current editina 
procea •• 
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FLOW VISUALIZATION RESULTS 

rlow vi.u.li •• tion .tudi •• wer. conducted to d.t.rain. the .c.l. of the turbu· 
lent .tructur. of the flow vithin the t •• t •• ction duct (ria', 2 .nd 3). Th. flow 
vilu.lh.tion v •• obtal.ned by .ddina fluor •• c.in dy. to thl:. inn.r j.t fluid. Th • 
• trucutr. and .c.l. of the turbulent eddi •• v •• d.duced f:o. the int.rf.c. b.tween 
hlah .nd low conc.ntr.tion. of d,e r.cord.d on biab .p.ed .otion pictur •• (ri, •• S 
and 6). 

'lb ••• flow vbu.lh.tion .tudie. v.re .110 conduct.d (~o d.t.nain. if the f'ow 
field v ••• virl fre., .xi.,...tric, .nd .t.ti.tic.lly .tAtion.ry b.f~r. d.t •• cquili­
tion v •• initi.t.d. 'lbi •• xp.riaent v •• conducted to obt.in • d.t. b ••• th.t c.n b. u •• d 
to .v.lu.t. "'.,..etric flow c.lcul.tion proc.dur ••• nd it i. critic.l th.t the flow 
have th •• e foremention.d ch.r.ct.ri.tic.. Good .xi.ymyetric ch.r.eteriltic •• r •• 1.0 
requir.d b.c.u.e d.t. fr~ the .... radi.l loc.tion .re obt.in~d .t .ev.r.l •• iauth.l 
loc.tion.. Th. tran.port _d.lI dev.lo~d for the coaputational proc.dur ••• r. ba.ed 
on time-ind.p.nd.nt It.ti.tic.. Ther.for., it i. import.nt th.t tb •• xperi-.nt.l 
d.t. u.ed to evalu.te tb ••• aoct.l. b. obt.ined from .tati.tieally .t •• dy or .tation-
.ry flova. 

Motion pictur •• were obt.in.d in the r-. pl.ne vith the c.nt.r of il1urination 
.t • • 100 .nd 200 ... nd in the rae p1.n. Mt • • 51, 102, 152 .nd 203... Th. fore­
aentioned •• t of pl.n •• vere photOlr.ph.d .t 500 fr .... / •• c for five flow condition •• 
1h~ char.ct.ri.tic. of rlow Cocdition I, th.t condition .el.cted for d.t.il d.t • 
• cqui.ition, .r. d •• crib.d in the followina paraar.ph. The char.cteri.tic. of the 
otla.r flow condition •• r. de.eribed in App.ndix 1. 

na. photolr.ph. for Flow Condition 1 .~. pr .... ted in ri'e 10. Thh flow con­
dition v •• the ...... tbat for Which ,.t. v ••• cquir.d in Ref. 6. l~ the upp.r 
l.ft photolr.ph, the cla."ic.l l.rl' eddy .tructur. a •• ociated vith .h •• r l.y.r. 
c~~ld b. di.c.rned. Th. dy.d inner j.t fluid v •• aovina .lower than the .nnul.r j.t; 
hence the .ddi •• wer. "roUi"," f.n.r than tb. inn.r j.t fluid. Th .... ddi •• vera 
••• oci.t.d vith the .h •• r l.y.r b.tween j.t. (Pil. 1). Th. upper riaht photoar.ph 
.how. the .c.l. of the .ddi •• containina inner j.t fluid which occurred i .... i.t.ly 
up.tr ... of the r •• tt.chaent r .. i~ (Pia. 1). Th. inn.r j.t fluid int.~ittent1, 
filled _.t of the duct cro., .ection. The r-e pl.n. photolr.pb at • • 51 .... howe 
the .i •• of the eddy .tructur. in the v.ke r"ion. At.· 102 .. , which v •• in the 
.he.r l.y.r between the j.t., the radial .c.1e of turbu1enc. v •• incr •••• d .nd ~or­
t.x paira vera Ii.n.r to the vorta pair. Db •• rved by tb. Californi. lnetitut. of 
T.chao101Y fluid mech.nic. r •••• rch Iroup. Th. vort.x pair. .ppe.red to occur ren­
d_I, both tiMvil •• nd •• '-th.Uy in the .hur lay.r between j.t.. At.· 152 _. 
in .h.Ar l.y.r o.tve .. jet., the inner j.t fluid di.tribution bee ... .ore thr.e 
d~iona1 than .t the up.tr ... 10c.tionl. Th. 1ar,.lt Ic.1 •• tructur. vith hi,h 
dye concentration. occurred at • • 203 _. "i1\h loc.tion v •• '-edi.t.1, up.trw. 
of the reattacbMllt &Ofte when the amwlar jet fluid beau to decelerate the flow 
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toward the duct wall. At further downstream locations. the peak concentrations of 
the inner jet fluid were lower and the dy~ concentration ~re uniform across the 
duct r-8 cross section. 

The flow visualization study showed the flows were as axis~etric and swirl 
free a8 could be detenDined visually. Although the scale of the turbulent structure 
was relatively large, the eddies were not axisymmetric or periodic. The large scale 
waves and eddies appeared to have a range of wavelengths. the flows did not have 
bistable modes or preferred ~zUauthal turbulent eddy orientations at any location in­
cluding the reattachment region. However, the scale of the turbulent structure near 
the reattachment region was large which will require relatively long dara acquisition 
times to acquire stationary data sets. 
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DISCUSSION OF MEAN AND FLUCTUATING 
VELOCITY AND CONCENTRATION RESULTS 

Foreword to Presentation of Results 

The use of computerized data acquisition storage, reduction and analysis tech­
niques permitted numerous quantities to be determined from the data obtained in this 
study in addition to the mean and fluctuating velocity components and concentrations 
usually obtained. These included (1) calculation of parameters which can be uRed to 
characterize the probability density functions (p.d.f.s) of the velocity components, 
the concentrations, the mass transport rates and the momentum transport rates; and 
(2) the various correlations and cross correlations required to evaluate the model­
ing of a turbulent transport process. 

The determination of all parameters and correlations obtainable from the experi­
mental data was beyond the scope of this study. However, the most universally used 
terms have been calculated and are included in this report. The parameters presented 
include the mean and three central moments of the velocity and concentration proba­
bility density functions (i.e., the mean, rms variation from the mean, skewness and 
kurtosis or flatness factor), the mean and three central moments of the mass and 

. momentum turbulent transport rate probability density functions, and the correlation 
coefficients for the mass and momentum turbulent transport rates. 

the calculated parameters for each data point set are tabulated in Tables IV-XX 
with the terms XX used to denote run number. The number of velocity/velocity or 
velocity/concentration data pairs used to calculate the parameters for each data 
point set vary from 239 to 1000 and are also tabulated ill Table IV-XX. The number 
of data pairs used to calculate the parameters for each data point are usually less 
than 250, 500, or 1000, the number of data pairs acquired for each data point. Data 
pairs were eliminated from the data set when one of the data pair appeared to be 
spurious. Spurious data was fefined as data well outside the 30 region of the proba­
bility density function and ~aB believed to occur when the laser velocimeter signal 
pro(;essor passed ''bad'' data. The run numbers are tabulated in Table II as a function 
of axial location and direction of mass transport or plane or momentum transport. 

Not all the data was stored on floppy disks due to a malfunction of the disk 
drive. When the data was not stored, it could not be editored to eliminate spurious 
LV data points and the third and fourth central moments were not considered accurate 
enough to be included in the data set. Not all combinations of data were obtained 
at all axial stations; the azimuthal transport terms were determined to be negligible 
in an initial set of runs and were not obtained when significant data acquisition 
time could be eliminated. 

A tabulation of the figure numbers on which a particular result may be found is 
presented in Table III. The mean and fluctuating velocity and concentration data and 
the principle mass and momentum transport rate data for all axial stations are presented 
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in graphical form. Representative results of other parameters were also plotted and 
are presented. 

The results are presented and discussed in the following order. The mean and 
fluctuating velocity and concentration results are presented first. the turbulent 
mass and momentum transport rates and correlations second. the higher moments of 
velocity and concentrations. the autocorrelations of the concentration signal. and 
the higher moments of the turbulent transport rates are presented in later sections. 

Detailed measurements were obtained for Flow Condition 1. described in the flow 
visualization section. This flow condition is the same condition used in the previous, 
less extensive data acquisition experiments sponsored by UTRC (Ref. 6). 

Velocity Results 

Hean and fluctuating velocity profiles were obtained at the seven axial stations 
as part of both the mass and momentum turbulent transport measurements. Consequently, 
each velocity profile is comprised of data from two or four azimuthal locations and 
two or more runs. The coordinate system employed for this study is presented in Fig. 
3. The results will be related to the shear regions shown in Fig. 1. 

Hean Axial Velocity 

The mean axial velocity profiles are presented in Fig. 11. The velocity profile 
at the upstream measurement location closest to the inlet, z • 13 mm (0.5 in.), had 
several significant features. First. the peak velocities from the inner jet were 
approximately one-half the peak velocities from the annular jet. Second, there was 
a wake region at radius ratio, r/Ro Z 0.25, from the flow adjacent to the inner tube. 
In addition, the axial velocity profile was observed to be axisymmetric. 

The change in the axial velocity profile from z • 13 mm to successive locations 
downstream document the development of the various shear regions within the test re­
gion. The shear caused by the wake of the inner jet tube resulted in a decrease in 
the peak centerline velocity from z • 13 to 51 mm. This wake region disappeared at 
z • 102 rem. 

The shear layer between jets occurred between z • 51 mm and 203 mm. In this 
shear region, the annular jet flow accelerated the inner jet flow. At z • 254 rem, 
the velocity profile in the center of the duct was approximately flat. 

A third shear region occurred between the annular jet flow and the recirculation 
region. Note that the radial extent of back flow (U < 0) in this region decreased 
from rlRo • 0.54 to 1.0 at z • 13 mm to r/Ro ~ 0.85 to 1.0 at I • 203 mm. The end 
of the recirculation cell and reattachment of the annular jet to the peripheral wall 
occurred near z • 254 mm. Note that the measured peak negative velocities occurted 
at I • 102 mm and had a value of -0.075 m/sec. This negative velocity was 17 percent 
of the peak streamwise axial velocity at that location. This ratio of rever.e flow 
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velocity to streamwise velocity is typical of that which occurs in free shear ~~vers 
downstream of backward facina steps. 

The axial variation of mean axial velocity along the centerline is shown in Fig. 
12. The data presented shows the effects of the shear layers described previously. 
First, a decrease in centerline velocity occurred from z· 0 to 100mm due 'to the 
inner jet fluid mixing with the flow in the wake from the inner jet tube. Second, an 
increase in centerline velocity from z • 100 to 175 mm occurred as the fluid from the 
annular stream accelerated the fluid from the inner jet. Third, the deceleration of 
the centerline velocity from z • 200 mm to larger values of z occurred as the flow 
from the annular jet attached to the duct wall and closed the recirculation cell. 

Radial Mean Velocity 

The profiles of mean radial velocity are presented in Fig. 13. Note the velocity 
scale is changed by a factor of ten compared to that used for the axial velocity pro­
files. Positive velocities indicate flow radially outward from the test section 
centerline. 

Rapid changes in the profiles of the radial velocity occurred from z • 13 mm, the 
flow from the inner jet and the annular stream was directed into the center tube wake 
region (+V for r/Ro < U.25 and -v for r/Ro > 0.25). The negative radial velocities 
at radius ratios from 0.5 to 0.8 were attributed to the flow radially inward at the 
upstream end of the annular recirculation region. At z • 51 mm, the radial velocities 
for r/Ro < 0.2 were positive but near zero and indicated the relatively low, mass 
flux from the center jet to the tube wake region. Radial velocities inward for 0.2 < 
r/Ro < 0.45 indicated fluid motion from the annular jet into the tube wake region. 
Radial velocities outward for 0.45 < r/Ro < 0.6 indicated fluid moving from the annular 
jet into the shear layer between the annular jet and the recirculation zone. 

At z • t02 mm, the radial profiles indicated (1) radial inward flow occurred for 
r/Ro < 0.35 where the outer annular flow w~s accelerating the inner region, (2) radial 
outward flow occurred for 0.35 < r/Ro < 0.7 where the annular jet velocity decreased 
and flow was entrained into the recirculation cell and (3) radial flow inward occurred 
for r/Ro < 0.7 due to radial flow inward in the outer half of the recirculation cell. 
Similar descriptions are applicable at z • 152 Mm. At z • 203, 254 and 305 Mm, the 
flow had a positive radial component at all radius ratios. There was a trend toward 
decreasing radial velocity from z • 254 to 305 mm as the reattached flow begins to 
develop into turbulent duct flow. 

The run to run variations are more apparent in the radial velocity profiles than 
the axial velocity profiles. These variations were attributed to the sensitivity 
of the radial flow pattern to small changes in velocity ratio and geometry. The flow 
condition selected had interesting features (wake, shear layer between jets, recircu­
lation, reattachment--see Fig. 1) which occurred over a short distance. The fact 
that the flow was basically axisymmetric is sianificant (i.e., data for e • 0 and 180 
are the same). 
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Aaimuthal Mean Velocity 

The mean azimuthal velocity profiles are presented in Fig. 14. These data are 
plotted with the same scale as the radial velocity profiles. For these experiments 
with axial coaxial jets. a mean azimuthal velocity equal zero was expected. However, 
it is difficult to obtain a completely swirl-free flow. The results presented 
here document the local magnitude of the swirl in ~he test section. 

At z • 13 Mm, the flow from the center jet, r/Ro < 0.25, had negligible swirl 
(i.e., tan-l 0.01/0.8 • 0.7 deg.), however, the recirculation region adjacent to the 
end wall had mean swirl velocity of 0.1 m/sec. The higher values of W at z • 13 111m 

occurred where the recirculating flow is impinging on the upstream wall, r/Ro > 0.5. 
The tendency toward rotation in the recirculation region was increased as the re­
circulating flow approaches the upstream wall. As will be shown in subsequent 
figures these mean azimuthal velocities were less than the rms fluctuation of the 
velocity component. At further downstream locations, the azimuthal velocity compo­
nents indicated mean swirl angles of up to 1.5 deg. In all CAses, the mean azimu­
thal velocity was less than the rms of the azimuthal fluctuating velocity and could 
not be discerned in flow visualization tests. 

Fluctuating Velocities 

Fluctuating nxial, radial and azimuthal velocity profiles are presented in Figs. 
IS, 16 and 17, respectively. The changes in the intensity of the fluctuations be­
tween axial locations were well behaved and can be attributed to the developing 
shear layers. At z - 13 mm, the peak fluctuating velocities occurred in the wake 
from the center tube and the shear layer outside the annular jet. The fluctuation 
intensities at the center of the centel' arad annular jets were 5 to 10 percent of the 
local velocities which is compatible with previous measurements in ducts and annulus 
(e.g., Ref. 18). The intensities of the fluctuating velocities increased and decreased 
with the development of the shear layers (1) between the center and annular jets, 
(2) between the annular jet and the recirculation zone, and (3) in the reattachment 
zone. The intensity of the axial velocity fluctuations were greater than those of 
the radial or azimuthal velocity components in the shear regions. As th~ local shear 
rate decreased, the ratio of the intensities, v'/u' and w'/u' tended toward 1.0 (Le., 
at z • 203 and 254 mm and r/Ro - 0). 

Concentration Results 

A small amount of fluorescein dye was added to the inner jet fluid to differen­
tiate the inner jet fluid from the annular jet fluid. Both fluids were water in the 
experiment. The intensity of the light emitted by the fluorescence of dye from the 
laser velocimeter probe volume was proportional to the concentration of dye in the 
probe volume. The local concentration of the inner jet fluid, f, was defined to be 
!he ratio of light emitted locally to the light emitted at the inner jet inlet wh!re 
f • 1.0 by definition. In the discussion of the experu.ental results the aymbQl f 
and term "concentration" refer to the concentration of inner jet fluid aa 
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defined. The term tlmass transport" refers to t.he turbulent transport of the inner 
jet fluid. 

Mean Concentration 

The axial variation of the concentration along the centerline il shown in Fia. 
12b. Thele data were obtained in !WO letl. The first set from z • 25 to 250 mm used 
the inlet-jet-f1uid concentration f • 1 at z • 0 to 50 mm as reference. The stream­
wile traverle range of 225 mm was the max~m obtainable with the available optici 
and traverse table. The lecond let of data were obtained from z • 150 to 350 mm. 
The LIF voltage signa11 from these data were ratioed to the upltream let of data at 
locationl where the data lites overlap occurred. The LIF voltage lignall for the 
individual concentration profilel prelented in Fig. 18 were ratioed to the results 
from Fig. 12 to obtain a mean centerline concentration level. 

The axial viriation of th! concentration along the centerline (Fig. l2b) Ihowed 
small decrealel occurred from f • 1.0 for z < 75 mm. The end of the inner tube wake 
region occurred between z • 50 and 75 mm. The centerline concentrationl decrealed 
rapidly for 100 mm < z < 200 mm which is the region where the inner jet fluid il 
being accelerated by the annular jet flow (lee Fig. lla). the decreale of the center­
line concentration with axial diltance became more gradual for z > 200 mm and the 
centerline concentration approached within 0.01 of the mass flow averaged concentra­
tion level within the duct, fave • 0.104, at z • 356 mm. 

the mean concentration profilel are prelented in Fia. 18. At z • 1~ and 51 mm, 
the mean concentration along the centerline wal 1.0. The variations in f from 1.0 
for z • 13 mm and r/Ro ~ 0.15 indicate the level of scatter in the value of mean con­
centration for a aiven high concentratiun mealurement. These variations are attri­
buted to (1) defectl in the glall uled for the duct and glasl plates used for optical 
box p1atel, (2) small air bubbles or dirt on these surfaces that are occasionally 
formed during the course of a test and (3) a variation in trace material flow rate 
over the time period required to obtain a profile. At z • 13 mm and for 0.30 < 
r/Ro < 0.45, the incoming fluid should have zero concentration. Thele data scattered 
about the f • 0 value with a variation of less than 0.02. the values of f • 0.03 at 
z • 13 mm and 51 mm and r/Rg > 0.6 were due to the inner jet fluid being convected 
from downstream stations upstream into the recirculating zone. 

The concentration profiles showed the rapid decrease in peak concentration be­
tween 51 mm .nd 203 mm. ~etween z • 203 and 305 mm, the decreale in concentration 
level was more aradu~l. At z • 305 mm, the mean concentration profile was c10le to 
the mas I-flow-averaged conce~tration level within the duct, f ave • The peak concen­
tration was only 0.04 above f ave at this axial location. 

The (.oncentration profiles were reasonably axisymmetric and repeatable from 
run to run. "l11ele data were obtained al part of the mass tranlport measurements in 
three directioilS. Each profile contains data which was obtained over a two to four 
week period. 
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Fluctuating Concentration 

The concentration fluctuations, f', are presented in Fig. 19. Note the peak f' 
values increased from 0.15 at I • 13 to 0.30 at I • 152 mm. The peak values of the 
fluctuation intensity at I • 13, 51 and 102 mm, occurred in the high concentration 
gradient region between the inner jet and the annular jet. At I • 152 and 203 mm, 
the peak values of the concentration fluctuation intensities were near the center­
line. The peak concentration fluctuation in the profiles occurred along the center­
line fo.: z ~ 152 111ft. The peak concentration fluctuations also decreased with dis­
tance from the inlet plane for I > 152 mm. The ratio of concentration fluctuational 
fl. to mean concentration, f, at I • 152 waa approxtmately 0.50 which indicated a 
large fuction of the fluctuationa was due to "all annular jet" to "all inner jet" 
concentration variations. 
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DISCUSSION OF TURBULENT TRANSPORT RESULTS 

Momentum Transport 

!:!. Plane 

!he momentum transport rate profile in the z-r plane, uv, are presented in Fig. 
20. Because most of the momentum transport in this plane il due to the radial varia­
tion of the axial velocity, the dilcussion of the turbulent momentum transport rate 
distribution will be related to the axial velocity profiles (Fig. 11a) and the shear 
regions presented in Fig. 1. 

At z· 13 and 51 mm, a weak momentum transport radially outward (i.e., uv > 0) 
occurred for TIRo < 0.18 and 0.12, respectively. !his momentum flux was due to the 
shear of the inner l P t fluid on the wake region downstream of the inner jet tube. 
For z • 13 mm and 0.18 < r/Ro < 0.3, the momentum flux WAS radially inward, i.e., 
U; < 0, due to the transport of momentum from the annular jet fluid to the wake re­
gion downstream of the inner jet tube. At z • 51 Mm, the region with negative ~ 
was enlarged to 0.12 < r/Ro < 0.33. The wake region downstream of the inner jet tube 
disappeared at z • 102 mm, i.e., no region of ~ ~ 0 for r/Ro < 0.3. 

The negative momentum transport rate for r < 0.030 and z • 102, 152 and 203 mm 
was due to the radial inward transport of axial momentum which accelerated the inner 
jet fluid. The magnitude of the negative transport rate decreased with increasing 
z from z • 102 mm and was essentially zero at z • 254 mm. The location of the zero 
momentum flux toward the center probably occurred at the axial location with peak 
axial velocities, i.e., z • 170 mm (Fig. lla). 

Radial outward momentum transport for r > 0.35 occurred in the free shear layer 
between the annular stream and the recirculating fluid at all axial locations. At 
the upstream end of the recirculation zone, z • 13 mm and 51 mm, the radial trans­
port in the backward flowing region of the recirculation cell had approximately zero 
transport. At locations further downstream (z > 100 mm), the low or zero transport 
rate locations were estimated to lie closer to the wall. 

At z • 305 mm, the shear stress distribution was approximately linear as expec­
ted for fully developed pipe flow. However, the ratio of the wall shear stress rate 
(extrapolated) to the kinetic energy of the flow was approximately 0.1. This value 
compares with a value of 0.002 to 0.003 previously obtained for fully developed pipe 
flow at these Reynolds numbers (e.g., Ref. 18). From this comparison and the high 
level of the turbulence intensity (: 60 percent), it can be concluded that the turbu­
lent structure at z • 305 mm was far from equilibrium. 

The correlation coefficients, Buv. obtained from the turbulent t!!nlport mealure­
ments are presented in Fig. 21. The correlation coeffic!!nts. Ruv • uv/(u'v'), have 
the same sign as the turbulent momentum transport rate. uv. However, the shapes of 
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the correlation profile. are ea.ier to interpret at value. of the momentum tran.port 
rate near zero. At z • 13 and 51 1liii, the correlation cOflfficient profU .. for r/Ro < 
0.2 .how that the peak radial outward coefficient. were 0.35 and 0.2, which wa. only 
a factor of two 1e.s than the coefficient. for the inward tran'port, i.e., the neaa­
tive Buv at r/Ro • 0.25. However, the ratio of the inward/outward momentum flux 
into the wake relion was greater than 10 at that location (Pia. 23a). A1thouah the 
correlation coefficients at r/Ro • 0 were not identically equal to 0.0 a. expected 
for axi.ymmetric flow, a profile con.tructed through zero would not re.u1t in .ilni­
ficant deviations of the data from the profile. The deviation. which occurred can 
be attributed to .patia1 uncertaintie. in the mea.urement location and the location 
of the jet centerline. The absolute value. of the peak tran'port correlation coeffi­
cients in each shear region were 0.35 and 0.5S. The.e value. are in the ranae pre­
viou.1y measured for turbulent free .hear momentum tran.port (e.I., Ref. 18). The 
correlations were higher in regions Where the shear layer. are stable and lower in 
the reattaching and recirculation zone. where the turbulent .tructure (1) doe. not 
appear to be "ordered ll

, or (2) had 10naer time-dependent characteristics. 

z-O Piane 

The axia1/tanlential turbulent transport rate and correlation profile. obtained 
at z • 102 mm are presented in Pig: 22. A. expected for this nominally axi.ymmetric 
flow, the tran.port rate. were negligible compared to the axial/radial tran.port 
rates. The levels mea.ured, ;; < 0.004 m2/s2 and IRuwl < 0.04 are the level. of un­
certainty which probably occurred in the transport measurement. and their associated 
correlation coefficients. 

Mass Transport 

Radial Direction 

The measured radial ms~& tran.port rate profiles are presented in Pil. 23. The 
radial mass transport r~te i. generally as.ociated with the radial Iradient. of the 
mean concentration profile. (Pig. 18). Discus.ion. of the ma •• tran.port mea.ureaenta 
will be related to these profiles', to the shear region., and flow visualization re­
sults. 

The radial ma.s transport at z • 13 and Sl mm was concentrated at the interface 
between the inner jet and annular jet stream. Relatively low peak ma.. tran.port 
rate. occurred at these location. even thoulh the radial concentration gradient. were 
the highe.t in the flow field. Plow vi.ua1ization of thi. region .howed that coherent 
waves occurred in this region but that the fluid lenerally wa. not mixed. The peak 
tran.port rate. at z • 102 and 152 am were hiaher by a factor of 4 compared to the 
peak levels at z • 51 mm. The radial extent of the hiah radial ma •• tran.port rate 
spread inward and outward at z • 102 and 152 mm. The radial profile. at z • 203 
through 305 l1li approached those associated with the .elf-pre.ervina profile. of free 
jet mixin,. 
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The correlation coefficient. Ivf. profile. ar. pre.ented in ria. 24. At.· 
13 and 52 am, the peak correlation coefficient. were 0.25. The.e occurred in a reaion 
with arowina wavel but up.tream of the reaion with turbulent eddie.. At a • 102 ... 
the peak correlation coefficient. were 0.55 to 0.6. The.e occurred where larae wave. 
are beainnina to break into eddie.. The peak correlation coefficient. decrea.ed mono­
tonically with increalina a from a • 102 mm. The radial .... tran.port wa. radially 
outward in all reaion. except in the recirc~'lation reaion where n .. ative correlation. 
occurred, correlpondina to convective .... tran.port radially inward. The extent of 
thi. rea ion can be more ea.ily dilcerned from the correlation, Byf profilel (Pia. 24) 
than from the radial mass tran.port profile. (Fia. 23) becau.e the inward ma •• tran.­
port rates are low. 

Axial Direction 

TUrbulent Icalar (ma •• ) tran.port i. aenerally a~.ociated with the .calar (con­
centration) aradientl and a tran'port diffu.ion coefficient. mi • -Gm (af/axi). H0w­
ever for .ome clallel of flow. with turbulent tran'port. notably atmo.pheric tran.­
port of heat, the .calar tr.n.port can be oppo.ite the direction of the .calar aradi­
ent. Thit cla .. of .calar trall.port ia denoted "counteraradient" tran.port and re­
quirel a "af,ynold •• tre •• " formulation to calculate the .caler (ma .. ) tran.port rate 
(e.a., aef. 12). Some of the axial ma •• tranaport rate mea.urement. obtained in 
thit .tudy faU into the "counteral'adient diffuaion transport" category. Diacullion 
of these flow. will relate the mea.ured axial mal. transport to the velocity .hear 
field which produces the mass transport mechanism. 

The 'axial ma.1 tran.port rate, uf. profile. are pre.ented in Pia. 25. The mo.t 
important feature on the.e fiaure. i. the neaative ma.. turbulent tran'port which 
occurred in the central region of the t~.t .ection at & • 51, 102. 152 and 203 .. from 
the inlet plane. Note the axial ma •• tran'port rate decrda.ed from near aero at a • 
13 am to a minimum level at z • 152 am from the inlet plane. Throuah the reaion of 
the te.t .ection, the inner .tream .... concentration decrea.ed with increa.ina axial 
location (.ee Pia. 18). Note that the peak ab.olute value. of the axial tran'port 
ratel were hiaher than the value. for the radial tran.port (Pia. 23) even thouah the 
peak radial concentration aradient. were approximately five tLBe. the axial concen­
tration gradients. 

The countergradient tranaport proce •• e. can be explained by con.iderine the .hape 
of tbe axial velocity profile. in the couateraradient tran.port raaion (Pia. 11) and 
the eddy .tructure a •• ocLated with the momentum tran.port. In the reaion where the 
inner jet was be ina accelerated by the annular jet. the larae eddie. in that velocity 
Ibear layer near the centerline were rolline with the neaative fluctuatina axial 
velocitie. near the inner jet fluid. The re.ult wa. that preferred rotational orien­
tation of thele eddie. retard the flow in a .treamwi.e (~rection and con.equently 
re.ulted in ;t < 0 and hence countergradient ma •• tran.port. 

Sketche. of the reaiona witb both counteraraclient and aradient axial mal. tur­
buelnt tranaport and both axial veJ?city accelerations are sbown in Pia. 26. The 
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re,ion with counteraradient ma •• turbulent tran.port (M2) wa. apparently laraer than 
the rei ion where the flow from the inner Jet wa. accelerated by the flow from the 
annular jet (V2). Thh difff!rence in relion .he may be due to the re.pon.e time or 1 
di.tance required to chanae the character of the turbulent .tructure. ~ 

The corre14tion coefficient, Ruf, profile. pre.ented in Fia. 27 .how the develop­
ment of the axial ma .. tran.fer diltribution at the lr,~.' axial turbulent ma .. tran.fer 
rate more clearly than the local tran.port rite mea.urement.. At I • 13 mm, all the 
axill tran.port for rlRo < 0.3 WI. down.tream. At I • Sl mm. the axial turbulent 
tran.port wa. down.tream in the portion. of the .hear layer, rlRo < 0.14, ~ere the 
inner jet i. accelerating the .hear'layer between the inner and annular jet. The 
axial turbulent transport wa. nelative (upstream) in the inner jet-annular stream 
shear layer where the annular .tream fluid wa. acceleratina the .hear layer fluid. 
The peak negative value of the correlation coefficient increase. from -0.6 at I • 102 
to +0.25 at z • 305 Mm. Note that the peak of the nelative correlation coefficients, 
Ruf, occurred near the maximum radial gradient in the concentration profile •• 

Azimuthll Direction 

The azimuthal mass tran.port rate and the corr~lation coefficient profile. at 
z • 102 and 203 mm are presented in Fi,. 28. As expected for this nominally 4xisym­
metric flow, the transport rate was close to zero and the correlation coefficients 
at z • 203 mm were the order of the scatter observed in the radial and axial ma.s 
transport results. The correlation coefficient at I • 102 mm near rlRo • 0 may be 
high due to errors in location or small asymmetries in the location of the physical 
centerline of tte jet. The radial ma .. t~:".nsport dau WII obtained wit;, the same 
optical letup but with a traverae verticallY throuch the teat section ceuter. "lis­
alignments of 0.5 mm (or 1/2 the probe volume 1en,th) ":.'uld have caused the radial 
ma.s transport correlation coefficient to be approxim.'·~ly 0.2 at z • 102 mm <see 
Fie. 24), No ex~l.nation for the values of Rwf • O.lS for I • 102 and r/~ • C.l 
i. apparent except that the overall ma •• tran.port at that location i. low. 

21 

. ., i a • a 
"'it' .d to b 

l 
1 
1 



___ ~ __ ~ __________________________ ....... _"".:: .•. '0\'::",-.;-:-

DISCUSSION or SKEWNESS. KURTOSIS AND 
AUTOCORRELATION RESULTS FOR VELOCITY 

AND CONCIIft'1tATION PROBABILITY DENSITY FURCTIONS 

A1thouah .. an and f1uctuatina velocity and concentration di.tribution. and tran.­
port rate di.tribution. are required to evaluate the accuracy of prediction. vith a 
aiven turbulent tran.port model. they do not provide the in.iaht required to deteraine 
Where the deficienci •• in a turbulent tran.port model are located. Exa.ination of 
the probability den.ity function. for each data .et (data acquired for each location) 
can .how if the exper~enta1 condition. are compatible vith the a •• umption. in cur­
rent or propo.ed model.. The experimental technique. and the computer ba.ed data 
acqui.ition .y.tem. employed in thi •• tudy permitted the examination of the.e p.d.f •• 
and the determination. of their .kewne •• and kurto.i. parameter. u.ed to characteriae 
the .hape of the p.d.f... Typical re.u1t. from this portion of the .tudy are pre.en­
te" in thb and the foU)Wina section. lbe .kewne •• and kurto.is for each available 
d~t •• et are pre.ented in Table IV. 

Typical Probability Den.ity Function. 

Velocity and concentration probability den.ity function. (p.d.f •• ) were plotted 
for data .et. obtained at .elected radial location. at a • 103 .. from the inlet 
plane. Thi. axial location va. cho.en for more detailed ana1y.i. of the flow charac­
teri.tic. becau.e the momentum and .... tran.fer rate. are hiah at this location. 
The.e data were obtained a. part of the momentum and .... tran.fer data acqui.itioni 
con.equently the axial and radial velocity p.d.l •• were compriled of data from two 
different run.. The concentration p.d.f •• are compri.ed of data from the .... trans­
port rate mea.urement in three direction.. The mean quantity. ra. variation from 
the mean. the .kewne •• and the kurto.i. (or f1atnel. factor.) tabulated are averaae. 
from the number of run. cited in each fiaure. The data from the run. va. plotted to 
pre.ent a com/O.ite picture of the p.d.f. at each location. 

The mean value. and central moment. of each parameter were defined u.ioa the 
noaenclature of Ref. 13. The .pecific definition. for each term are pre.ented in 
Appendix II. 

The axial velocity p.d.f •• (Fia. 29) .howed .ianifieant chan.e. with radial lo­
cation. Several apparent relation.hip. between the .kewne •• and kurto.i. for the 
.hear layer. at a • 102 and 203 am can al.o be di.cerned. Fir.t, the p.d.f •• at 
rlRo • 0.0 and 0.1 were .kewed to the hiaher velocity region. On the average. flow 
at the.e location. wa. accelerated axially. At rlRo • 0.35. the p.d.f. wa •• kewed 
toward the lower velocitie.. On the averaae, fluid at this radiu. wa. decelerated 
by the .hear layer between the jet.. At radiu. ratio. of 0.5 and 0.6, the p.d.f •• 
vere more .,..atrie and had kurto.i. clo.e to that for Cau •• ian profile.. Thi. latter 
reaion had an almott coutant velocity aradient and almo.t coutant turbulent IIIOIHIltum 
trauport rate. 
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Althouah the radi.l v.locity p.d.f •• (ria. '0) .howed le •• v.ri.tion vith r.di.l 
loc.tion th.n the .xi.l velocity p.d.f •• , they did h.v •• ev.r.l v.ryina f •• ture •• 
At r/Ro • 0.0, the p.d.f. v ••• h.rply pe.ke4 .t v • O. Approxi .. tely 80 perc.nt of 
the r.di.l v.locity ... ple. lie b.tw •• n t .1 ., •• The t.il. on e.ch .id. of the 
pe.k c.u.e the kurto.i. to be rel.tively high, i •••• Iv • 7.2. The .econd centr.l 
moment, u t

• incr •••• d •• r/Ro incr •••••• 

1h ••• imuth.l velocity p.d.f •• (Fia. '1) h.d 1 ••• v.ri.tion vith r.di.l loc.tion 
th.n .ither the .xi.l or r.di.l velocity p.d.f... Th. only .ianificant ch.na' v •• the 
iBcr ••• e in w' witn incre •• ina r.diu. < •• did u' .nd Vi). 

The inner-jet fluid concentr.tion p.d.f .•• re pr •• ented in Fia. '2. Th ••• 
profile •• how the r.nae of the concentr.tion fluctu.tion. which occurr.d .t four 
r.di.l loc.tion.. E.ch of the profil .. Ghow. unique fe.tur •• which v.re ch.r.cteri.­
tic of .pecific "elion. of the flov. At r/Ro • 0.1, t~:"! p.d. f. h.d • double pe.k. 
Thi, me •• urement loc.tion occurred in • r'lion where the l.rae eddie. h.d hiah or low 
concentr.tion of inner jet fluid. The me.n concentr.tion v.lue v •• 0.69 which 
occurred between the tvo pe.k.. The .kevne •• f.ctor w •• -5.1 which ia • v.lue l.ra.r 
th.n .ny obt.ined for the velocity profile.. However, the kurto.ia h.d • v.lue of 
only 2.2, which i. clo.er to the value of 1.8 for •• qu.re ~.d.f. profile th.n the 
value of 3.0 for. C.".ai.n p.d.f. profile. 

The concentr.tion p.d.f ••• t r/Ro • 0,0 .nd 0.'5 vere obt.ined from .... ur ... nt. 
on the inner .nd outer ed,e., re.peceively, of the ... n concentr.tion profile.. At 
r/Ro • 0, the .o.t plob.ble inner j~t fluid concentr.tion va. ne.r 1.0. The t.il of 
the p.d.f. v ••• keved tow.rd the lower concentr.tion •• The v.lue. of Sf .nd If vere 
-2.6 .nd 12., re.pectively. At r/Ro • 0.35, the mo.t prob.bl. inner .tre .. concen­
tr.tion v •• 0.0. However, the t.il of the p.d.f. ~ ••• keved tow.rd v.lue. near 0.5. 
The .kevne ••• nd kurto.i. vere 4.4 .nd 37.0, re.pectively. Note the precipitioul 
.lope of the concentr.tion p.d.f •• t value. of le •• th.n 0.0 vhich wa. the ah.pe 
expected for .n ide.l .eed and .... ur .. ent .y.tem. 

The inner jet fluid concentr.tion p.d.f ••• how prob.bilitie., N(f)/No• are.ter 
th.n 1.0 and Ie •• th.n 0.0, the limit. for the inner jet concentr.tion. The concen­
tr.tion .... ur..ent. le •• th.n 0.0 vere attributed to photomultiplier r.i.e .nd t..­
pora' .hift. in tbe photomultiplier d.rk current. The concentr.tion .... urement. 
are.ter th.n 1.0 were attributed to nonuniformity of tbe dye/inner-jet v.ter mixture 
.. ~ .hift. in the inlet dye concentration a. vell ••• ero "hift .nd d.rk current. 
The maximum maanitude of the.e effect. c.n be e.t~t.d from tbe concentr.tion fluc­
tuation ••• uretaentl pr(~.ented in ria. 19 for & • 13 _. For r/Ro < 0.1, the inner 
jet concentration .hould Ue uniform .t 1.Oj the .... ured concentr.tion fluctuation 
value. were 0.05 to 0.06 for 0.' < r/Ro ~ 0.4. The concentration .hould be unifo~i 
at 0.0, the me •• ured concentr.tion fluctuation. vere approx~te1y 0.01. 

Typical Skewne.. and Fl.tne.. Di.tribution. 

The .kevn •••• nd f1atneaa factor. ~or tbe axi.l. tanaential and a.~tbal velo­
city and the iBner jet concentration diatributiona at & • 102 and 205 .. for Oft 
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inl.t pl.n •• re pr •• ent.d in Pi, •• 33 throuah 35. Th •••• xi.l loc.ti~n. h.d r.l.­
tiv.ly hi,h .nd .od.r.t. ~tu. trenaport r.t •• , r •• pectlvely, .nd vera ther.fore, 
.uit.bl. for co.pari.on. .. ••• rcher. requirina .or. In'laht into th. r.di.l v.ria­
tion of the .keune ••• nd kurto.i. of the v.locity coaponent. and concentr.ti~l' at 
other axi.l loc.tion. can obtain the data from Table tv. 

Axial Velocity 

1h~ .kevne ••• nd kurto.i. profil •• for the .xi.l velocity .... ur~nt •• t • • 
102 .. (Pi •• 33) .how th.t the velocity p.d.f •• h.d po.itlve .kevne.1 in the center 
reaion (r/'o < 0.20). ~i. indic.ted the loftl.r t.il. of th. p.d.f ••• re in the 
po.itiv8 v.locity dir.ction; • few .ddi •• of fluid with hisher axial velocitie. 
pen.tr.ted into the inn.r jet r'lion to .cc.ler.te the flow. Th •• kevn ••• f.,tor. 
for 0.2 < rlRo < 0.55 .re nel.tiv. Which indic.t •• th. lonler t.il. of the p.d.f •• 
w.re ita the lower velocity direction. Th. kurto.it tend.d to be Irll.tar th.n 3.0. 
th. v.lue for. Cau •• ian diltribution, when the .kawne •• f.ctor devi.ted from .ero. 
Th. kurto.i., Xu. for 1'/10 • 0.2 .nd 0.65 weI" 1 ... th.n 3.0 Which indic.te. a ten­
dency tow.rd • fl.t top on the p.d.f. (.ee Pia. 29. 1'/10 • 0.2). 

The .xi.l velocity .kawn •••• nd fl.tD ••• f.ctor profil.a .t & • 203 .. h.d leA. 
v.ri.tion fro. 0.0 .nd 3.0 re.pectiv.ly, th.n the profil •• for. • 102... Mot. that 
the .xi.l velocity pr~fil. at 203 .. (Pil. 14) had Ie ••• hear than the profile .t 
& • 102... Th ..... relation.hip. b.tween Su and Ku •• d •• cribed for. • 102 .. 
app •• r to h.v. occurred .t z • 203... POI' 0.15 < 1'/'0 < 0.6, tb. Su v.lue •• re 
nea.tiv. for 0.1 < rlRo < 0.6 but with • .uch ... ller "Initud. th.n .t & • 102 ... 
The vari.tion of tbe .kewne •• and kurtolia fro. 0 .nd 3 w •• in the .ame direction a. 
for • • 102 but with Ie •• devi.tion. 

Th. vari.tion of the .kewne ••• nd ~urto.i •• fro. th. v.lu •• for. Cau •• ian p.d.f., 
.ppear.d to b. correl.ted to tbe'loe.l curv.t~r. of the .xi.l veloeity profile. Th. 
rel.tion.hip i. that Su > 0 if a2U/ar2 > 0 .nd Su < 0 if a2U/ar2 < o. The kurto.i. 
il .1.0 rel.ted to the curv.ture of the axi.l velocity profile. When the .b.olute 
v.lu. of curv.ture i. hiah, ch. kurto.i. i •• 1.0 bilh.r th.n occur. for • Cau •• i.n 
p.d.f. When the curv.ture p ..... throuah •• ro, the kurto.i. d.er ••••• and the p.d.f. 
beco.e. fl.tter. The .. anitude of th~ d.viation. from tbe value. for a CauI.i.n 
p.d.f •• 1.0 appe.r. to be proportion.l to the ... nitude of a2U/ar2. 

The for...ationed relation.bi,. .., not b. univ.r.al but exi.ted for the flow .t 
th •• e tvo axial locatione. The poaitive .kevnell. Su > 0, .t & • 102 .. occurred 
wh.re tb. curv.ture of .xi.l velocity profile i. po.itiv., i.e., a2U/ar2 > O. Thu 
Del.tive .kevne •• occurred When the curvature of tbe axi.l velocity profile i. naa.­
tiye, i ••. , 32U/ar2 < o. Likevi.e. th. value. of the kurto.i •• t & • 102 .. Vlre 
Ie •• than 3.0 where the curvatur. v •• near .'1'0, i.e., a2U/ar2 & 0 .t 1'/10 & 0.2 .nd 
0.6. The ';evi.tion of Su .nd Iu trOll 0 and 3 re'pectively •• t z • 203 .. were not 
•• l.rle •• at z • 102 .. but were eo.patible vith the .t.ted hypoth •• ia. .ear 
1'/10 • 0, the curvature of the axi.l v_locity profile. v •• po.itive but tbe "Initude 
va .... 11. The eo.po.ite akevne •• profile .t r/P~ • 0 appe.r. to be equal 01' Ire.ter 
tban zero which i •• 1ao compatible with the atated bypotbe.ia. 
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Radial Velocitl 

The skewness and kurto8ii ~f the radial velocity profiles are pre8ented in Fig. 
34. The skewness factor of the radial velocity p.d.f.8 approached zero at r/Ro • 0, 
as expected for axisymmetric flow. At z • 102 mm, the skewness was negative or near 
zero for the region r/Ro < 0.5 ~ere the radial velocity curvature was le8s than 
zero, i.e., a2U/ar2 < O. Values of kurtosis greater than the Gaussian value of 3.0 
occurred when the skewness deviated appreciably from zero. 

Azimuthal Velocity 

As might be expected for axisymmetric flow, the skewness factor, Sw, profile8 
for the azimuthal velocities at both z • 102 and 20l mm were near zero at all radii 
(Fig. 35). However, the flatness factors, lv, deviated from the Gaussian value of 
l.O in the regions where the axial and radial velocity profiles had nonzero values 
for skewness and had flatness factors greater than 3.0. 

Inner Jet Concentration 

The skewness and flatnes8 factor profiles obtained from the concentration data 
at z • 102 and 203 mm are presented in Fig. 36. These data were obtained from two 
sets of mass transport concentration measurements: uf and vf. 

At z - 102 mm, the values of Sf for r/Ro < 0.15 were negative, indicating the 
tails of the concentration p.d.f.s were toward low values of f (see Fig. 32). At 
z • 102 mm and r/Ro • 0.4 the skewness factor reached a value of 4 to 6. These 
values were higher than the skewness factors obtained for the velocity p.d.f.s. At 
z • 203 mm, the skewn~ss factor was positive with a value of approximately 1 or more 
all radius ratios. Thus the tails of the p.d.f.8 indicated a few occurrences of high 
inner-jet fluid concentration. 

The flatness factor or kurtosis profile at z = 102 rom has an interesting varia­
tion. Near r/Ro • 0, Kf was approximately 20, decreased to approximately 2 at r/Ro • 
0.1, increased to approximately 50 at r/Ro • 0.4, and decreased to approximately 
r/Ro < 0.6, the mean concentration level was 0.04 to 0.05 and the concentration fluc­
tuations, rt, had the same level. The motion picture frames (Fig. 10) from the flow 
visualizacion study, photographically show the magnitude of the eddy size and the 
variation in inner jet concentration. 

Autocorrelation Measurements of Concentration 

Autocorrelation measurements of the concentration photomultiplier signal were 
obtained at several radial locations for z • 102 mm in an attempt to obtain a quanti­
tative measure of the axial scale of the large eddies. Results obtained at r/Ro • 
0.0, 0.10 and 0.21 are presented in Fig. 37. Although the large eddy structure was 
discernible in th~ flow visualization motion pictures and on the LIF photomultiplier 
output, the autocorrelations did not show that a dominant frequency occurred in the 
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flow. The correlation Rf(t) • 0 occurre4 at 20 to 25 m. for all three radial loca­
tions. At rlRo • 0.1. a .econdary peak in the autocorrelation occurred at t • 50 ••• 
Thi. period for large scale eddies was in the range observed in the motion pictures. 
i.e •• wavelengths of 20 to 100 mm with convective velocities of 1 to 1.5 m/sec. From 
the autocorrelations it was difficult to determine other times, ~. where significant 
peaka in the correlation coefficients occur. 

Stability studies of this axisymmetric flow are currently being conducted at UTRC 
under Corporate sponsorship. The preliminary results indicate several axisymmetric 
disturbance modes with high spatial growth rates can occur with the velocity profile 
at I • 102 mm. The results also indicate that growth rate remains constant over a 
large range of cyclic frequencies, rather than reaching a peak and decreasing toward 
a ~~toff frequency as occurs for the plane &hear layer (e.g •• Ref. 14). A tentative 
conclusion from the analytical results is that this coaxial flow with reci~Aulation 
does not have a preferential large eddy wavelength but rather a range of disturbance 
wavelengths which can d~velop into large eddy structure. 
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DISCUSSION OF SKEWNESS AND FLATNESS RESULTS FOR MASS 
AND MOMENTUM TRANSFER PROBABILITY DENSITY FUNCTIONS 

Typical Transport Rate Probability Density Functions 

Data from the turbulent momentum and transport measurement at z • 102 rom were 
plotted for the same data sets used in the presentation of the velocity of the velo­
city and concentration p.d.f.s. The locations selected include data typical of that 
obtained at high turbulent mass and momentum transport rate locations. 

Momentum Transport 

The probability density functions for the momentum transport in the r-z plane 
are presented in Fig. 38. These p.d.f.s all had the peaked distributions about the 
zero uv momentum transport rate. This shape of momentum rate p.d.f. also occurs in 
turbulent boundary layers (Ref. 15). The p.d.f.s all had the two highest probability 
of occurcnces, N(uv)/Nol in the probability bins adjacent to uv • o. 

Radial Mass Transp~rt 

Probability density functions of the radial mass transport data re presented in 
Fig. 39. The data obtained at r/Ro • 0.1 and 0.2 had high mean turbulent mass trans­
port radially outward. The mean turbulent radial mass transport rates at r/Ro • 0, 
0.35, O.S and 0.6 were an order of magnitude less than the highest rates at r/Ro • 
0.1 and 0.2. Although the p.d.f.s for r/Ro • 0.1 and 0.2 were Rkewed toward positive 
values, the most probable occurrence was the negative bin adjacent to the zero trans­
port rate. For all the data shown, the peak transport rate occurred at the smallest 
values of vf near zero with the sign opposite the mean turbulent radial transport 
direction. For the locations with the high mean turbulent transport rates, the 
p.d.f.s and the higher amounts, Svf and Kvf, were well behaved and in the general 
range expected from Gaussian p.d.f.s of the velocity and concentration distributions 
with reasonable correlation coefficients. Although the p.d.f. at r/Ro • 0.35 had the 
same general shape as these at r/Ro • 0.1 and 0.2, the skewness and kurtosis, Svf and 
Kyf, were large. These large values may have been due to the low turbulent intermit­
tency factor for the mass transport that occurred as a result of the larf,e eddy 
structure at this location (see Fig. 10 for flow visualization of this phenomena). 

Axial Mass Tr:lnsport 

Probability density functions (p.d.f.s) of the axial turbulent mass transport 
rate for five radial locations are presented in Fig. 40. At all radial locations, the 
net mass transport was negative and the skewness factors were negative. For four of 
the five p.d.f.s including the two with high turbulent transport, the most probable 
turbulent transport rate was the smallest positive transport rate bin, uf • +0.02 m/s. 
Fo~ the two locations with the highest transport rate (r/Ro • 0.1 and 0.2), 60 per­
cent of all the transport occurrences were at that rate. For r/Ro • 0.1 and 0.2, the 

27 



I 
I 

~ 

f 
I 
r 

---------------------~~ ..... ;;.G¥A'N F ___ ~ ____ .• ·~, .... ~--. ... .--.-~(1(5 ... '_. 

R81-915540-9 

probability of occurrences, N(uf)/No at uf • 0.02 was also more than twice as high as 
at uf • -0.02. these statements were a180 true for the radial transport at the same 
location. 

Azimuthal Mass Transport 

Probability density functions for the turbulent azimuthal mass transport data 
are presented in Fig. 41. Compared to the radial and axial mass transport p.d.f.s, 
the distributions on either side of wf • 0 were reasonably symmetric. For a non­
swirling axisymmetric flow, the mean azimuthal mass transport rate and the skewness 
should be zero at all locations; the kurtosis would be expected to be the same order 
of magnitude as the kurtosis for the turbulent axial and mass transport p.d.f.s. 

typical Transport Results 

Momentum Transport 

The second central moment (or rms fluctuation from the mean) of the turbulent 
transport in the r-z plane, 0uv' are presented in Fig. 42. This quantity previously 
was used to analyze and evaluate the turbulent transport process in boundary layers, 
e.g., Ref. 16. A comparison of the values of 0uv wit~~ from Fig. 24 s~ that 
0uv was always at least a factor of two greater than uv. Ratios of 0uv/uv approxi­
mately equal 3 were previously reported for boundary layers (Ref. 16). At z • 13 
and 51 mm, the minimum values of uv occurred in the core regions of the inner and 
annular jets. In these regions, the large scale eddy structure with accompanying 
large values of 0uv were not yet developed. 

Skewness and kurtosis profiles (Suv and Kuv) for z • 102 and 203 mm are presented 
in Fig. 43. At z • 102 mm, the skewness factor varied across the shear layer depend­
ing on the local shear direction. The skewness factor should have approached zero at 
r/Ro • 0 due to the zero shear stress at that location and symmetry of the flow. At 
z • 203 mm, the peak value of the skewness factor occurred at r/Ro = 0.3 although 
the peak shear stress rate occurred at r/Ro = 0.7 (Fig. 22). The flatness factors, 
Kuv at z • 102 mm varied across the shear layer. The values for r/Ro ~ 0.0 ranged 
from 30 to 70. The values of Kuv at r/Ro = 0.2, which was the location with the 
peak negative shear, decreased to values of approximately 10. Near the zero shear 
location, r/Ro ~ 0.3, the flatness factor Kuv increased to 50. At z • 203 mm, the 
flatness factor varied from 10 for r/Ro near zero to 25 at r/Ro = 0.7 (the peak shear 
region). 

These flatness factor results are similar to the results obtained in a turbu­
lent boundary layer by Gupta and Kaplan (Ref. 17). For the boundary layer, values 
of the flatness factors were approximately 3 in the logarithmic shear region and 
increased to values above 40 in the low shear region at the edge of the boundary 
layer. 
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Radial Mass Transport 

The second central moments of the turbulent axial mass transport rate p.d.f •• 
obtained at z • 102 and 203 rom are presented in Fig. 44. These second moments, 0vf 
were generally less than the second moments for the axial mass transport rate, 0uf' 
This result was compatible with higher rms fluctuati~n8 being obtained for the axial 
velocity component than for the radial velocity component (Figs. 15 and 16). 

The skewness of the radial mass transport rate profiles (Fig. 45) show that 
large values of skewness were obtained for Svf than either Suf or Suv' This increase 
in skewness was greatest where the radial mass transport rates were low, at r/Ro • 
0.05 and 0.35 at z • 203 mm. The Kurtosis, Kvf, ~as also high where the SKewness 
was large. At z • 203 mm, the skewness increased from a value of zero at r/Ro -_0 
and reached values of 4 to 6 for r/Ro : 0.5 (locations where the concentration, f, 
is low and the concentration fluctuation, f', are relatively high). The kurtosis 
also increased from values of approximately 8 at r/Ro = 0 to values above 40 for 
r/Ro :; 0.5. 

Axial Mass Transport 

Profiles of 0uf, the rms variation from the mean turbulent axial transport, uf, 
at z • 102 and 203 are presented in Fig. 46. ~e peak values of uf were approxi­
mately twice the values of the peak values of uf (Fig. 25). This ratio was less 
than the corresponding ratio for the momentum transport measurements. These relation­
ships may be associated with the result that the peak correlation coefficients for 
the axial mass transport were greater than the correlation coefficients for the 
momentum transport measurements. 

The skewness and flatness factor profiles for the turbulent axial mass transport 
measurements at z • 102 and 203 mm are presented in Fig. 47. At z • 102 rom, where 
the axial mass transport was in the countergradient direction, the skewness factors 
were negative. The peak flatness factors were 50 to 200, the largest values obtained 
in this study and occur at r/Ro = 0 and 0.4 where the axial mass transport rate was 
negligible. The minimum kurtosis occurred at r/Ro = 0.2, where the axial mass trans­
port rate was high. At z • 203 mm, the skewness factors in the high axial mass 
transport region were 1 or less. However, Suf increased to 2 in the region where the 
shear was high and the axial mass transport was low. The kurtosis of the turbulent 
axial mass transport rate p.d.f.s varied from 7 to 10 in the high axial mass transport 
rate region to more than 20 at r/Ro • 0.65 where the axial mass transport rates and 
mean concentrations were low. 

Azimuthal Mass Transport 

The second central moment, skewness and kurtosis for several turbulent azimuthal 
mas~ transport p.d.f.s at z • 102 mm are presented in Fig. 48. The central moment 
results were approximately equal to those for the radial mass transport (Fig. 44). 
The SKewness results were near zero at all radii except for R/Ro • 0 where the value 
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of -2.8 was obtained. For an axisymmetric flow, skewness values equal zero were ex­
pected. The large skewness at r/~ • 0 wal attributed to possible errors in probe 
volume location. Recall the skewness vlaues for vf increased to large values near 
zero (Fig. 45) and the optical arranaements for the radial and azimuthal mass trans­
port rate measurements are identical with the exception of the traverse path. the 
kurtosia for wf waa in the aame range aa that obtained for ufo 
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SUMMARY OF RESULTS 

Qualitative and quantitative studies were conducted of the flow downstream of 
coaxial jets discharging into an expanded duct. The ratio of annular jet diameter 
and duct diameter to the inner jet diameter were 2 and 4, respectively. The inner 
jet peak vel~city was approximately one-half the annular jet peak velocity. Results 
from the studies were related to the four shear regions within the duct: (1) wake 
region downstream of the inlet, (2) shear layer between the jets, (3) recirculation 
region, and (4) reattachment region. 

Flow visualization studies were conducted using dye as a trace material and 
high-speed motion pictures to record the dye patterns in selected r-z and r-e planes. 
Following are the principal results from this study: 

1. The flow was as axisymmetric and swirl-free as could be determined visually. 

2. The larger scales of the turbulent structure were observed to grow from 
the width of the wake region downstream of the inner jet tube to a large fraction of 
the duct diameter immediately upstream of the reattachment zone. 

3. The turbulent eddies were ~ axisymmetric or periodic at any location 
within the duct. The large scale waves and eddies appeared to have a range of wave 
lengths. 

4. Vortex pairs of secondary eddies were observed in the r-6 plane in the region 
where the shear layer between the jets was developing. 

A detailed map of the velocity, concentration, mass transport rate and momentum 
transport rate distribution within the duct was obtained to provide data for the 
evaluation and improvement of turbulent transport models. Data sets of two velocity 
components pairs were obtained simultaneously to determine momentum transport rate 
and velocities. Data sets of velocity and concentration pairs were obtained simul­
taneously to determine mass transport rate, concentration, and velocity. Probability 
density functions (p.d.f.s) of all the forementioned parameters were obtained from 
the data sets. Mean quantities, second central moments, skewness and kurtosis were 
calculated to characterize each data set. Following are the principal results from 
this study: 

5. The axial and ~adial velocity profiles documented the changes in the shear 
regions within the duct. 

6. The mean and fluctuating concentration profiles documented the inner jet 
fluid distribution within the duct. 

7. The turbulent moment.um transport rate measurements in the r-z plane documented 
the local momentum fluxes due to turbulent mixing. Correlation coefficients were de­
termined for each measurement location and data set. 

31 



llBl-91S540-9 

B. Count.rlr.dient turbulent axi.l ma.. tran.port w •••••• ~r.d in the .h •• r 
reaion b.tw.en j.t.. The pe.k axi.l .... tran.port r.t •• w.re Ir.at.r than the peak 
radial ma.1 tranlport rate. ev.n thouah the axial concentration Iradients were 
approximat.ly on.-fifth the radial sradient •• 

9. The count.rlr.dient turbulent axi.l ma •• tran.port W.I r.l.ted to the lene­
ral direction of the eddiel b.tw.en the inner .nd .nnular j.t.. The counterlr.dient 
axial mall tranlport occurred wben the annular jet was acceleratins the inner jet 
fluid. 

10. TUrbulent axial mals tr.nlport correlation coefficientl a. high a. 0.6 were 
me'lured. Thele correlation coefficientl were greater than the peak momentum tranl­
port or radial maa. tranlport correlation coefficients. 

11. The skewne ••• nd kurtosil of the momentum tran.port p.d.f •• in the peak 
ahear region were .pproximately the .ame •• previou.ly .... ured in turbulent boun­
d.ry layerl. However. the kurto.il in the low Ihe.r relion wa. greater than previ­
oUlly mealured in the wake resion of the turbulent boundary layera. 

12. The akewnell of the axial velocity p.d.f.a w •• rel.ted to the curvature of 
the axial velocity profile.. Su < 0 wal obtained for a2U/ar2<Oj Su > 0 waa obtained 
for a2U/ar2>0. The Ikewneal waa al.o proportional to the magnitude of a2U/ar2. 

13. The peak valuel of kurtolil for the mall tran.port p.d.f.1 were greater 
than the peak valuea for the momentum tranaport p.d.f.a. 

14. The kurtoail for .11 the tran.port rate p.d.f.a were .n order of magnitude 
Ireater in the low tranlport r.te regiona, includinl the recirculation region. than 
in the hilh tranaport r~te resiona. 
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APPElmlX 1 

FLOW VISUALIZATION RESULTS FOR ALL FLOW CONDITIONS 

Flow vilualiaation Itudiel were conducted prior to the lelection of the flow con­
dition for detailed data acquilition to determine the effectl of the velocity ratio, 
Vi/Va, on the flow characteriitici within the telt lection. 

Motion picturel were obtained in the r-a plane with the center of illumination 
at z • 100 and 200 mm and in the r-8 plane at a • 51, 102 and 203 mm. Motion pic­
turel with a frame Ipeed of 500 per lecond were obtained for each flow condition for 
the fol10wina five conditionl: 

Flow Inner Jet Annular Jet Inner Jet Annular Jet 
Condition Velocity, V' 1 Velocity, Va Flow Rate Flow Rate 

m/I mIl apm apm 

1 0.52 1.66 6.2 52.8 
2 0.27 1.66 3.2 52.8 
3 2.08 1.66 24.6 52.8 
4 0.94 1.51 11.1 48.0 
5 0.94 2.87 11.1 94.8 

In the following paraaraphl, the photographl prelented in Fial. 10 and 49 to 
52 will be dilculled. Dilcullion about the characteriltica of Flow Condition 1 il 
repeated to form a balia for comparilon. Where pOllible, the turbulent atructure 
will be related to the Ihear reaionl ahown Ichematically in Fia. 1. The eotion 
picture framel cholen from each lequence were .elected to ahow the 1araeat Icale of 
turbulence which occurred at each location. For lome locationl the larae .cale 
Itructure wal in~ermittent. 

the photoaraphl of Flow Condition 1 are pre.ented in Fia. 10. Thil flow condi­
tion wal the .ame a. that for which data wal acquired in Ref. 6. In the upper left 
photoRraph, the clallical large eddy .tructure alloci.ted with Ihear layer. could be 
dilcerned. The dyed inner jet fluid wal movins .1ower than the annular jet; hence 
the eddiel were "rolling" falter than the inner jet fluid. Thele eddiel were a .. o­
ciated with the Ihear layer between jetl (Fig. 1). The upper right photoaraph Ihowl 
the Icale of the eddiel containing inner jet fluid which occurred immediately up- . 
Itream of the reattachment region (Fig. 1). The inner jet fluid intermittently 
filled eolt of the duct croll lection. The r-O plane photograph for a • 51 .. Ihowl 
the lize of the eddy Itructure in the wake region. At z • 102 .. , which wal in the 
Ihe.r layer between the jetl, the radial Icale of turbulence wal increaled and vor­
l~~ pairl could be dilcerned from oblervation of the eotion picture lequencea. Thele 
vortex pain were limUer to tbe-vortex pain oblened by the California IDltitute 
of Technology fluid mechanic I relearch group. The vortex pairl appeared to occur 
randomly both timewiae and azimuthally in the .hear layer between jetl. At z • 152 mm 

35 



181-915540-9 

the inn.r jet fluid di.tribution b.c ... more thr •• dUDen.ional than at the up.tr ... 
locatioftl. Thi. location va. al.o in .h.ar lay.r b.tween j.t.. The larae.t .cal • 
• tructur. vith hiah dye conc.ntration. occurr.d at I • 203... Thi. location va. 
immediately up.tre .. of the reattachment lODe wh.r. the annular j.t fluid b.lftn to 
d.c.l.rate and flow toward the duct vall. At further down.tr ... location •• the 
p .. k concentration. of the inner j.t fluid v.re lower and the dye concentration 
more uniform acro.. the duct r-8 croat aection. 

The inner j.t velocity. Vi' for Plow Condition 2 va. approxi.at.ly half that of 
Plow Condition 1. Aa a r •• ult the vak. reaion lenath va. d.cr .... d and the cla •• ical 
lara •• ddy'.tructure of the .h.ar layer between j.t. occurr.d at I • 51 am. The 
r-8 plan. photoaraph .howed dye fil ... nt. at the .dae of the inner jet fluid which 
were a •• ociat.d vith the vortex pair ph.nomena d •• crib.d for Flow Condition 1. The 
lack ofaxi.ymmetry in the .ha,. of the inn.r j.t fluid al.o occurred at I • 102 am 
rath.r than at I • 153 am for Condition 1. At I • 203 am the radial .xt.nt of the 
diffu.er inn.r jet fluid .panned the entire duct di ... ter. 

Por Flow Condition 3. the inner j.t v.locity. Vi. va. four time. that for Flow 
Condition 1. Thu., the inner jet va. flowina fa.t.r than :h. aanul.r .tr.... In 
the upper left photolraph, the .ha,. of the eddi •• in the 'hear layer betwe.n j.t • 
• en to be different tban occurred for Flow Condition 1 ..... 2. The eddie. were t\b­
.erved to roll in tb. oppo.it. dir.ction vith a vave .,..d 1 ••• tb.n the inn.r jet 
fluid. In tbe riabt r-I plane photolraph, tbe .il. of tb. turbulent .ddi •• va • 
.... ll.r tb.n for the previou. c.... The reatt.chment lone va •• 110 moved dovnltream 
compared to Flow Condition. 1 and 2. At I • 51 mm .nd 102 mm tb. double-vortex 
.tructur. could b. dhc.rned. At I • 203 .. tbe inn.r j.t fluid conc.ntr.tion va. 
d.cr ••• ed in .ome location •• but tb. l.ra •• cale .tructur. l/.aich occurr.d up.tre .. 
of the r.att.cbment zone had not yet formed. 

Plow Condition 4 va. cho •• n to obtain approximately .qual peak v.locfti •• in 
the inner jet and annular .tr.... Th. flow rate. vere d.t.rmin.d by ratioiaa the 
peak v.locitie. aDd flow rat •• from R.f. 6 to the de.ir.d v.locity ratio. Th. r-I 
photOiraph for z & 100 -= .howed eddie. in the .b.ar reaion l.y.r between j.t. that 
did not bave • ainale "roll" direction. Oblerv.tion of the motion picture •• howed 
roll. in botb direction. but vitb mo.t of tbe direction previou.ly ••• ociat.d vitb 
biaher .nnular jet velociti... At I ~ 200 _. tb~ inner jet had larae addy .truc­
ture •• t-ilar to that for Plow Condition 1. The reattacb.ent zone for Plow Condi­
tion 4 va. approxillataly 4 _ downltre_ of that for Condition 1. Tha turbulent 
.tructure in the r-6 plane. at z • 102. 157 aDd 203 .. had Ilil~tly .maller eddy 
.iae. than at tbe .... axial loc.tion. for Plow Condition 1. 

Plow Condition 5 ba. approximately 75 percent Iraatar velocity in both j.t. 
than Plow Condition 1. Within tbe ability to di.carn flow charaet.ri.tie. from 
the hiah .pe-.d motion picture., the turbulent Itrueture of Plow Condition 5 va. the 
... e •• Plow Condition 1. 

The flow vi.ualization .tudy Ihowed the flow. vere a. axi.,..etrie aad evirl 
free .. could be determin.d viluall,. Althoulh the leale of tb. turbulent .tructure 
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wa. re18tively larae, the eddie. were not axi.,...tric or periodic. The lar.e 
.cala wave. and eddie. appeared to have a ranae of wavelen.th.. The flow. did not 
have bi.table .ode. or preferred a.i.uthal turbulent eddy orientation. at any loca­
tion inc Iud ina the r .. ttac~t resion. However, the .cale of the turbulent .truc­
tura near the reattachaent resion wa. lar"e Which will require relatively lona data 
acqui.ition time. to acquire atationary data .eta. 
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APPENDIX 11 

DEPI.ITIONS or sawnss AJa) IUlTOSlS POI 
Vm.oelTY, COltCENTIATIOI, AID TaAlSPOILT 

PIOIAIILITY DIIIITY FUNCTIOIS 

au •. ¥ 

Ter.. in thi •• ppendix for the velocity component •• nd concentr.tion •• re 'efined 
u.ina the notation of aef. 13 .nd conv.ntional .tati.tical aeth041, 

Local in.t.nt.neou •• xia1 velocity component 

I(u) Prob.bility Q~lity function (p.d.f.) of u with propertie. I(u)! 0 
and I~. B(u) du - 1.0 

u 

u 

0u or u' 

Me.n v.lue of nial velodty ~omponent defined: U - I!: u I(u) du 

Loc.1 inlt.ntaneoul .xi~l velocity fluctuation from tbe Dean, defined: 
u-u-U 

Second centr.l ~nt of velocity u defined: 
Will .1.0 be denoted a. ~. fluctuation. 

nth centr.l moment of velocity u defined: 

Skewnell of velocity component, u, p.d.f. defined: Su - ;l/ou) 

IurtoJiI (or flatne.1 factor) of velocity component, u, p.d.f. defined: 
leu - u4/0u4 

In like "hner, the .. an, r.a fluctu.tion, Ikevne •• , anet kurtolil for tb. r.dial 
velocity, .ztmuth.l velocity and concentration .re defined. 

The .econd mo.ent., .kevne ••• nd kurto.i. for tbe moaentua and .... tranaport 
r.tel al-4! defined in • aimib,; unner. 

uV 

I(uv) 

(uv) , 

--<-~-... ~- -~~- ~ 

Local inatantaneou. momentum turbulent tranlport rate: (\i-U) (v-V) 

Prob.bility den.ity function (p.d.f. ) of uv with properties I(uv) > 0 
and I!: I(uv) d(uv) • 1.0 

Me.n v.lue of tUfl)Ulent 1IONntUil tran.port rate clefined: uv - .r:. (u-U) 
(v-V) b(uv) d(uv) 

Loc.l in.tantaneou. fluctuation of .omentum tran.rort rate fro. "'n, 
defined: (uv)' - uv - uv 
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R81-915540-9 

Second central moment ~f momentum transport rate: 
0uv • 1:

00 
(uv) ,2 B(uv) d(uv) 

nth central moment of momentum transport rate: 
(uv)n • I:. (uv),n B(uv) d(uv) 

Skewness of momentum transport rate: 

Kurtosis of momentum transport rate: 

Suv • (uv)3/o!v 

ICuv • (uv)4/o
4 
uv 

In a like manner, the ruean. second central moment. skewness and kurtosis for the 
momentum transport in the r-z plane and the mass transport in three directions are 
defined. 

",. 
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TABLE 1-1 

Components Used for Two-Component LV Measurements 

1. Las~r Liaht Source 

Argon Ion Laser (Lexel Model 95) 
All lines, 1.0 watt power 
Etalon installed 
TEH,., mode 

Io!. LV Optics 

DISA Model 5500 Optics 
Beamsplitters (2) 
Bragg cell: 1 mHz effective frequency offse~ 
Backscatter unit: 2 color 
Optical filters 0.5145 and 0.4880 ~m wavelengths 
Field stop unit 
Beam spacing unit 
Beam expander 
Achromatic lens: 310 mm FL 
Photomultiplier tubes (2) 

Ill. Electronics 

LV Signal Processors - 2 (SCIMETRICS Model 800A) 
0.4 to 2.0 mHz range 
3% data window 
4/8 and 5/8 comparison for "good signals" 

Oscilloscope - 2 (Tektronics Model 4658) 

LV Data Handling Interface (UTRC design) 
Clock 
Coincidence check 

Computer (PDP 11/10) 
Floppy disk 
DECWriter III (1200 baud rate) 
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1. 

TABLE 1-2 

Components Used for LV/LIF Measurements 

Light Source 
Argon Ion Laser (Spectra Physics Model 164) 

0.4880 ~m wavelength 
0.5 watts power 

II. LV/LIF Optics 
Transmitting Optics 

Polari~ation rotator (TSI 9102 12) 
Beamsplitter (TST 9115) 
Bragg cell: 1.0 mHz frequency offset (TSI 9180) 
Beam spacer (TSI 9113-22) 
Beam expander (TSI 9188) 
Transmitting lens (~ = 7.57 deg.) (TSI 9110) 

Concentration Data Acquisition Optics 
Backscatter unit (TSI 9140) 
Photomultiplier tube (RCA 7265) 
Wratten filter (Kodak #15) 

Velocity Data Acquisition Optics 
Backscatter unit (TSI 9140) 
Photomultiplier (TSI 9160) 
Collecting lens: 250 mm F.L. (TSI9ll8) 

III. LV Electronics 
LV Signal Processor (SClHETRICS Model 800A) 

0.4 to 2 mHz range 
3% data window 
4/8 and 5/8 comparison for "good signals ll 

Oscilloscope (Tektronics Model 465b) 
2 units 

Minicomputer (PDP 11/10) 
Floppy disk 
DECwriter III (1200 baud rate) 

IV. LIF Electronics 
Current-to-Voltage Converter (UTRC design) 
Low Pass Fit ter 

2 KHz (Kronhite Model 3202) 
Oscilloscope (Tektronic8 Model 465B) 
A/D Converter (PDP LPS Unit) 

Computer controlled 
Digital Voltmeter eHP Model 3465A) 
Minicomputer (PDP 11/10) 

Same as for LV electronics 
LV Data Interface (UTRC design) 

Cloc~ 
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TABLE II 

Table of Run Numbers from Which Data was Utilized for l'ables and Figures 

Velocity Component or Axial Location. Z""'lllll 

Transport Measurement Traverse 
Obtained Direction Ct 13 51 102 152 203 

-
U. V. uv Vertical 44,8 17 16,15 20 21 

- .. 
U. W, uw Horizontal 9 14 18,23 19,24 22 

-u, C, uc Vertical 59,68 60 61 62 63 64 

-V, C, ve Vertical 55 45 47 52 51 50 

-W, C, we Horizontal 57 58 53 54 56 

U (only) :!: 45 deg 10,11 

. ,--~ ..... "" ....... ~ 

254 305 

72 74 

71 73 

66 67 

69 70 
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Quantity 

Velocity 

Concentration 

Momt>ntum 
Transport 

Mass 
Transport 

"-'-________ -"-, __ 'n ___ ~_:....t: ___ , __ 

TABLE III 

Figures on Which Results are Displayed 

Direction Central Axial Location 
or plane Moment Symbol CL 13 51 102 153 203 

z 1 U 12 11 11 11 11 11 
2 u' 15 15 15 15 15 
3 Su 33 33 
4 Ku 33 33 

r 1 V 13 13 13 13 13 
2 v' 16 16 16 16 16 
3 Sv 34 34 
4 Kv 34 34 

0 1 W 14 14 14 14 14 
2 w' 17 17 17 17 17 
3 Sw 35 35 
4 Kw 35 35 

1 f 12 18 18 18 18 18 
2 f' 19 19 19 19 19 
3 Sf 36 36 
4 Kf 36 36 

1 - 20 z-r uv 20 20 20 20 
Ruv 21 21 21 21 21 

2 llUV 42 42 
3 Suv 43 43 
4 Kuv 43 43 

z-O 1 - 22 uw 
Ruw 22 

z 1 Uf 25 2') 25 25 25 
Ruf 27 27 27 27 27 

2 °uf 46 46 
3 Suf 47 47 
4 Kuf 47 47 

-r 1 vf 23 23 23 2:: 23 
Rvf 24 24 24 24 24 

2 crvf 44 44 
3 Svf 45 45 
4 Kvf 45 45 -{\ 1 wf 28 

Rwf 28 
2 a vf 48 
3 Swf 48 
4 Kwr 48 

43 

z-mm 
254 305 

11 11 
15 15 

13 13 
16 16 

14 14 
17 17 

18 18 
19 19 

20 20 
21 21 

25 25 
27 27 

23 23 
24 24 
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TABLE IV-14 

AXIAL AND AZIHtmlAL VELOCITY DATA AND CORRELATIONS 

Test Date: 6/15/81 Run No.: 14 Flow Condition: 1 Geometry: 1 

Axial Location: 51 am (2.0 in.); x/Ro· 0.83 

r -
I'l - r/Io 

U la' W v' IAV CW Suv Su lu Ii lv ~ 1t\IV ..... +("270) ./» ./. ./. at. v ,.2/.2 .2/,,2 
-( .. 90) 

1 0.7 .011 0.717 .051 .007 .044 
2 3.7 .061 0.676 .069 .000 .05Ci 
3 6.' .111 0.616 .079 .004 .054 
4 9.' .161 0.658 .134 .008 .082 
5 12.9 .211 0.818 .188 .003 .148 
6 15.9 .261 1.243 .169 .024 .132 
7 19.0 .311 1.443 .091 .007 .060 
1 22.0 .361 1.491 .064 - .020 .045 
9 25.1 .411 1.474 .083 - .030 .063 

10 28.1 .461 1.241 .203 -.026 .159 
11 31.2 .511 0.865 .225 -.027 .215 
12 34.2 .561 0.443 .292 -.031 .199 
13 17.3 .611 0.110 .198 -.029 .176 
14 40.3 .661 -0.015 .141 -.003 .129 
15 46.4 .761 -0.07' .139 -.011 .127 
16 52.5 .861 -0.075 .141 -.023 .119 
17 0.7 .011 0.706 .057 -.002 .041 
18 -2.4 -.039 0.724 .049 -.002 .037 
19 -5.4 -.089 0.700 .065 .002 .045 
20 -8.5 -.139 0.649 .087 .002 .079 
21 -u.s -.119 0.845 .170 .023 .139 
22 -14.6 -.239 1.195 .190 .013 .138 
23 -17.6 -.219 1.438 .105 .069 .080 
24 -ZO.7 -.338 1.486 .069 .021 .054 
25 -23.7 -.311 1.483 .097 .005 .071 
26 -26.7 -.438 1.324 .194 .008 .121 
27 -29.8 -.488 0.901 .276 .001 .191 
21 -12.' -.538 0.487 .283 .020 .200 
29 -35.9 -.588 0.187 .259 .038 .161 
30 -38.9 -.638 -0.030 .135 .016 .138 
31 -45.0 -.738 -0.067 .122 .029 .098 
32 -51.1 -.137 -0.128 .11.1 .020 .081 
II 0.7 .011 0.737 .053 .004 .042 

H.\='S AND MlI!t:NTUtt 1l,IlIlULDCT TlCANSI'ol,,' a:xPUlUlEJITS United Technologius ReBearch Center/NASA Levis ReBearch Center (Coatract KASl-22771) 
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TABLE IV-IS 

AXIAL AND RADIAL VELOCITY nATA AND CORRELATIONS 

Test Date: 6/16/81 Run 1':0.: 15 Flow Condition: 1 Geometry: 1 
/ .. : , 

Axial Location: 102 mm (4.0 in.); x/Ro· 1.66 

r J 
J't - r/Rr, U u' 

Su Iu 
v v' uv Ruv 

Vuv 
Suv Ituv .... -H6000) . ,. .,. ./. aI • Sv Kv 

,.2/~l .,2/.2 
II 

-(8-180) 

1 0.5 .008 .780 .121 1.118 7.51 -.019 .121 -1.627 12.99 491 
2 3.6 .058 .784 .121 1.017 5.83 -.067 .125 - - 499 
3 6.6 .108 .860 .170 .799 3.39 -.067 .129 -.870 6.25 491 
4 9.1 .158 1.005 .194 .409 2.70 -.055 .143 -.399 1.11 499 
5 12.7 .208 1.212 .201 -.072 2.15 -.078 .148 -.244 1.81 499 
6 15.7 .258 1.170 .187 --.719 2.94 -.046 .144 -.01] 4.04 999 
7 18.8 .308 1.491 .146 -1.284 5.36 -.018 .140 -.127 4.44 998 
8 21.8 .358 1.172 .184 -1.760 6.94 .008 .149 -.878 5.SO 999 
9 24.9 .408 1.264 .244 -1.198 4.SO .028 .174 -.604 4.12 999 

10 27.9 .458 1.069 .276 - - .041 .198 - -
11 11.0 .508 .821 .309 -.316 3.09 .055 .223 -.ISO 2.92 997 
12 14.0 .558 .586 .319 -.159 2.88 .040 .212 .510 4.72 499 
II ]7.1 .608 .142 .121 -.028 2.70 .025 .237 .916 5.71 249 
14 43.2 .708 -.032 .279 .576 3.40 .018 .196 .744 4.00 249 
15 49.1 .808 -.187 .228 .897 4.40 -.028 .1]4 .726 5.06 248 
16 0.5 .008 .732 .U9 .927 4.97 -.014 .114 -.896 11.65 4,. 
17 -2.5 -.042 .142 .ll(; 1.068 5.36 -.058 .155 -2.537 15.01 499 
18 -5.6 -.092 .182 .143 .817 3.58 -.061 .154 -1.112 24.91 499 
19 -8.6 -.142 .889 .170 .612 3.16 -.010 .141 -.771 4.91 4,. 
20 -11.7 -.192 1.047 .193 .059 2.46 -.070 .145 -.046 3.00 498 
21 -14.7 -.241 1.229 .179 -.492 1.00 -.060 .1S6 -1.415 12.41 999 
22 --17.8 -.291 1.351 .161 -.904 4.05 -.011 .150 -1.059 9.77 999 
21 -·20.8 -.141 1.196 .169 -1.476 6.29 -.Oll .155 -.862 6.73 997 
24 -21.9 -.391 1.116 .21Z -1.212 4.90 .028 .171 -.537 4.03 998 
25 -Z6.9 -.441 1.133 .268 -.819 3 59 .040 .217 -.778 4.96 998 
26 -30.0 -.491 .880 .304 -.255 Z.85 .067 .226 -.230 2.dl 999 

r 
r , 

27 -31.0 -.541 .629 .121 -.076 3.09 .041 .240 .024 2.77 499 
28 -36.1 -.591 .461 .340 - - .044 .207 - -
29 -42.2 -.691 .079 .338 - - -.Oll .14S - -
JO -48.1 -.191 .029 .202 - - -.094 .096 - -
31 0.5 .008 .i2l .088 - - -.001 .061 - -

MASS /\Nil ~EN1UH 'JUltllVLtllT Tl(ANSI'OIt"£ lXl'UtlKUns United Technolot;ics Iteseanh Center/NASA Lew'" Retiear.:h Coenll!r (Contract ..,.51-22771) 
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r 
Pt -No. +(8-0) 

-( .. 110) 

1 O.~ 

2 3.6 
3 6.6 
4 9.7 
5 12.7 
6 lS.7 
7 18.8 
8 21.8 
9 24.9 

11 31.0 
12 34.0 
13 37.1 
14 43.2 
lS 49.3 
16 0.5 
17 -2.5 
18 -5.6 
19 -8.6 
20 -11.7 
21 -14.7 
22 -17.8 
23 -20.8 
24 -23.9 
25 -26.9 
26 -30.0 
27 -33.0 
28 -36.1 
29 -42.2 
30 -41.3 
31 0.5 

TABL! IV-16 

AXIAL VELOCITY, RADIAL vnOCITY. AND !DtENTUM TURBULENT TRANSPORT ~TA AND CORRELATIONS 

Test Date: 6/17/81 Run No.: 16 
Axial Location: 102 mm 

Flow Condition: I 
(4.0 in.); x/Ro - 1.66 

U u' V yt -
r/Io Su leu 

uv 
raJ. raJ. .1. raJ. s., .. 

.,2/.2 

0.008 .768 .124 1.118 6.38 .001 .117 .163 8.99 .0005 
0.051 .768 .131 1.409 7.36 -.026 .106 -1.019 5.89 -.0049 
0.108 .840 .lS8 .903 3.80 -.043 .119 -.752 3.97 -.0088 
0.151 .976 .199 .394 2.67 -.065 .146 -.401 2.87 -.0167 
0.208 1.172 .204 -.140 2.67 -.071 .137 .• 059 2.92 -.0142 
0.251 1.368 .187 -.797 3.24 -.047 .146 -.065 3.86 -.0082 
0.308 1.493 .135 -1.492 6.97 -.017 .134 -.025 4.17 -.0006 
0.358 1.459 .176 -1.434 5.80 .013 .149 -.281 5.02 .0064 

0.408 1.333 .253 -1.288 5.44 .046 .173 -.678 5.23 .0167 
0.508 .894 .311 -.423 3.17 .06" .222 -.193 3.40 .0271 
0.551 .663 .319 -.345 3.12 .059 .224 .029 3.51 .0271 
0.608 .454 .355 -.040 2.70 .049 .216 .327 4.00 .0379 
0.708 .006 .348 .135 2.19 .008 .211 .611 3.81 .0320 
0.808 -.205 .229 .723 3.40 -.031 .143 .663 3.57 .0126 
0.008 .761 .126 1.041 5.45 .001 .112 .017 5.26 .0004 

-0.041 .785 .126 1.071 6.04 ·.042 .121 -1.234 5.U -.0034 

-0.091 .842 .lS6 .833 4.30 -.070 .141 -.812 3.58 -.0096 
-0.141 .957 .186 .566 2.97 -.072 .151 -.493 3.46 -.0119 
-0.191 1.132 .205 .196 2.46 -.068 .164 -.436 4.35 -.0138 
-0.241 1.292 .192 .547 3.05 -.058 .148 -.010 4.21 -.0089 
-0.291 1.422 .176 .752 3.53 -.034 .152 -.4SO 5.84 -.0010 
-0.341 1.473 .171 1.32~ 6.06 .006 .151 -.348 5.38 .0054 
-0.391 1.381 .237 -1.356 5.07 .022 .182 -.807 4.70 .0197 
-0.441 1.168 .299 -.651 3.11 .051 .206 -.267 2.99 .0314 
-0.491 .955 .319 -.398 3.38 .075 .227 -.093 3.16 .0321 
-0.541 .707 .326 -.173 3.22 .069 .253 .392 3.42 .0349 
-0.591 .468 .351 -.209 3.17 .059 .257 -.040 2.52 .0371 
-0.691 .074 .334 .178 2.42 .002 .208 .753 3.99 .0268 
-0.791 -.209 .227 .621 3.58 -.(,47 .132 1.352 7.30 .0108 
0.008 .712 .111 .815 7.11 -.002 .105 -.403 7.94 -.0008 

Geometry: I 

er.." 
Ruv 

.,2/.2 suv 

.003 .030 1.28 
-.355 .025 -3.14 
-.470 .023 -2.69 
-.576 .032 -1.85 
-.508 .030 -2.14 
-.300 .032 -1.07 
-.035 .028 2.ll 

.244 .039 3.94 

.381 .063 3.82 

.402 .077 1.15 

.379 .078 1.70 

.494 .085 2.42 

.436 .072 2.37 

.384 .036 2.27 

.025 .022 1.48 
-.225 .020 -1.45 
-.436 .029 -1.79 
-.424 .033 -3.73 
-.410 .031 -0.90 
-.313 .031 -o.2ti 
-.031 .037 3.03 

.208 .044 5.44 

.457 .060 3.61 

.509 .NtI 2.74 

.443 .012 0.38 

.424 .093 1.64 

.404 .086 1.53 

.386 .077 1.43 

.362 .043 4.63 
-.070 .023 -4.23 

Ituv 

41.23 
31.49 
15.73 
10.08 
11.90 
19.01 
SO.51 
49.91 
36.09 
13.24 
9.71 

11.51 
18.72 
12.71 
25.26 
23.51 
21.51 
39.55 
6.92 

15.49 
41.19 
66.56 
23.45 
17.49 
11.81 
12.16 
1.24 
9.09 

32.22 
61.05 

MASS MIt IIIMIIIT1It 'IIRIULIIIIT ftAMSfatT DPDutEN1S United Technologies Reaearrh CenterlNASA Levi_ Research Center (COntract RASl-22771) 
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999 
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249 
249 
499 

i 

~: 
I 

i 
I" , 
I 
I 
I 



TABLE IV-17 

AXIAL VELOCITY. RADIAL VELOCITY. AND MOMENTUM TURBULENT TRANSPORT MTA AND CODELAnONS 

Test Date: 6/18/81 Run No.: 17 Flow Condition: 1 Geo8et~: 1 
Axial Loc.tion: 51 am (2.0 in.); x/Ro· 0.83 

r -I't - r/lo 
U u' V v' uv GUv 

Nu. +(*""U) . /. aI • s.- Ku aI. aI. s" ICy 
-.2/,,2 Iluv a2/.2 Suv Kuv 

-(8-180) 

1 0.0 .000 .162 .054 -.253 2.91 .002 .041 .lll 3.28 -.0002 -.090 .002 -0.05 8.69 
2 3.0 .050 .154 .055 -.438 3.29 .001 .039 -.005 3.12 .0001 .062 .002 -0.13 18.36 
3 6.1 .100 .123 .066 -.480 3.34 .002 .049 -.337 3.29 .0006 .115 .003 2.11 22.61 
4 9.1 .150 .694 .116 1.131 6.36 -.039 .114 -.620 3.23 -.0041 -.CjS3 .011 -4.04 31.24 
5 12.2 .200 .921 .114 ~311 2.92 -.049 .136 -.211 2.58 -.0112 -.413 .025 -1.47 1.68 
6 15.2 .250 1.291 .185 -.511 2.75 -.058 .130 .367 3.05 -.0116 -.414 .026 -1.82 8.06 
1 18.3 .300 1.551 .081 -1.153 8.39 -.029 .082 .111 5.,., -.0011 -.235 .011 -5.94 69.40 
8 21.3 .350 1.569 .066 -.149 1.90 -.026 .016 -.160 6.52 .0014 .273 .00f. 3.29 25.64 
9 24.4 .400 1.S06 .124 -1.342 1.47 -.009 .103 -1.111 8.13 .0050 .394 .021 5.11 55.86 

11 30.5 .500 1.254 .221 -.612 3.28 .029 .156 -.809 4.44 .0145 .409 .048 3.66 29.89 
12 ]3.5 .550 .141 .216 -.056 1.03 .052 .200 -.211 2.11 .0212 .421 .058 1.12 11." 
13 36.6 .600 .482 .2S6 .108 2.91 .051 .209 -.091 3.00 .0262 .489 .054 1.35 6.50 
14 42.1 .699 -.039 .191 .427 4.43 -.021 .136 1.405 8.31 .0015 .218 .034 2.25 15.1] 

15 48.11 .199 -.134 .154 -.204 2.95 -.034 .092 .331 4.14 .W18 .127 .013 -0.12 1.14 
16 0.0 .000 .141 .055 -.545 ].34 -.004 .045 -.015 3.20 .0000 .006 .003 0.54 10.21 

11 -3.0 -.050 .143 .059 -.373 2.19 -.002 .045 -.468 4.39 .0004 .136 .003 2.66 23.15 
II -6.1 -.100 .124 .066 -.528 3.53 -.001 .048 -.n3 3.'" .0001 .229 .004 3.11 27.11 

19 -9.1 -.150 .689 .099 .682 4.55 -.039 .098 -1.018 4.ftS -.0029 -.291 .014 -4.58 35.10 
20 -12.2 -.200 .906 .158 .313 2.90 -.065 .139 -.622 4.15 -.0091 -.413 .022 -1.04 8.24 

21 -!S.2 .:....250 1.249 .110 -.314 :.16 -.062 .121 .511 3.lI -.0092 -.421 .023 -2.24 13.lI 

2S -27.4 -.450 1.281 .227 -.732 3.50 -.011 .155 -.124 4.46 .0143 .406 .045 5.69 12.36 

26 -30.5 -.500 .826 .215 -.210 2.11 -.041 .201 -.091 3.15 .0302 .510 .065 1.16 9.04 

21 -]].5 -.550 .413 .261 -.152 3.14 -.027 .211 .239 3.03 .0241 .421 .0i1 1.92 '.90 
28 -36.6 -.600 .090 .268 .442 3.01 -.024 .114 .657 3.35 .0222 .415 .05] 1.1' 9.80 

29 -42.7 -.699 -.136 .161 -.053 2.78 -.051 .092 .936 7.78 .0049 .ll3 .011 2.16 10.20 

30 -48.1 -.199 -.131 .155 -.121 2.91 -.032 .069 -.209 4.36 .0026 .242 .013 2.19 25.4] 

]1 -51.' -.149 -.111 .141 -.4Sa 3.69 -.021 .093 2.212 18.65 .0023 .110 .010 I." 9.91 

12 0.0 .000 .153 .057 -.241 2.11 -.002 .041 .210 3.22 .0001 .058 .002 0..01 10." 

MASS AN" 'UU1C'llltl ltIRIlILtlff TRAftSI'ORT ~ .. t.:Rl"EMTS United TechnolO1i~. ReMearch Center/NASA Levi. Research CL-ntcr (Coatract 1ASl-22171) 
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499 
499 
499 
499 
499 
999 
tta 
991 
tta 
999 
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999 
999 
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, 
I 

.t I' 1'/·0 
110. -.(8-210) 

-(8-90) 

1 0.5 0.001 
2 3.6 O.osa 
3 6.6 O.loe 
4 9.7 0.151 
5 12.7 0.2IDI 
6 IS. 7 0.2sa 
7 11.1 0.J08 
8 21.1 0.3sa 
9 24.9 0.408 
II 27.9 O.SOI 
12 Jl.O o.ssa 
11 34.0 0.601 
14 37.1 0.6sa 
IS 43.2 0._ 
16 49.3 0 •• 1 
17 0.5 0.001 
II -2.S -0.041 
19 -5.6 -0.091 
20 -1.6 -0.141 
21 -ll.7 -o.lfI 
22 -14.7 -0.241 
24 -20.1 -0.341 
25 -23.9 -0.391 
26 -26.9 -0.441 
27 -JO.O -0.491 
21 -31.0 -G. 541 
29 - •• 1 -o.StI 
3D -39.1 -0.641 
31 -4S.2 -0.141 
32 -51.1 -0 ••• 
]] o.s 0.001 

TABLE IV-18 

AXIAL AND AZlHU'l1IAL VELOCITY DATA AND COIUtELATIONS 

Teat Date: 6/22/81 Run No.: 18 Flow Condition: 1 

in.); x/Ito - 1.66 Axial LocatiOll: 102 _ (4.0 

U u' Su Itu " v' Iv '" 
.. 

aI. aI. aI. aI. .,'l/.2 

0.771 0.154 1.428 6.98 -0.004 0.144 0.377 5.16 
0.713 0.141 0.611 4.27 -0.002 0.125 0.162 4.46 
0.181 0.201 0.734 3.B -0.001 0.144 0.044 3.B 
1.004 0.198 0.313 2.12 0.019 0.150 0.051 3. sa 
1.173 0.211 -0.066 2.41 -0.002 0.153 0').057 3.44 
1.332 0.187 -o.S08 2.12 -0.001 0.132 0.116 3.37 
1.451 O.UO -1.324 5.55 -0.004 0.115 -O.IH 3.75 
1.469 0.117 -1.512 5.71 - 0.019 O.IJO -0.046 5.44 
1 •• 3 0.247 -1.223 4.52 -0.019 0.179 0.126 5.01 
1.lSO 0.296 -0.541 2.71 -0.005 0.222 -0.052 l.ll 
0.900 O.JOI -0.216 2.56 -0.002 0.244 -0.1l1 3.41 
0.694 0.331 -o.2SO 3.10 -0.005 0.247 0.094 3.19 
0.472 0.327 -o.JOI 2.96 -0.041 0.218 O.UO 3.29 
0.097 O.JOG 0.206 2.St -0.011 0.196 -0.018 2.69 

-0.150 0.246 0.721 4.41 - 0.020 0.151 -0.111 1.51 
0.761 0.163 0.812 1.tS - 0.025 O.ISO -0.244 4.90 
0.790 O.IJO 1.lSl 6.01 0.010 0.120 -0.179 6.61 
0.142 O.lSt 0.100 4.52 0.004 0.134 -0.016 4.11 
0.9. 0.179 0.224 3.91 0.021 0.146 -0.094 3.79 
1.140 0.214 0.113 2.44 0.027 0.153 -0.19] 3.00 
1.294 0.205 -0.)16 2.61 0.01l 0.141 -0.176 3.1l 
1.465 0.171 -1.299 5.46 0.022 0.U2 0.210 S.ll 
1.l96 0.229 -1.092 4.06 0.021 0.117 0.165 4.69 
1.253 0.271 -o.IU 3.31 0.012 0.220 -0.064 3.11 
n.912 0.)]5 -0.501 3.22 0.005 0.252 0.251 3.09 
0.154 0.341 -0.102 2.92 0.024 0.263 -0.061 2.15 
0.520 0.3St -o.110 3.26 -G.003 0.242 -0.072 3.21 
0.355 0._ -o.lsa 2.61 O.OS] 0.255 -0.211 2.69 
0.001 0.292 O.JOt 2.10 0.0]1 0.205 -0.102 3.St 

-0.231 0.221 0.646 3.91 0.041 0.14" 0.141 3. IS 
0.753 0.1l2 0.543 3.62 0.001 0.141 -0.107 6.25 

• 

, 
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Geo.etry: 1 
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, . 
... 
491 
4M 

I 
~ ..., 

. ..., 
• tt7 
tn 

'" ttl ..., 
4M 
." 
249 
Z49 
Z49 
497 
491 
497 
491 
417 
9tl 
tt9 
ttl 
tt7 
." 
." .,. 
249 
249 
249 
491 



I' 

't - 1'/10 
lID. +(~70) 

-(80090) 

1 1.1 .029 
2 4.1 .079 
3 1.9 • 129 
4 10.9 .11' 
5 1 •• 0 .229 
6 11.0 .279 
1 20.1 .329 
I 23.1 .37' • 26.2 .429 

10 29.2 .419 
11 32.3 .529 
12 lS.3 • 579 
II 38.4 .629 
14 41.4 .679 
15 41.5 .779 
16 Sl.6 .el' 
17 1.1 .029 
II -1.3 -.021 
1. -4.3 -.on 
20 -7.4 -.121 
21 -10.4 -.171 
21 -16.:» -.271 
24 -19.6 -.121 
2S -22.6 -.171 
26 -2S.7 -.421' 
21 -a.7 -.410 
21 -1I.1 -.520 
29 -14.1 -.SlO 

• -37.1 -.620 
II -43.9 -.120 
32 -SO.O -.1120 

TABLE IV-19 

AXIAL AND AZlHU11lAL VELOCITY DATA AND COJUlELATIONS 

Test Date: 6/19/81 Ilun No.: 19 Flow Condition: I Geo.etry: I 

Axial Location: 152 .. (6.0 in.). x/lo· 2.50 

U u' " v' -.... ~# 

aI. aI. S. "- aI. aI. S. .. .il/a2 
R_ 

fillet 

.1,. .111 .2. 2.12 .002 .1" .)43 4.71 

.939 .216 .0tI 2.10 .016 .161 .042 4.19 

.913 .1" .ll5 2 .... .014 .155 .243 .412 
1.043 .2ll -.104 2." .010 .150 .161 4.09 
1.149 .212 -.260 2.92 -.009 .142 .061 3.61 
1.205 .219 -.01 3.19 .00] .152 -.116 5.06 
1.U6 .21' -.738 1.22 .005 • lSi .156 5.25 
1.216 .261 -1.127 5.02 .005 .113 .016 6.21 
1.203 .279 -.162 3.79 .007 .210 -.109 4.90 
1.061 .304 -.616 3.ll .015 .211 .045 4.40 .... .lSS -.... 3.24 .010 .276 -.152 4.03 

.777 .371 -.522 3.27 .021 .210 -.lll 4.16 

.564 .41] -.289 2.14 .006 .279 -.067 3.61 

.lS7 .lI4 -.074 2.10 -.009 .al .012 3.09 

.045 .321 .437 2.13 -.014 .221 .356 3.76 
-.111 .277 .475 3.19 .021 .196 • liS 3.32 
.96' .111 .lSl 2.11 .0)4 .167 .315 3 •• 
.959 .171 .167 3.09 -.001 .16S .011 3.7S 
.996 .192 .1IS 3.02 .01' .156 .447 4.96 

1.062 .1" .254 2.67 .032 .153 .048 3.'7 
1.143 .200 -.205 2.S2 .024 .lst -.IIS 5.06 
1.211 .220 -.)41 2.14 .039 .161 -.046 4.03 
1.263 .223 -.77S 1.71 .0lS .161 -.113 4 •• 
1.214 .238 -1.099 S.4O .0)4 .179 .2st •• 31 

I 1.1" .20 -.1. 1.66 -.010 .215 -.079 3.11 
1.U2 .lOt -.717 3.11 .020 .2)4 -.060 3.26 
•• 76 .3ll -.119 4.01 .010 .249 -.103 3 .. 1 .... .1SO -.64S 3.46 -.004 .260 -.051 3.11 

.610 .354 -.354 2.'1 .041 .279 -.015 3.14 

.271 .4U .141 2.6S .030 .260 .J. 3.61 

.060 .161 .553 3.09 • 0. .216 .097 3.02 

------------~--~---

s_ IC_ • 
." 
4" 
.,7 
~ .,. 
9M 

"' '" '" '" ... 
•• .... 
24t 
2.a 
2.a 
4" 
4" .... 
4. 

." 
"' '" "' '" 4" 4" •• 
249 
249 
24 • 

,. 
• -• • -'" '" ~ • 



I' 

't -+(eoo, •• -( .. 11Q) 

I 0.' 
2 l.' , 6.' 
4 9.9 
5 U.O 
6 16.0 
1 19.1 

• 22.1 
9 25.1 

10 2'.2 
11 U.2 
12 ,...l 
U ]7.' 
14 4).4 
15 49.5 
16 52.6 
U 0.' 

"I -2.1 
19 -5.' 
20 -e.4 
21 -11.4 
22 -14.S 
2] -17.5 
24 -ZO.6 
25 -2J.6 
21 -21.7 
27 -29.1 
21 -]2.' 
29 -15.' 
]0 -41.9 
Jl -41.0 
l2 -51.1 

TABLE IV-20 

AXIAL VELOCITY • MOlAL VELOCITY. AND tDtEN"I'1lIt TURBULENT TRANSPORT MTA ARD OOIRELAnCIIS 

Test Date: 6/23/81 Run No.: 20 Flow Condition: I GeoIIetry: I 

Axial Location: 152 .. (6.0 in.). x/Ro· 2.50 

-.., .. u u' 
S. .. y ". s" .., ." .. " GW s_ ~ .,. ., . .,. ., . aI,.2 .,I,e! 

.012 0.9. O.ltl O.Ul 1.01 -0.011 0.1'5 0." 1.02 -o.OGJO -0." 0.014 -0.61 1.14 

.062 ~.979 0.Zl4 0.115 2.61 -G.OU 0.161 -0.121 4.10 -0.0124 -0.]41 0.014 -1.1~ 1.1. 

.112 1.0ll O.ZOl 0."" 2.72 -0.050 0.161 -0.405 1.65 -0.0122 -o.lS' 0.0l) -1.14 t.ll 

.162 1.101 O.ZH -0.050 2.16 -0."" 0.11l -0. III 1.19 -0.0119 -0.211 O.tMO 0 •• t.,. 
• 212 1.191 0.Z24 -0.212 2.lI -0."" O.Ul -0.41) 1.U -0 .... -0.221 O.tMO 0.05 I.U 
.HZ 1.241 0.222 -0.624 1.U -0.001 0.1" -0.491 4.10 0.0003 0.001 0.054 2.12 23 •• 
.1I2 1.214 0.229 -0.111 1.55 0.001 O.ltl -0.5]5 1.1) 0 .... 0.1S0 0.053 2.16 It.65 
.)62 1.244 0.258 -1.021 4." 0.041 0.21] -0.602 4.04 0.0141 0.251 0.014 1." 24.44 
.412 1.156 0.294 ~.197 4.01 -».065 0.2)0 -0.479 1.41 0.0219 0.)24 0." 4.25 31 •• 
.462 1.051 0.l22 -0.115 l.'5 0.011 0.241 -0.]60 1.01 0.01l4 0.405 O.otl 2.11 16.11 
.512 0.191 0 •• 1 -0.691 1.M 0.106 0.261 -o.)ol l.U 0.eM14 0.421 0.10l 2.ot 10 •• 
.562 0.125 0.'" -0.4)2 2.70 0.105 0.290 0.001 2.6] 0.0511 0.492 0.101 0.15 4.11 
.612 0.541 0.111 -0.581 l.U 0.eM5 0.291 O.Ul 2.54 O.eM12 0.)64 0.102 0.58 4.36 
.112 0.19' 0._ 0.054 2.Z4 0.010 0.215 0.019 4.11 0.0276 0.161 0.0. O.to 1.12 
.112 -0.11' 0.291 0.624 l.'" 0.007 0.22' 0.2" l." 0.0269 O.~ 0.014 1.45 14.11 
.162 -o.U7 0.245 0.]14 111 -0.01' 0.1. O.Ul 5." 0.0090 0.1" O.eMl 1.30 10.56 
.012 O.'ZO 0.194 0.251 2.14 -G.002 0.16] -o.1I2 4.59 0.0011 0.055 0.0" 1.11 14.11 

-.on 0.916 O.ZGO O.HI 2.1' -0.011 0.118 -0.079 1 •• -0.00" -0.109 0.011 0.30 15.16 
-.017 O.'" 0.201 0.106 2.58 -0.0]1 0.165 0.100 3.62 -0.0011 -0.229 0.014 0.01 I." 
-.U7 1.066 0.2]5 -0.16' 2.71 -0."'" 0.U8 -0.276 1.81 -0.0115 -0.274 0.042 0.70 11.49 
-.111 1.171 0.2U -0.258 2.54 -0."'" 0.U5 -0.215 1.11 -o.OO6t -0.111 0.0. -0.50 5.61 
-.n7 1.214 0.225 -0.5]0 2." -0.016 0.1'2 -0.282 1.91 -0.0005 -0.012 0.051 4.07 ... 0 
-.2.7 1.218 0.212 -0.416 l.04 0.010 0.11' -0.1'2 4.00 0.0005 0.014 0.eM2 1.01 46.51 
-.ll7 1.211 0.264 -0.109 1.6] 0.02) O.ZOI -0.141 1." 0.0125 0.U5 0.064 2 •• 11.49 
-.lI7 1.2. 0.27' -0.900 1 •• 0.057 0.222 ~.154 1 •• 0.0210 0.141 0.012 1.31 21.11 
-.4]7 1.015 O.lOS -0 .... l.15 0.016 0.2U -0.010 1.24 0.0261 0.179 0.074 1.40 16.12 
-.417 0.'70 0.121 -o.M Z.17 0.095 0.2. -0.216 1." 0.0)2, 0.427 0.011 1.51 21.52 
-.5]7 0.767 0.154 -O.n5 l.57 0.0" 0.267 -0.054 l.40 0.on7 0.'" 0.106 1.45 9 .... 
-.517 0.549 0.412 -0.424 2.14 0.0]0 O.l17 -0.558 4.54 0 • .,95 0.456 0.1)2 1.ll 1.64 
-.617 0.215 0.412 0.1'1 2.97 O.06J 0.274 -o.l21 2.70 0.0541 0 ..... 0.120 2.10 10.11 
-.117 -0.0]1 

0'*1 
0.561 l.54 -o.02l 0.211 -0.906 6.ll 0.0247 0.2M 0.012 1.41 I.to 

-.In -o.u .. 0.258 0.758 J.55 0.007 O.ZGO 0.519 ".01 0.0140 0._ 0.054 2.79 11.57 

__ ,.. ~_ .... ~ ... ,.e 

• 
4" 
4. 
4 .. 
4" 
4ft 

'" '" '" '" ,. 
'" 4ft 
24t 
241 
241 
241 
4ft 
491 ... 
4. 
4ft 

'" ttl 

'" '" ttl 
ttl 

'" 241 
249 
246 
2" 

tt a.a 

-~ 

1 
1 

.. 



,. 

r 
I't -..... +(&-0) 

-("110) 
1 0.' 
2 ].1 
] 6.' 
4 ••• S U.O 
6 1'.0 
1 11.1 

• 22.1 

• ZS.2 
10 21.2 
11 ll.) 
12 ]4.] 
n )7.4 
14 43.S 
15 4t.' 
16 52.' 
17 0.' 
II -2.1 I. -S.4 
20 -1.4 
Zl -11.5 
22 -14.S 
n -11.6 
25 -21.' 
H -21.7 
21 -H.7 
21 -]2.1 
H -]5.1 
)0 -41.' 

. 1 II -41.0 
12 -Sl.l 
]) 0.1 

• • 

TABLE tY-21 

AXIAL VELOCITY. MOlAL VELOCITY. AND lDtEl'.'T1lM TURBULENT TRANSPORT DlTA AND CORJlE1.AnONS 

Test Date: 6/24/81 Run Mo.: 21 Flow Condition: J Ceo.etry: 1 

Axial Location: 201 .. C8.0 in.); .fRo· 1.11 

II u' Y y' - ~ 
r/l.o - ·uv aI. aI. s.. .. aI. aI. :0" lEw .,2,.2 .,l,.2 

Suv 

.OU .961 • lOS -.017 2.ll -.00) .115 -.osa ).91 -.oon -.011 .019 0.57 

.06) •• )& .201 -.211 2.11 .000 .IM -.077 1.15 -.OC61 -.156 .OU -.01] 

.111 .991 .zot -.114 1.)7 .~ .111 -.zte 1." -.CW'lO -.001 .019 0.60 

.161 1.0)0 .2n -.127 2.46 .011 .111 -.111 1.11 -.O')JS -.ot2 .019 0.24 

.2U 1.021 .211 -.ZS' 1.OS .007 .201 -.514 4.15 .001lS .011 .058 l.to 

.261 1.0lS .Z4S -.452 ].H .~~6 .206 -.141 4.01 .OtSZ .102 • 062 2 .... 

.]U 1.051 .2s) -.541 4.11 .on • zoo -.610 4.21 .OO~ .110 .060 1." .. ] 1.011 .216 -.'Zl ].U .061 .20] -.]12 ].M .010\ .1. .06~ 2.OS 

.'1] •• 76 .JOG -.7tt 4.26 .011 .2n -.1l2 1.SS .0115 .261 .f'41 2." 

.46) .891 .1lS -.712 1.17 .012 .2)7 -.102 ).54 .0206 .216 ...... 1." 

.SU .111 .])2 -.585 1.U .120 .260 -.lOG 1.26 .0Ht .311 .ott I.M 

.56) .614 .3S1 -.12' 2." .115 .269 -.1'2 2.IS .0)24 .]4S .106 2.U 

.In .S75 .1. - - .116 .2S1 - - - - - -

.7ll • lOt .. , - - .107 .266 - - - - - -

.IU .Oll .211 - - .054 .25' - - - - - -... , -.054 .211 - - .0)9 .226 - - - - - -

.Oll 1.007 .201 - - -.021 .1.1 - - - - - -
-.011 1.oeM .20) -.001 2.SS -.001 .171 .019 1.21 -.0021 -.059 .0]4 -0.21 
-.011 1.011 • lOS .011 2.'S -.002 .114 .012 3.41 -.0011 -.012 .0. o.ot 
-.UI 1.011 .214 -.210 1.42 .001 .114 -.llS 3.58 -.0010 -.015 .... , 0 .... 
-.1. 1.045 .2U -.514 1.46 -.002 .119 -.2. 1.51 .0009 .012 .0Sl -1.SO 
-.211 1.077 .210 -.1. 1.52 .002 .1" -.541 4.00 .0IJ70 .ISS .OSS 1.S] 
-.2. 1.061 .244 -.572 4.1S .029 .1" -.'1' ).S~ .0016 .177 .054 2.14 
-.JII .... .291 -.511 1.10 .061 .2lS -.2n 1.12 .0211 .ll' .01' 2.26 
-.411 .197 .]n -.'24 ).51 .050 .24t -.lt4 1.12 .0101 .111 .094 2.tS 
-.... .841 .nt -.4n ].22 .096 .2S1 -.5" 1.M .0)02 •• 7 .019 1.41 
-.Sll .7]4 .]56 -.S21 ).26 .070 .296 -.415 1.02 .019) .111 .101 I .• 
-.SA .60) .1IS -.164 2.'1 .01' .212 -.U7 2.'" .0411 .466 .104 1.20 
-.... .111 .4U -.22S 2 •• .091 .)04 .111 2.SS .0640 .510 .116 1.01 
-.7. .107 •• 7 .114 2.41 .022 .312 -.761 s.n .04U .426 .111 l.st 
-.111 .on .291 - - .114 .446 - - - - - -

.Oll •• 11 .211 -.052 2.70 .001 .111 -.011 1.11 -.001' -.04' .0)7 -0.12 

----

Ie.", 

12.M 
14.11 
15.15 
7." 

n.n 
1'.17 
U •• S 
15.21 
21.70 
14.)5 
14.sa 
n .• 
-----

1.01 
1.n 

II.SS 
2O.ot 
29.12 
15 ... 
ll.n 
21." 
11.01 
6." 
S.ll 
4.26 
7.60 -
6.46 

i 

• 
"I 
'"~ 
4" 
499 
4" 

'" '" '" '" '" '" 4" -----..,. 
4_ 

4" 
4" 

'" '" 
'" '" '" 4_ 
24' 
241 
241 

-4_ 

I 

,. 
CIt .-• 110 .­
VI 
VI • o 
I 

110 

. 
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,1 
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TABLE IV-22 

AXIAL ASD AZIMUTHAL VELOCln DATA AND CORRELATIONS 

Test Dat~: 6/25/81 Run No.: 22 Flo~ Condition: 1 Geometry: I 

Axial Location: 203 mm (8.0 in.); x/Ro • 3.33 
r------T-------

r 
-------..------~y-----r----r-----r-~_ -----T~~~ 

r l - / 11 u· Su Ir W v' ,. "w U'o' It"... -'.'" S.~ ICUIl 
t.... H'" no) r "0 ./» .1» "'U.hi .,. "W .. .1,.2 .2/.2 ~ .. 

____ +_-_(~"_-~90~)~------~------1_------~------~----~~----_4------~------~------~------~------+-------~----_4-------_+--
1 2.S 0.042 .9H .206 .000 2.609 .0096 .1i19 .021 ].205 491 
2 S.6 0.092 1.009 .219 .0lJ 2.675 .0069 .175 .Oll 2.902 49S 
) 6.6 0.142 1.025 .209 -.245 2.610 .0049 .172 .017 ).610 496 
.. 11.7 0.192 1.042 .210 -.194 2.760 .0091 .169 .2)9 ).146 493 
., 14.7 0.241 1.078 .217 -.L97 2.694 .0016 .174 -.029 1.224 496 
6 17.1 0.291 1.015 .229 -.295 2.711 .0004 .193 .144 ).409 9aS 
7 ~~.8 0.141 L056 .254 -.462 ).040 -.0067 .188 .022 ).0)7 986 
8 1.1.9 0.'91 1.0)5 .27) -.442 ).06) .0012 .216 -.146 ).!i19 994 
9 26.9 0.441 .982 .279 -.446 2.816 -.0198 .244 .209 ).212 991 

10 10.0 0.491 .900 .288 -.234 2.80) .0085 .251 -.07~ 2.925 982 
11 n.o 0.541 .77~ .J18 -.)28 2.600 -.0159 .252 .099 2.8U 490 
12 )6.1 0.591 .659 .))7 -.175 2.716 -.0220 .289 -.260 3.223 \92 
D )9.1 0.641 .540 .)74 -.257 2.649 -.0049 .271 -.276 2.1)97 49S 
14 42.2 0.691 .189 .)69 .011 2.)67 .00?9 .298 -.136 3.032 244 
15 48.) 0.791 .H2 .)74 .268 2.441 .01S9 .236 .060 2.713 241 
16 S~.4 0.891 -.~5 .280 .)28 2.420 -.0020 .24~ - .081 ].4]1 241 
17 2.5 0.042 .977 .197 -.140 2.720 -.Oll41 .188 -.)24 4.21i!' 49S 
18 -0.5 -0.008 .96) .1&) .095 2.629 .(0)8 .160 -.102 ].I()!1 49) 
19 -1.6 -0.058 .990 .201 -.131 2 711 .0034 .115 -.310 3.603 49~ 
2;) -6.6 -0.108 .970 .212 -.084 2.1111 .0]40 .1112 -.112 3.513 491 

-9.7 -0.158 1.007 .219 -.145 1.054 .02&7 .172 -.lll 3.523 49S 
22 -IL7 -0.208 1.015 .218 -.28" 1.1H .0401 .IAl .402 4.143 994 
2:; -1~.7 -0.2~8 1.060 .120 -.183 2.792 .On5 .l7g -.043 3.806 991 
24 -lS.8 -0.108 1.0~ .238 -.506 3.797 .0274 .188 -.0]2 3.419 990 
25 -21.' -0.158 1.039 .251 -.521 I 1.154 .0161 .211 -.107 3.585 99:t 
26 -24.9 -0.408 1.012 .2110 -.669 3.(9) .0236 .225 .067 3.493 996 
27 -29.9 -0.458 .977 .280 -.572 ].0]8 .0297 .2n .044 1.108 494 
28 -ll.O -0.508 •• ,5 .101 -.527 3.174 .0265 .]'jJ .050 3.0">3 498 
29 -34.0 -0.551 .706 .172 -.497 3.004 .00 .. 1 .266 .047 3.284 ! 499 

~ :!~:! =~:~: :::: :!:~ ::~~ ~::~~ -:~:~ :~:~ -:~~ ~::~~ I ~:! 
_l~. ~ __ -_~~~_ ~~_. 8O~.~_._2,_1_3--L __ .l_7_8_.l--_._066_--,_2_._3_1. 9_.l.-_.0_1_7_7-L_._2_5_7~ __ ._0_7_3--,,_2_._5_88_L-___ .-J~ __ ---' ____ "'-___ -1--L249 

United Ycchnolol:!'!s lto!Ho!.UI h Center/NASA L .. 'ViH lIese.Jr~h C"nrer (Conu"ct .. .AS]-2277I ) 
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• 
.. 

~ ........... ~r~77 ... rr"."""""$.rn ... rrM.~, "~nD€~~ .... ,.n .. t ...... sr"S.?.uzr"~f~tll .. .. 
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TABLE IV-23 

AXIAL VELOCITI. AZIMVTHAL VELOCITI. A.~D MOMENTlJM TURBULENT TRANSPORT DATA AND CORRELATIONS 

Test Date: 6/26/81 Run !'~o.: 23 Flow Condi tion: 1 Geometry: 1 

Axial L0cation: 102 mm (4.0 in.); x/Ro = 1.66 

r --
5 I K= 

}' nltn II u' W w' uw UJW l r/ltu Su Ku Sw ~ I<uw 
.. 

+(&=270) m/s m/s m/s m/s m2/s 2 m2 /s 2 
.. 

Nu_ 

-,.::,1 27." 
- - (e~90) --

I 0.00 0.00 .777 .138 1.035 5.07 .011 .135 .230 7.48 .0045 -0.024 .0301 496 
2 6.10 0.10 .879 .170 .552 3.15 .002 .157 -.406 4.53 .0011 -0.040 .0295 .775 11.93 498 
3 12.19 0.20 1.171 .206 -.153 2.63 .0lD .159 .112 2.94 .0005 -0.015 .0313 .943 10.60 499 
4 18.29 0.30 1.458 .170 -1. 34 .. 6.22 -.001 .116 -.036 4.64 .0004 -0.e22 .0218 -.883 13.93 999 
5 21. 34 0.35 1.485 .183 -1.714 7.28 .0113 .137 .466 6.59 -.0011 .043 .0405 -1.446 37.67 999 
6 I 30.48 0.50 .880 .340 -.475 3.65 .009 .258 .18/, 4.05 -.0018 .021 .0866 -.893 12.65 499 
7 

! 36.58 0.60 .480 .336 -.243 3.13 .042 .278 -.202 4.01 .(J06S -.072 .0947 .168 7.86 499 

I 

MJ\SS ANll ~lnHENTutl 1URIll'LEN'f TRANSI'OI<T LXI' J:l(IHENTS United Technologies Researdl Center/NASA Lewis Research Center (Contract NAS3-2277l) 



TABLE IV-24 

AXIAL VELOC T 7I. AZIMLTHAL VELOCITI, A.~D MOME~Tt'!i n'RBtLE~;T TR.o\~;SP0RT DATA A~m CORREl.ATIOSS 

Test Date: ~!26!81 Run Yu.: 24 Flo ... · Condi tion: 1 Geomet .... y: 1 

Axial Location: 152 ur.t (6.0 in.); xiRo· 2.50 

~
.~-rl-~I-rik -rTfu-:-T-s - Vu w-~ . 
~'_~ ~:::~:J~L_~~_I_!>_t-_U __ -t ___ -+_m_'_~ -1~ 

L I ('.0 t • ()(j • 'Jt.6 • ~'Al .1& 7 2.76 .0()6 .1 <j 7 
! 2 t.l .lv 1.0)42 .:t14 .OS'j 2.62 .018 .177 
! 3 12.2 .20 1.19) .:l26 -.145 2.6) 
14 18.1 .J') 1.2<:13 .71t -.837 4.9(. 

5 24.4 .40 1.2/2 .23<:1 -.840 4.10 
f> JI).~ .sr) .9)1 .331 -.463 ).21 
7 36.6 .60 .57~ .377 -.2<:18 3.09 
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TABLE IV-44 

AXIAL VELOCITY. RADIAL VELOCITY. A~D MOME!-.'TUM TURBULE~T TRA~SPORT DATA A.~D CORRELATIO~S 

Test Date: 7/29/81 Run No.: 44 Flow Condition: 1 Geometry: 1 

Axial Location: 13 rnm (0.5 in.); x/Ro = 0.21 

~r. ! r -
I' nllll U u' V v' U\" (J"uv 

r;,l) • + \ f1-0) r/Ro Su Ku 
,. 

Kv Ruv SU'., I:U\' m/s m/s m/s m/s "v 
m2/s2 ",,2/s2 

- (;t-~180) 

1 0.0 .000 .790 .0&4 -.144 3.17 .005 .049 .147 3.40 -.0002 -.050 .003 -.04& 10.82 
2 3.0 .050 .792 .0&2 -.1&7 2.99 .011 .048 .. CI0 4.33 .0002 .054 .003 1.84 13.07 
3 &.1 .100 .744 .075 -.586 4.&& .012 .051 .144 4.23 .0008 .218 .004 3.5& 46.70 
4 9.1 .150 .&47 .091 -.094 2.80 .013 .0&0 -.318 4.87 .0014 .2&0 .006 1.77 14.26 
5 12.2 .200 .52& .137 .640 3.49 -.0&3 .148 .. &26 3.96 -.0069 -.342 .025 -2.94 24.80 
6 15.2 .250 1.230 .216 -.255 2.72 -.OM; .163 1.106 6.48 -.0149 -.423 .039 -1.53 13.2& 
7 18.3 .300 1.582 .065 -.364 -1.56 -.040 .057 .420 3.1l7 -.0005 -.130 .004 -2.42 26.47 
8 21. 3 .350 1.588 .054 -.072 -5.29 -.045 .051 .254 4.12 .0000 .010 .003 -0.16 17.38 
9 24.·~ .400 1. 542 .083 -.&56 2.78 -.029 .064 .703 15.87 .0010 .184 .00& 0.36 33.74 

10 27.4 .450 1.340 .129 -.010 .085 
11 30.5 .500 .&94 .235 .028 .172 
12 33.5 .5S0 -.005 .144 -.032 .104 
13 36.6 .600 -.0&3 .113 -.127 3.38 -.040 .071 .403 4.74 .0020 .244 .009 1.45 11.67 
14 42.7 .699 -.079 .120 -.385 3.30 -.035 .069 .i.56 3.19 .0013 .161 .009 1.32 10.77 
15 48.6 .799 -.055 .107 -.&33 3.99 -.033 .080 -.I1S 3.70 .0013 .157 .009 2.3 1, 16.77 
1& 0.0 .000 .780 .059 -.494 3."'0 .010 .046 .013 3.92 -.0004 -.148 .003 -1.58 11.15 
17 -3.0 -.050 .749 .065 -.312 3.1! -.005 .047 -.394 4.98 -.0006 .189 .003 1.65 15.73 
18 0.0 .000 .802 .061 -.223 2.82 -.OOB .040 .111 3.20 -.0001 .030 .003 -0.19 14.17 
19 -6.1 -.100 .722 .084 -1. 292 11. :;2 .001 .045 -.375 4.26 -.0006 .155 .004 -2.44 28.29 
20 -9.1 -.150 .646 .096 -.311 2.71 -.001 .050 -.21l1 3.68 -.0016 .340 .005 1.94 12.15 
21 -12.2 -.200 .509 .115 .396 3.32 -.038 .107 -.706 3.65 .0004 -.029 .015 -1.69 18.15 
22 -15.2 -.250 1.060 .207 -.086 2.76 -.085 .160 .414 3.Z6 .0154 -.465 .035 -1.25 11.31 
23 -18.3 -.300 1. 5&3 .081 -1.175 3.28 -.068 .052 .264 4.35 .0009 -.212 .006 -0.57 49.40 
24 -21.3 -.350 1.603 .048 -.926 -5.48 -.060 .038 .:i2l 4.63 .0004 -.206 .003 -4.98 41.97 
25 -24.4 -.400 1.611 .044 -.034 -15.66 -.058 .038 -.017 4.75 .0000 .000 .002 -2.45 41.96 
26 -27.4 -.450 1.505 .111 -.794 3.65 -.046 .068 -.459 3.90 -.0020 .269 .009 -3.23 27.27 
27 -30.5 -.500 .774 .253 -.097 2.83 .026 .179 -.172 2.96 -.0211 .465 .049 1.91 10.63 
28 -n.5 -.550 -.009 .134 .834 4.63 -.044 .097 .906 6.53 -.0057 .440 .020 5.14 39.03 
29 -3&.6 -.600 -.065 .109 -.187 3.34 -.04C .060 -.358 5.94 -.0017 .2&& .007 2.23 11. 39 
30 -42.7 -.699 -.040 .112 -.534 4.10 -.on .07J .033 3.38 -.0007 .085 .010 -1. 75 21.11 
31 -48.8 -.799 -.036 .100 -1.144 4.93 -.021 .074 .661 8.34 .0002 -.022 .006 -0.1& 5.89 
32 0.0 .000 .805 .053 -.518 2.68 .008 .037 .165 3.37 -.0001 -.0&2 .002 -0.17 10.46 

~,,\s:, AND HOHEN'l'UI 'IUitlSVU1;T TI(ANSl'IlRT EXPERIMENTS United Technologies Resean'h Center/NASA Lewis Research Center (Contract NAS3-2277l) 

ze ,au, to. ca_ 

:\ 

487'-

475 
467 
487 
49; 
992 
992 
994 
995 

241 
241 
239 
494 
495 
493 
495 
494 
498 
999 
998 
999 
999 
999 
997 
498 
239 
24& 
244 
498 

:;d 
OD ..... 
I 

1.0 ..... 
VI 
VI 
~ 
o 
I 

1.0 



TABLE IV-4S 

RADIAL VELOCITY. CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 7/31/81 Run No.: 45 Flow Condition: 1 Geometry: I 

Axial Location: 13 mm (0.5 in.); x/Ro· 0.21 

r - -
I' - r/Ro 

v v' Sv 
f f' vf tTvf r-vf 

l Kv !i f Kf Rvf Svf N N". +(&000) _/s ./s -/- -I. -(6-180) 

2 .00 .000 .006 .032 .280 3.82 1.051 .065 .019 3.06 -.0001 .045 .002 -.583 7.76 500 
3 1.52 .025 .010 .034 -.099 3.45 1.018 .062 .106 3.22 .0001 .029 .002 .287 9.07 500 
4 3.05 .050 .011 .015 -.170 3.38 .998 .066 -.038 3.02 .0000 .014 .002 -.089 7.64 500 
5 4.57 .075 .014 .038 -.240 3.11 .949 .061 .108 2.88 .0000 -.021 .002 -.198 6.89 500 
6 6.10 .100 .018 .035 -.236 3.49 1.0R4 .067 .224 3.36 .0000 .048 .002 .627 10.17 500 
8 9.14 .ISO .017 .042 -.253 3.06 1.007 .062 .029 .0000 .006 .003 .128 6.75 500 
9 10.67 .175 .019 .053 -.425 4.53 .989 .067 -.046 3.25 .0001 .022 .004 1.286 18.35 500 

10 12.19 .200 .016 .087 -1. 233 7.61 .850 .094 -.845 4.07 .0018 .228 .010 3.902 50.71 1000 
11 15.24 .250 -.049 .149 -.080 3.91 .198 .114 .700 3.87 .0045 .267 .016 1.315 8. J6 1000 
12 18.29 .300 -.046 .049 .237 4.01 .009 .014 .3(,6 3.17 .0000 -.049 .001 -.354 7.64 1000 
II 21.34 .350 -.Oll .042 -.638 3.46 .015 .014 .370 3.09 .0000 -.015 .001 -1.044 14.90 1000 
14 24.38 .400 -.017 .0)6 -1.803 7.15 .015 .014 .274 3.14 .0000 -.021 .001 .616 22.11 1000 
15 27.43 .450 -.011 .067 -.584 4.26 .006 .Oll .265 3.05 .0000 .013 .001 -.440 13.22 1000 
16 ~.48 .500 .029 .140 -.014 5.01 .021 .016 .506 3.70 -.0001 -.051 .002 -.176 11.48 1000 
17 33.5) .550 -.009 .04) -.1:'3 lJ.25 .035 .017 .212 2.72 -.0000 -.060 .001 -.392 26.66 500 
18 36.58 .600 .001 .005 -2.992 29.47 .035 .016 .298 2.95 .0000 .070 .000 1.268 12.82 500 
25 -4.57 -.075 -.001 .0)9 .252 2.93 1.025 .065 -.055 1.78 .0001 .033 .002 -.198 5.70 500 
29 -10.67 -.175 .006 .060 .902 7.07 .981 .066 -.112 2.92 .0000 .012 .004 -.396 19.98 500 
32 -12.19 -.200 -.003 .106 1.188 6.45 .970 .149 -1.046 3.77 .0031 .200 .019 -3.640 28.05 999 
33 -15.24 -.2SO -.074 .144 -.654 4.67 .172 .119 .796 3.35 .0041 .251 .018 -2.051 18. )1 1000 
34 -18.29 -.300 - .050 .049 -.57" 5.21 .006 .015 .225 2.93 .0000 .022 .001 .294 8.94 1000 

MASS AND HUtll::tll1JM 'IUR8lJLtltT ,'RANSI'ORT 1::X1'liJUHDlTS United Technolot;ics Researl'll Center/NASA Lewis Research Center (Contract NAS)-22771) 



-- r 
V I' - r/Ko l 

NC). -t (tf-O) ra/ .. 
-(9-180) 

3 0.0 .000 .007 
4 0.0 .000 .009 
5 0.0 .000 .005 
6 3.0 .OSO .006 
7 6.1 .100 .006 
8 9.1 .150 .005 
9 10.7 .175 -.003 

10 12.2 .200 -.006 
11 15.2 .2SO -.015 
12 18.3 .300 -.012 
14 18.3 .300 -.015 
IS 21.3 .350 -.007 
16 24.4 .400 .007 
17 27.4 .4SO .022 
18 30.5 .500 .011 
19 33.5 .5SO .005 
20 36.6 .600 -.OC)) 
21 42.7 .699 -.008 
22 48.8 .799 .000 
26 0.0 .000 .008 
27 0.0 .000 .008 

28 -3.0 -.OSO -.004 
29 -6.1 -.100 -.003 
30 -9.1 -.ISO -.()(W, 

31 -10.7 -.175 -.008 
32 -12.2 -.200 -.028 
n -15.2 -.250 -.034 
34 -18.3 -.300 -.029 
35 -21.3 -.3SO -.020 

~ U··· -.400 -.006 
37 -27.4 -.450 .010 
38 -30.5 -.500 .003 
39 -n.s -.5SO .002 " 
41 -42.7 -.699 -.023 

1--- -- -

.~. -, ~ 

TABLE IV-47 

RADIAL VELOCITY. CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/3/81 Run No.: 47 Flow Condition: 1 Geometry: 1 

Axial Location: 51 mm (2.0 in.); x/Ro· 0.83 

v' f' - tTvf 
By ICy f vf 

:;f Kf R'_'f ra/ .. -I .. a/s 

.032 .248 3.85 0.992 .059 -.0001 -.037 

.031 .286 3.52 ),008 .064 -.0001 -.038 

.034 -.004 3.73 1.000 .059 .COOO .015 

.034 -.O~O 3.71 1.008 .063 .0000 .003 

.042 -.482 4.17 1.016 .085 .0004 .115 

.060 -.278 5.61 0.807 .205 .0011 .088 

.084 -1.287 7.87 0.627 .224 .0037 .196 

.092 -.203 5.91 0.418 .190 .0046 .265 

.080 -.029 5.36 O.ISO .129 .0024 .231 

.053 -.089 5.57 ~1.Oll .050 .0002 .075 

.052 -.064 5.21 0.009 .039 .0003 .012 

.048 -.538 6.66 0.000 .015 -.0001 -.083 

.055 .334 7.78 0.001 .016 -.0001 -.067 

.095 -.376 6.09 0.006 .016 -.0002 -.123 

.108 .894 10.58 0.011 .016 -.0001 -.034 

.086 .986 13.28 0.021 .018 -.0001 -.062 

.045 .185 5.91 0.025 .017 .0001 .059 

.034 -1.490 10.96 0.025 .016 .0000 

.010 -1.930 20.03 0.021 .018 .0000 

.034 .175 3.74 1.000 .060 .0000 

.034 .225 3.74 1.000 .069 .0000 

.035 .044 3.26 1.017 .060 .0001 .024 

.046 .115 5.33 1.015 .080 .0004 .109 

.065 .468 5.57 0.845 .182 .0017 .141 

.075 .904 6.06 0.667 .217 .0028 .236 

.099 1.200 5.81 0.451 .193 .0043 .229 

.094 -.036 5.04 0.174 .124 .0032 .276 

.058 -.216 5.85 0.026 .056 .0004 .014 

.059 .943 8.18 -0.002 .018 .0000 

.074 .081 7.96 -0.002 .014 .0000 

.116 .717 6.45 0.001 .015 -.0003 -.158 

.126 -.685 8.39 0.004 .015 -.0002 -.103 

.095 -.918 8.03 0.014 .018 .0000 .000 

.052 .513 3.92 0.019 .018 .0000 

svf 

-. ......--~-----"-.-... -->: ........... -.-..-

Kvf !Ii 

SOC) 

SOl') 

499 
SOC) 

SOC) 

SOC) 

SOC) 

1000 
1000 
1000 
1000 
999 
998 
999 

1000 
SOC) 

SOC) 

SOC) 

500 
500 
499 
500 
500 
499 
500 

1000 
1000 
1000 
500 
500 
500 
500 
499 
0;00 

::III 
at -I \0 -VI 
VI 

8 
I 
\0 
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TABLE IV-SO 

RADIAL VELOCITY. CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/6/81 Run No.: 50 Flow Condition: 1 Geometry: 1 

Axial Location: 203 mm (8.0 in.). x/Ro· 3.33 

r - -
I't - V v' By t t' vf 

Rvf tTvf r/ko K., !;.r Kt 5vf Kvf 
N ... +(&-0) ./8 -/- -/- _/s 

-(&-180) -. 
9 0.0 .000 -.008 .169 -.121 3.78 .287 .160 .708 3.71 .0008 .030 .027 0.09 10.33 

10 3.0 .050 ... .04 .169 -.150 3.67 .280 .174 - - .0028 .095 - - -
11 6.1 .100 .017 .171 -.173 3.52 .272 .167 .842 3.90 .0056 .197 .028 0.80 8.45 
12 9.1 • ISO .005 .169 -.601 5.11 .233 .160 .953 4.34 .0076 .280 .026 1.87 12.49 
14 12.2 .200 .010 .191 -.303 4.09 .192 .151 1.090 4.41 .0082 .285 .026 1.39 9.20 
IS lS.2 .250 .039 .187 -.178 4.11 . ISO .137 1.157 4.44 .0063 .246 .023 0.87 6.41 
16 18.3 .300 .043 .198 -.483 3.82 - - - - - - - - -
17 21.3 .350 .062 .214 -.416 3.61 .086 .113 1.998 8.60 .0064 .267 .023 3.58 33.49 
18 24.4 .400 .077 .229 -.425 3.88 .058 .093 2.396 12.00 .0058 .275 .027 10.97 222.20 
19 27.4 .450 .088 .226 -.279 3.63 .038 .075 2.924 15.39 .0038 .228 .018 5.95 67.58 
20 30.5 .~ .114 .233 -.135 3.50 .025 .059 2.223 9.18 .0029 .211 .014 4.16 34.71 
21 33.5 .550 .095 .260 -.2"1 3.44 .021 .053 3.092 17.96 .0029 .210 .014 4.59 35.47 
22 36.6 .600 .164 .252 .166 3.56 .026 .050 2.868 17.05 .0015 .116 .013 3.37 34.84 
23 42.7 .699 .051 .173 1.122 5.67 .019 .031 1. 781 12.53 .0001 .016 .006 4.17 44.81 
24 0.0 .000 -.005 .169 -.202 4.45 .274 .157 .790 3.83 .0004 .016 .026 0.20 10.32 
29 o.n .000 -.003 .170 -.141 3.S4 .280 .162 .787 3.59 .0005 .017 .026 0.21 6.84 
30 -3.0 -.OSO .003 .182 .0(,9 3.82 .203 .118 .936 4.73 .0019 .088 .020 0.14 8.27 
31 -6.1 -.100 .008 .181 .014 3.43 .263 .159 .915 4.18 .0044 .153 .027 0.48 7.47 
12 -9.1 -.ISO .011 .182 -.137 3.68 .238 .156 .934 4.20 .0060 .213 .028 0.48 8.93 
33 -12.2 -.200 .016 .193 -.387 3.83 .198 .142 .913 3.76 .0074 .270 .026 0.90 7.35 
34 -15.2 -.250 .030 .185 -.521 3.90 .181 .140 1.030 4.02 .0082 .316 .025 1.69 9.25 
35 -18.3 -.300 .038 .206 -.433 3.62 .135 .126 1.556 6.76 .0073 .282 .024 1. 75 9.68 
36 -21.3 -.:)50 .043 .232 -.416 3.32 .121 .1:>1 1.702 6.9) .0090 .319 .028 2.76 21.30 
J7 -24.4 -.400 .071 .224 -.274 J.06 .089 .100 1.842 8.09 .0063 .282 .021 2.79 22.06 
J8 -27.4 -.4SO .079 .245 -.378 3.29 .066 .086 2.262 9.78 .0055 .259 .020 3.01 20.09 
39 -30.5 -.500 .091 .242 -.040 3.20 .056 .071 2.446 11.27 .0041 .235 .021> 5.26 58.40 
40 -33.5 -.550 .097 .243 -.137 3.22 .053 .065 3.087 17.51 .0031 .195 .018 6.45 72.01 
41 -36.6 -.600 .117 .250 -.061 2.98 .Oll .049 3.342 23.26 .0018 .143 .012 4.54 42.06 
42 -42.7 -.699 .097 .260 .125 2.99 .035 .OJ6 2.581 la.08 0003 .036 .010 5.75 77.82 
43 48.8 -.799 .120 .288 .443 2.97 .028 .036 2.591 18.38 .(1005 .050 .012 6.58 86.73 
44 0.0 .000 .001 .173 -.117 3.80 .280 .150 .748 3.89 .0001 .005 .025 0.11 9.54 

t 
HASS ANI) H41HDllllM 'lliKUllIU)lT TMNSl'OkT t:XI'U.J"ENTS United Technologic» kescarc-h Center/NASA Lewis ReKcarch Center (Cuntract NAS3-22771) 
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TABLE IV-51 

RADIAL VELOCITY. CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/10/81 Run No.: 51 Flow Condition: 1 Geometry: 1 

Axial Location: 152 mm (6.0 in.); x/Ro· 2.50 

r 
V v' r f' -1'1 - r/ko Sv x". Sf '\'f a\.~ 

+("-0) ./1> ./11 Kf Rvf Svf Kvf 
tok •• ./11 .!ta 

-l8a180) 

8 1. 52 .025 0.001 .141 .390 5.18 .542 .267 .260 2. \l -.0023 -.058 .044 -1.286 15.23 
9 4.57 .075 -0.017 .144 -.585 4.16 .508 .257 .2)6 2.18 .0l25 .338 .039 1.245 10.40 

10 7.62 .125 -0.021 .158 -.241 3.71 .398 .237 .606 2.60 .0165 439 .036 0.897 8.78 
11 lC.67 .175 -0.040 .167 -.319 3.40 .320 .216 .790 3.23 .0178 .494 .035 1.732 8.28 
12 13.12 .225 -0.018 .174 -.397 3.49 .249 .209 1.196 4.44 .0167 .459 .037 2.32 1l.80 
14 16.76 .275 -0.019 .189 -.648 4.57 .167 .173 1.430 5.31 .0133 .409 .033 2.17 10.42 
15 19.81 .324 O.Oll .199 -.422 3.87 .086 .127 2.142 8.28 .0078 .311 .027 2.91 16.55 
16 22.86 .375 0.009 .218 -.558 4.34 .045 .090 3.059 14.66 .0045 .227 .020 5.15 43.80 
17 25.91 .425 0.035 .229 -.538 3.70 .023 .056 3.543 21.20 .0021 .162 Oll 5.27 SO.10 
18 28.'J6 .475 0.018 .255 -.148 3.06 .017 .040 4.680 36.53 .0010 .011 .096 6.62 77.26 
19 32.00 .525 0.064 .243 -.202 4.10 .005 .026 3.438 40.70 -.0001 -.009 .006 3.02 36.44 
20 35.05 .575 0.066 .251 -.022 3.43 .007 .022 1.008 6.29 -.0000 -.002 .006 l.i4 15.59 
21 38.10 .624 0.041 .244 .180 3.99 .013 .022 .602 4.07 -.0004 -.067 .006 0.82 22.97 
22 44.20 .724 0.003 .174 .353 4.75 .010 .022 .405 3.58 -.OJ04 -.114 .004 -0.36 1l.40 
27 1. 52 .025 0.011 .151 -.034 4.42 .547 .276 .235 2.17 -.0044 -.107 .046 -0.088 l2.56 
28 -1.52 -.025 -0.005 .158 .318 5.10 .573 .289 .280 2.02 .0116 .253 .050 0.882 14.03 
29 -4.57 -.075 -0.010 .161 .432 4.29 .504 .289 .386 2.23 .0170 .365 .045 0.964 10.04 
30 -7.62 -.l25 -0.008 .160 .332 3.98 .408 .259 .676 2.87 .0176 .426 .040 1.397 10.03 
31 -10.67 -.175 -0.000 .163 .288 3.74 .327 .239 .938 3.76 .0166 .426 .038 1.150 7.30 
32 -13.72 -.225 0.011 .186 .291 3.52 .236 .213 1.218 4.57 .0177 .441 .042 1.764 9.41 
33 -16.76 -.275 0.030 .189 .364 4.22 .158 .184 1.601 5.15 .0130 .375 .03. 2.687 14.47 
34 -19.81 -.325 0.039 .208 .311 3.43 .101 .146 2.130 8.30 .0088 .289 .033 3.830 29.70 
)5 -22.86 -.375 0.061 .217 .193 3.45 .046 .091 3.311 18.94 .0040 .203 .020 4.628 49.12 
36 -25.91 -.425 0.066 .236 .337 3.02 .028 .066 4.321 27.73 .0024 .151 .015 5.22 48.94 
37 -28.96 -.475 0.~97 .259 .218 3.45 .026 .060 5.307 43.72 .0022 .141 .016 6.908 86.65 
38 -32.00 -.525 0.095 .271 -.008 3.15 .002 .027 4.902 53.68 .0003 .036 .008 5.810 79.73 
39 -35.05 -.575 0.08tj .276 -.144 2.97 .005 .021 3.005 24.16 .0000 .001 .008 8.006 115.72 
40 -41.15 -.675 0.065 .264 -.372 2.93 .0l2 .019 1.246 9.70 -.0005 .094 .006 2.478 11.99 
41 1.52 .025 -0.015 .151 -.089 4.01 .539 .272 .314 2.18 .0009 .022 .041 -0.263 9.42 

~L\SS ANIl HIlHENTUt! 1URBliLtliT THANSl'OkT EXI'UUHEHTS United Technologies R~I>ean·h Cent~r/NASA Lewill Rellcarch C4Cnter (Contract NAS3-2277l) 
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TABLE IV-52 

RADIAL VELOCITY. CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/10/81 Run No.: 52 Flow Condition: 1 Geometry: 1 

Axial LocB~ion: 102 mm (4.0 in.); x/Ro· 1.66 

c -"l - r/Ro v v' 
Sy ICy f t' vf R..,r «rvf ICvf 

"(&-0) ./s ./s lit ICf 5v f N N ... ./M .'s -(8-1110) 
2 0.0 .000 -.012 .064 -.068 5.32 .915 .128 -2.654 12.39 .0004 .051 .017 0.16 60.26 999 
3 9.1 .ISO -.035 .1lS -.493 2.98 .429 .212 .355 2.44 .01S2 .532 .029 1.66 7.92 1000 
4 3.0 .OSO -.011 .085 -1.642 9.10 .8S1 .184 -1.600 5.05 .0078 .498 .030 4.90 34.90 1000 
5 6.1 .100 -.021 .111 -.991 4.60 .651 .240 -.444 2.07 .01l9 .523 .032 2.60 15.69 1000 
6 12.2 .200 -.054 .160 -.111 1.48 .262 .174 .848 3.78 .0165 .595 .028 2.23 10.36 1000 
7 15.2 .2SO -.054 .144 .105 3.59 1000 
8 18.1 .300 -.052 .1l2 -.596 5.62 .013 .077 2.336 8.19 .0035 .319 .014 4.43 31.29 1000 
9 21.3 .3SO -.020 .157 -.296 4.60 .002 .018 6.377 64.09 .0010 .174 .011 IS. 96 340.84 1000 

10' 24.4 .400 .012 .161 -.940 6.05 ··.002 .016 1.865 20.63 -.0001 -.055 .001 0.28 19.61 1000 
14 11.5 .550 .041 .237 .1l4 3.87 .008 .016 .248 2.94 -.0004 -.115 .004 -0.20 8.49 1000 
IS 36.6 .600 .011 .202 .129 1.99 .010 .016 .220 1.46 -.0004 -.1l5 .003 -0.81 12.23 1000 
16 42.7 .699 -.Oll .202 .588 4.12 .009 .016 .290 1.18 -.0001 -.088 .003 -0.61 8.88 1000 
17 48.8 .799 -.011 .1l4 .777 5.09 .005 .016 .177 1.56 -.0001 -.015 .002 -0.59 14.50 1000 
18 0.0 .000 -.010 .068 1.286 14.25 .936 .140 -2.511 11.84 .0001 .011 .028 -10.45 175.69 1000 
22 0.0 .000 .011 .074 -.15) ll.ll .877 .1l2 -2.194 10.87 -.0005 .047 .025 2.13 92.75 1000 
21 -1.0 -.OSO .005 .087 -1.817 10.90 .829 .158 -1.987 7.48 .0061 .458 .032 7.96 87.11 1000 
24 -6.1 -.100 -.004 .117 -1.199 5.62 .657 .222 -.707 2.54 .0146 .561 .038 3.95 28.59 1000 
25 -9.1 -.150 -.01S .141 -.630 1.90 .481 .210 .128 2.09 .0179 .550 .034 2.10 12.72 1000 
26 -l2.2 -.200 -.017 .148 -.117 2.84 .120 .198 .715 3.21 .0168 .570 .029 1.82 7.74 1000 
27 -15.2 -.250 -.015 .155 .051 1.17 .176 .151 1.021 1.94 .0131 .558 .025 2.26 11.37 1000 
28 -18.3 -.300 -.003 .1S7 -.136 1.97 1000 
29 -21.1 -.lSO .014 .173 -.429 4.87 .027 .066 4.126 28.59 .0029 .252 .016 7.81 91.84 1000 
30 -24.4 -.400 .037 .180 -.367 3.58 .008 .027 1.432 25.17 .0001 .057 .007 7.17 75.79 1000 
II -27.4 -.450 .054 .214 -.261 1.29 .007 .018 .508 4.71 -.0005 -.119 .004 -0.15 14.11 998 
12 -30.5 -.500 .080 .220 -.067 3.01 .010 .018 .288 3.15 -.0005 -.137 .004 -0.59 7.65 1000 
31 -11.5 -.5SO .092 .242 .071 1.12 .012 .018 .188 3.39 -.0007 -.169 .004 -1.30 9.52 1000 
14 -36.6 -.600 .070 .254 .111 3.01 .008 .018 .168 3.05 -.0007 -.152 .005 -1.16 9.15 998 
35 -42.7 -.699 .025 .214 .5)] 1.09 .020 .018 .201 3.25 -.0003 -.064 .004 -0.36 7.66 996 
16 0.0 .000 -.011 .067 .560 9.98 .953 .131 -2.668 12.94 .0007 .076 .020 5.92 142.96 999 

MASS AND HC»IEN11JtI lURBULt,.T TllANSI'ORT I:JtPtlUHEMTS United Technologies Reseacc.h CenterlNASA Levis Research Center (Contract 1lASl-2277I) 
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TABLE IV-53 

AZIMUTHAL VELOCITY AND CONCENTRATION DATA AND CORRELATIONS 

Test Date: 8/11/S1 Run No.: 53 Flow Condition: 1 Geometry: 1 

Axial Location: 102 mm (4.0 in.); x/Bo· 1.66 

r - -
I't - V ,,' f t' wf CT"r 

r/Ro s" K" :ir Kr R..i Swf Kvr 
Nt,. + (ftoo 2 7(» • /11 ./ . . /. • /s 

"2- -(8-90) --
0.0 .000 .011 .061 .276 5.07 .916 .131 -2.588 1 ],17 -.0012 .140 .017 -2.66 61.51 

3 3.0 .oso .012 .082 .171 9.68 .871 .190 
4 6.1 .100 .008 .099 .181 4.95 .749 .256 -.486 2.08 -.0022 .086 .033 -.98 12.63 
5 9.1 .150 .010 .12] .385 3.98 .564 .257 
6 12.2 .200 .018 .140 -.102 3.26 .336 .199 .844 1.82 -.0019 .06" .024 -.20 7.72 
7 18.1 .300 .0]0 .121 -.158 4.47 .096 .115 1.799 7.00 -.0022 .156 .016 -.72 19.39 
8 24.4 .400 .029 .170 -.263 5.49 .008 .014 
9 30.5 .500 .032 .261 .101 3.78 .007 .016 .310 3.24 .0001 -.026 .005 .29 11.14 

10 36.6 .600 .041 .256 .118 3.50 .014 .017 .227 2.94 -.0001 .025 .004 -.34 8.19 
11 42.7 .699 .019 .208 .148 1.35 .021 .017 
12 0.0 .000 .009 .072 -.240 12.25 .912 .145 
16 0.0 .000 .008 .074 .25] 6.8] .904 .141 
17 -3.0 -.oso -.009 .075 .231 7.43 .905 .145 
18 -6.1 -.100 .004 .09] .413 6.50 .615 .222 
19 -9.1 -.lSO .009 .125 .115 4.21 .605 .249 
20 -12.2 -.200 .015 .144 .0]2 3.75 .404 .226 
21 -18.3 -.300 .014 .122 -.172 3.97 .117 .124 
22 -24.4 -.400 .000 .1SS -.124 5.88 .016 .026 
23 -30.5 -.soo -.005 .260 .058 3.52 .011 .016 
24 18.3 .300 -.033 .108 .011 4.62 .074 .09] 
25 0.0 .000 -.on .070 .245 5.16 .925 .143 

i 
'--. 
tlASS At;'\ MI .. t:N1TH ltll.:BlILt]llT 11IANSI'tlRT t:XI'tlUMENTS United Tcchnol~fe. Relle~rrh Center/NASA Lewis Research Center (Contract NAS3-22771) 
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TABLE IV-54 

AZIHtmlAL VELOCITY. CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/12/81 Run No.: 54 Flow Condition: 1 Geometry: 1 

Axial Location: 152 mD (6.0 in.); x/Ro· 2.50 

r 
F -

I'l - r/Ro 
V v' Sv Jrv t' wf "wf 

~f Sf' Itf' Rwr ltwf to ..... ~(fM) • 1. -I • . / . ./ . 
-(9-180) 

2 1.52 .025 .015 .156 • t:}fo 4.40 .578 .304 -.00)8 .0., 1000 
3 1.52 .025 .010 .1S3 .042 4.04 .558 .304 -.0010 .021 1000 
4 4.51 .015 .017 .lS2 .187 4.73 .510 .294 -.0060 .134 999 
5 7.62 .125 .025 .152 .IU 3.82 .448 .276 -.0060 .143 999 
6 10. __ 7 .175 .026 .1S7 .175 1.52 .341 .249 -.0040 .102 999 
7 13.72 .225 .025 .162 .007 3.57 .266 .221 -.0035 .098 1000 
8 19.81 .325 .011 .165 .043 4.27 .105 .155 -.0011 .051 1000 
9 25.91 .425 .023 .216 .196 3.88 .Oll .069 .0002 -.Oll 999 

10 12.00 .525 .038 .267 -.102 1.18 - .010 .035 .0002 -.021 999 
11 38.10 .625 .02) .290 .066 1.17 -.010 .022 .0002 -.Oll 999 
12 44.20 .725 .030 .283 .059 3.33 -.008 .025 - .0000 .000 1000 
14 1.52 .025 .004 .157 .017 4.31 .528 .289 -.0013 .029 1000 
17 1.52 .025 .002 .159 -.147 4.56 .555 .296 -.0000 .000 999 
18 -1.52 -.025 .004 .1S1 -.017 4.27 .551 .294 .0010 .016 998 
19 -4.57 -.075 .007 .164 .lD2 6.51 .485 .274 -.0008 -.019 1000 
20 -7.62 -.125 .Oll .164 .084 1.70 .390 .251 -.0008 -.020 1000 
21 -10.67 -.175 .019 .l63 .278 l.n .324 .229 -.OOlD -.080 999 
22 -16.76 -.275 .016 .177 .176 5.49 • lSI .171 -.0016 -.052 999 
23 -22.86 -.375 -.004 .201 -.084 4.51 .040 .101 .0002 .012 1000 
24 -28.96 -.475 -.001 .273 .128 1.77 .001 .048 .0006 .046 1000 
25 -15.05 -.575 .009 .296 .001 l.U .000 .030 -.0002 -.027 999 
26 1.52 .025 -.015 .151 -.108 4.41 .531 .286 .0014 .034 1000 
27 1.52 .025 -.005 .149 .098 3.61 -.OU, .020 .0000 .000 1000 

MASS AND ... ,l:ln\iH 1\IRBllUltT TllANSI'OItT ~'QtI"I:JI1S United T~chnoloai",. I~Kear"h Cenrt!r/NASA ~i& Research Cenrer (Cunuacr 1lASl-22771) 
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TABLE IV-56 

AZIMUnlAL VELOCITY. CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/14/81 Run No.: 56 Flow Condition: 1 Geometry: 1 

Axial Location: 203 mm (8.0 in.); x/Ro· 3.33 

r - -Pt - rIta 
V v' B., trw f t' 

S1" 
wf R,..r 

CJ'",r 
+(8-210) raJ. raJ. kC "". ~~ ~5 
-( .. 90) 

2 .0 .000 .011 .182 .021 4.62 , 3.0 .050 .014 .114 .150 ).80 
4 6.1 .100 .02] .179 .194 4.20 
5 9.1 .150 .029 .195 .011 4.54 
6 12.2 .200 .022 .182 .21) 4.47 
7 II.) .]00 .010 .211 .039 1.fiO 
8 24.4 .400 .009 .231 -.047 1.14 
9 )0.5 .500 .015 .267 -.237 1.79 .045 .059 .0005 -.032 .000 

In 16.6 .600 .016 .]02 -.037 2.92 .e)]5 .OJ6 -.0000 .000 .001 
11 42.7 .699 .019 .215 -.005 2.94 .015 .0211 .0002 -.02S .001 
12 .0 .000 

, 
.012 .115 -.062 ).61 .277 .141 -.0006 .022 .001 

16 .0 .000 .003 .111 .016 3.64 .273 .141 -.0018 .070 .001 
17 -3.n -.050 -.007 .174 .306 4.64 .265 .In .0000 .000 .001 
18 -6.1 -.100 .006 .176 .881 4.03 .256 .149 .0001 .004 .001 
19 -9.1 -.150 .Oll .185 -.069 3.66 .24) .147 .0002 .007 .001 
20 -U.2 -.200 .019 .181 • 221 ) .. .208 .1l8 -.0001 -.004 .002 
21 -11.3 -.]00 .001 .191 .136 1.15 .151 . III -.000) -.012 .002 
22 -)O.S -.500 .ou .265 .119 ).lI .060 .078 .001Jl .005 .002 
21 -42.7 _ -.699 .012 .1I7 -.060 ).20 .044 .042 .000) .021 .001 
24 .0 .000 -.006 .173 .0]5 1.56 .2. .151 .0018 .061 .001 

5,..! 
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r 
I'l -,,",. +(&-270) 

-(8-90) 

I .00 
2 .Go 
I .00 
4 1.05 
5 6.10 
6 '.14 
1 12.1' 
I 11.29 

• 24 •• 
10 ]0.48 
II •• 51 
12 41.61 
II .00 
14 .00 
IS .00 
16 .00 
17 .00 
II -).05 

•• -6.10 
210 -'.14 
21 -1l.1' 
22 -11.29 
2J -24.11 
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25 - •• 51 
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21 .00 

r/lo 

.GOO 

.000 
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TABLE IV-57 

AZIHUnlAL VELOCITY. CONCENTIAnON A.-:D MASS TRANSPORT DATA AND COIUlELATIOMS 

Test Date: 8/17/81 Run No.: 57 Flow Condition: 1 GeoIIetry: 1 

Axial ~~ation~ 13 ~ <0.5 in.); x/Ro· 0.21 

- Vr " v' s., f f' ·",r 
-'- -'- Iv sf If lIvr Svr ICvr ./- -'-
.010 .0)) • 082 2 •• 
.009 .Ol' -.2S1 1.50 
.001 .0]4 -.294 1.45 1.002 .056 
.007 .0)7 .015 1.14 .999 .056 
.008 .042 -.ZO. 1.12 1.000 .056 
.001 .041 .161 1.24 .991 .051 
.001 .074 .on 1.72 .In ... 1 
.021 .064 -.191 1.17 .015 .011 
.046 .021 -.016 1. " .000 .014 
.Oll .220 .1" 2.12 .006 .0:5 
.066 .124 .OSO 2.7' .Oll .025 
.111 .IU -.120 2." .019 .01' 
.009 .Ol' -.199 1.25 
.009 .0lS -.2" I. ]0 
.001 .0lS -.064 2.15 .111 1.10 -.OSl 
.010 .0lS .141 1.00 .060 2.61 .001 
.007 .0)1 -.191 1.12 • lIZ 1.01 -.019 

-.010 .015 -.072 2.91 .005 1.07 -.011 
-.Oll .040 -.021 2.12 .09) 1.11 -.on 
-.010 .051 -.076 2.11 .091 2.54 -.066 
-.011 .095 -.012 4.51 -.660 1.46 .091 

.052 .065 -.060 1.11 .110 5.90 .015 
-.Oll .041 -.6S4 4.96 .lD9 1.61 .048 
-.017 .210 -.114 1.51 .296 1.05 .029 

.08) .n2 -.410 2.96 .\4, 1.6} .047 

.116 • III -.19] ].21 .272 1.15 .091 
-.009 .Ol' ... 4 1.64 .067 1.12 -.000 
-.001 .017 .n. 1.21 .197 l.n .001 

,, __________________ 2 .. ' __ .... ' __ d ......... ~--~ -~-'--'---~.-'---~~.-.--
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TABLE IV-58 

AZIMU'l1IAL VELOCI'ft. COMCEHTRAnON AND MASS TRANSPORT DATA ARJ) COIUlEl.AnORS 

Test Date: 8/17/81 Run 110.: 58 'lov Condition:] CeoMtry: 1 

Aai.1 toe.tion: 51.m (2.0 in.)~ ./Ro· 0.83 

r -
" - v w- C C' vf -V, , r/lu a., .... St IC lvr .... +ce-UO) raJ • aI. .,. .1-

-( .. 90) 

2 .0 .000 .010 .0)" .011 ).lS 1.000 .051 -.400 5.1' -.0000 .011 .002 
) .0 .000 .00II .OM .169 1.64 .971 .054 -.16) 2.51 ~ -.0000 -.0)1 .002 
4 1.0 .050 .010 • fMl .20) ).0' .991 .05) -.215 ].14 -.cr·)" .000 .CI02 
5 6.1 .toO .00' .045 .IU 1.52 1.021 .OSA -1.605 9.57 -.0002 .:JJO .00] 
6 9.1 .150 .007 .06' .IU 5.11 .860 .162 -1.046 ].11 -.0007 .059 .on 
7 12.2 .199 .010 .1)] .01] ].74 .467 .1.5 .42] 2.75 -.0010 .IMO .021 
9 .0 .000 .012 .011 -.105 ].27 .971 .052 

10 .0 .000 .ou .011 -.194 ].45 1.02' .05' 
II ".2 .299 .021 .nn -.220 4.44 .~54 .052 
U 24. ] .)99 .019 .07' .044 5.46 .011 .014 
U 30.4 .491 .045 .222 .In ].12 .025 .015 
14 16.5 .5M .050 .Itl .117 ).10 .0)5 .017 
15 42.6 ... 1 .019 .llI .2]7 2.SI .04ft .1'117 .457 ].77 .0001 -.ns. .002 
II .0 .000 -.009 .011 .162 1.67 1.001 .074 .410 1.21 -.0002 -.079 .00] 

19 -].0 -.050 -.011 .0)7 -.041 '.23 .HI ,056 .029 4.11 -.0000 -.010 .002 

I 
,., -6 •• -.100 -.010 • 044 .019 ].07 1.016 .061 -.946 1.54 -.0000 -.009 .00] 

21 -'.1 -.150 -.007 .051 .00) ) .. .9]] .122 
22 -12.2 -.199 -.006 .U4 .otO ].76 .565 .205 .116 2.]1 .0017 •• 7 .025 

21 -11.2 -.299 .047 .otO .241 4.91 .072 .066 1.119 7.9] .0005 • .,.1 .007 

24 -24.1 -.)99 -.014 .092 -.655 1]." .021 .015 .161 1.21 -.0000 -.002 .002 

Z7 .0 .000 -.011 .0)5 .071 2.11 .99' ."54 
21 .0 .000 -.011 .019 -.006 ).21 • HI .051 
29 -30.4 -.4t. -.001 .217 -.141 ].19 .011 .015 
]0 -16.5 -.59' .046 .194 -.129 1.41 .024 .016 
11 -41.6 -.H' .071 .1'" -.lS2 ).10 .OJ) .nll 
12 .0 .000 -.011 .011 .144 ).14 •• 002 .052 

- - . ' .. -_. .,.,.., 

~, t:,..f 

.01 6.44 

.20 9.52 

•• 6.34 
-1.79 22.36 
-].96 79.97 
-.75 '.67 

1.25 14.02 
-.47 1.19 

.11 7.19 

.» U ... 

.25 7.46 

.62 19.n 
-.tt 54.09 

s 
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r 
,", -H ..... ) ~/lo 
h." 

-(8-1eo) - , .no .00 
4 '.OS .OS 
5 6.10 .to 
6 '.14 .15 
7 12.19 •• 
I II." .10 
9 24. II .40 

10 JO.4I .50 
II •• sa .60 
12 42.67 .70 
I) •• .00 
14 .00 .00 
IS .GO .GO 
16 .00 .00 
17 .GO .00 
II -,.OS -.OS 
19 -6.10 -.10 
10 -'.14 -.n 
21 -n.1t -.20 
2Z -II." -.10 
21 -24.lI -.40 
24 -JO.4I -.50 
25 I -16. sa -.10 
H I -42.67 -.7G 

I 
! 

~ 

TABLE tV-60 

AXIAL VEU)CtTY. CONCENTRATION AHD Ml\SS TRANSPORT DATA AJII) COItRELAnOllS 

Test Date: 8/19/81 Run No.: 60 Flow Condition: 1 GeoMtry: 1 

Axial toeation: 13 .. (0.5 in.); xfRo· 0.21 
.. - -" u· C c· IIf cr", 

aI» aI. Su "- :Or Ir Ituf 
-J- _I. 

.tr.\ .a51 -.541 '.12 .996 .os) -. ,., '.11 .0000 .014 .00' .eo, .0.' -.244 1 .... .... .OH -.011 2.62 -.0000 -.016 .00, 

.75' • u61 -.alG5 '.12 1.0tt .041 -.610 4.41 -.0000 - • .,16 .00) 

.674 .ON -.141 1.05 .9Al .osa -.ItS 1.14 -.0002 . .,n .OOS 

.501 .101 -.141 1.lI ... • 096 -.194 4.1' .0019 .116 .107 
1.610 .051 -1.217 11.09 - •• 7 .011 .104 2." .0000 .0]4 .COI 
1.596 .062 -.112 11.26 -.001 .011 .lla ).01 -.0000 -.020 .001 
• JOZ .2H -.016 2.69 .001 .01) .195 2.94 -.0001 -.095 .001 

-.047 .... -.609 4.21 .006 .014 .141 2.92 -.0000 -.02. .001 
-.on .0'19 -.127 S.12 -.nol .01) .218 1.19 -.oano -.044 .001 

.116 .OS) -.5)4 l.ll 1.005 .on -.457 1.14 .0000 .024 • 00] 

.In .054 -.477 '.00 .029 

.IU .054 -.461 1.66 -.154 

.ta .054 -.4sa l.1I .0)2 

.IU .054 -.4]' 1. ]6 .0S9 

.771 .064 -.4" 1.19 .009 

.716 .076 -.271 1.05 .062 

.625 .092 -.166 2.71 • .,55 

.47Z .116 .0)9 2.11 .2n 
I.SIt .on -1.051 4.n .004 
1.642 .042 -.647 11.71 -.01S 
.650 . 2.,. -.040 2.1, -.092 

-.0]6 .096 -.76'l 4.25 -.09~ 

-.Oll .... -.4.1 1.011 -.... 

!i
u' luI 

-.00] 10.n 
-.SSO I.n 
.on 6.12 

-.711 n.n 
.061 10." 

-.240 15.27 
-1.271 ".17 
-.4]] S.61 
-.ISI 12.75 
-.SlO 14.14 
.sa 11.11 

"-
a 

"' lOGO I..., 
'" ... 

1000 ..., 
lOGO 

'" .., ... 
'" "' 1000 
MI 

"' '" "7 
ttl 
42S 

1000 ... 
lOGO ... 

I: -• 'ltD -\II , 
'ltD 



TABL .. IV-61 

AXIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/19/81 Run No.: 61 Flow Condition: 1 Geometry: 1 

Axial Location: 51 mm (2.0 in.); x/Ro· 0.83 

r - ~ I't - r/Ko 
u u' r r' «ruf 

N.l. +(&-0) lillY lilly 
Su Ku Sr Kr Ruf Suf Kur 

_/IJ ,.1 .. 
-(8-180) --- --

2 0.5 0.008 .801 .054 -.463 3.48 1.000 .059 .054 3.10 .0001 .046 .IX)l .50 8.50 
3 3.6 0.058 .806 .051 -.290 3.43 .980 .063 .098 3.44 .0000 .013 .00) -.'\7 9.55 
4 6.6 0.108 .759 .016 -.429 3.25 1.013 .010 -.414 4.26 .0011 .204 .006 1.54 11.20 
5 9.6 0.1511 .712 .098 .515 4. )1 .172 .156 -.944 3.43 -.0011 -.113 .02') -2.86 20.44 
6 12.7 0.208 1.004 .219 .320 2.41 .361 .171 .600 2.91 -.018) -.491 .034 -1.05 4.76 
7 18.R O.lOR 1.629 .069 -;970 11.52 -.001 .032 3.803 25.60 -.0002 -.0119 .005 -10.14 192.18 
8 24.9 0.408 1. 5J9 .140 -1.191 5.40 -.007 .015 .139 2.94 -.0001 -.053 .002 -1.10 n.63 
9 31.0 0.5011 .775 .300 -.641 3.43 -.001 .015 • )62 3.28 -.0005 -.120 .005 -.52 9.61 

10 37.1 0.6011 .021 .161 - - - - - - - - - - -
II 4).2 0.708 -.019 .146 -.223 4.20 .010 .022 .418 3.15 -.0005 -.163 .003 -1.95 12.34 
15 0.5 0.008 .792 .057 -.196 2.73 .979 .059 .065 3.24 .0000 .006 .003 .72 8.32 
16 -2.5 -0.042 .753 .010 - - 1.000 .059 - - - - - - -
17 -5.6 -0.092 .693 .OR3 -.250 3.0R .918 .062 -.187 3.79 .0008 .157 ,006 1.99 22.58 
18 -8.6 -0.142 .661 .092 .40!l 4.12 .810 .165 -.974 3.71 -.0001 -.005 .021 -4.22 40.81 
19 -11.7 -0.192 .886 .173 .136 2.80 .473 .190 .445 2.76 -.0142 -.429 .032 -1.15 6.41 
20 -17.8 -0.291 1.581 .100 -1.039 5.71 .024 .050 3.594 21.12 -.0014 -.276 .010 -9.87 149.73 
21 -23.9 -0.391 1. 511 .153 -2.444 12.84 .000 .014 .070 3. 19 -.0002 -.074 .003 -4.53 57.11 
22 -30.1) -0.491 .811 .328 -.427 1.82 .005 .015 .199 2.91 -.0007 -.151 .005 -1.32 10.36 

23 -36.1 -0.591 .062 .1111 1.091 6.64 .017 .016 .164 3.22 -.0004 -.125 .003 -.76 16.95 
24 -42.2 -0.691 -.061 .123 -.435 3.119 .017 .OIS .222 3.13 -.0002 -.124 .002 -.61 9.02 

~1,\~;S ANlJ HtlHJ::N"'lI~1 'IUIUllJU'NT TKANSI'OKT ... .xI'!:JUHt:N·rs United Technologies R.,yean·h Centl!r/NASA Lewis Research Ccnt .. r (Cuntract IlAS3-22771) 
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TABLE IV-62 

AXIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/20/81 Run No.: 62 Flow Condition: 1 Geometry: 1 

Axial Location: 102 mm (4.0 in.); x/Ro = 1.66 

r -
" 

UD 
rJ'IIo 

u u' f f' uf t:r".Jf l Su Ku !>f I<f Ruf !;\1f ~uf N 
N". ~(&sO) mh. m/s mIl> ./,. 

-(93 1"0) 
3 loS .02S .710 .090 .199 4.17 .934 .126 -2.4S8 11.76 -.0002 -.013 .018 -9.72 17S.89 1000 
4 4.6 .015 .784 .102 .790 6.S1 .8S2 .163 -2.0S8 7.89 -.0018 -.111 .032 -9.08 131.17 1000 
S 7.6 .12S .834 .14, 1.192 5.71 .66S .22S -.,69 2.30 -.0146 -.446 .044 -3.74 2S.3S 1000 
6 10.7 .175 1.004 .201 .468 2.74 .447 .221 .291 I 2.28 -.026S -.595 .042 -1.46 6.27 1000 
7 13.7 .225 1.231 .228 -.157 2.48 .241 .166 .';;:'CJ 4.31 -.0229 -.607 .044 -2.44 11.46 1000 
8 19.8 .325 1.547 .141 -1.8B 8.69 .028 .068 2.444 

I 
9.90 -.0021 -.220 .014 -5.06 54.W 1000 

9 25.9 .42S 1.349 .160 -1. 53S 7.19 .000 .036 5.466 42.57 •• 0003 -.032 .010 -0.06 85.76 997 
10 32.0 .525 .817 .361 1000 
11 38.1 .624 .321 .342 1000 
12 44.2 .724 -.010 .274 1000 
13 1.5 .02S .766 .090 .067 3.24 .896 .121 -2.4S2 12.66 .0001 .012 .018 -5.33 54.23 999 
17 loS .025 .719 .089 .r>9 3.78 .901 .l18 -2.962 lS.40 -.0002 -.018 .020 -7.42 92.99 1000 
18 -1.S -.025 .763 .098 .409 4.11 .88S .146 -2.046 7.60 .0003 .01Q .023 -6.4S 75.19 1000 
19 -4.6 -.075 .788 .126 .865 4.60 .730 .227 -.809 2.69 -.0100 -.3S2 .039 -3.41 22.86 1000 
20 -7.6 -.125 .920 .192 .790 3.32 .546 .262 .121 2.01 -.0291 -.S78 .OS2 -2.22 11.11 998 
21 -10.7 -.17S 1.110 .211 .180 2.S1 .351 .202 .61~ 3.11 -.02S1 -.590 .042 -1.46 5.73 l00tJ 

22 -16.7 -.275 1.487 .179 -.950 4.08 .081 .117 2.004 8.1S -.0107 -.Sl1 .033 -5.39 43.04 1000 
23 -22.9 -.375 1.410 .2bO 999 
24 -29.0 -.475 .940 .340 1000 
25 -35.1 -.515 .424 .377 -.086 2.97 .001 .016 .364 3.06 -.0011 -.181 .006 -0.65 6.1.:' 1000 
26 -41.1 -.674 .023 .291 .269 2.89 -.002 .016 .294 3.04 -.0009 -.190 .OOS -0.89 7.6b 1000 
27 1.S .025 .775 .092 -.191 3.19 .929 .112 -3.392 18.97 .000) .028 .016 -6.77 92.34 999 

I 
J 

~J 
MASS ANI! HUH£NTU~I 1URIiULJ::NT TAANSI'OR'f EXl'tJUMENTS United Technolugies Resean:h Center/NASA Lewis Rest!ar.:h Center (Contrac t NASJ-2.!:' 71) 



TABLE IV- 63 

AXIAL VELOCITY, CONCENTRATION A~D MASS TRA.~SPORT DATA AND CORRELATIONS 

Test Date: 8/20/81 Run No.: 63 Flow Condition: 1 Geometry: 1 

Axial Location: 152 ~ (6.0 in.); x/Ro: 2.50 

:--'G~-'~'-' -..-------.,--IJ-----.--U-,--.--I---or-·---y--r-----..--
f 

--, --r----.-----.---U:---.-----....-u:-,-J,-· .... ---.-----r--·-
'r/Ru Su Ku Sf Kf Ru: S"f K"c .' 

:.... • (~~tJ) m/s m!s I m/.., m/s •• 

~ __ -(bc_·l_H_O.~}+-___ ~--~~--~r_-_ _+----_+-_--_t.---1_---4_---+_---~---~~---~----+------~--1 
16! 1. 5 
17 1. 5 
18 -1 5 
19 -4.6 
20 -7.6 
21 -10.7 
22 -16.8 
23 -22.9 
24 -29.0 
25 -35.1 
21) -41. 1 
27 1. 5 
28 4.6 
2:; 7.6 
30 10.7 
31 13.7 
32 19.8 

33 I 25.9 
J4 1.5 

.025 

.025 
-.025 
-.075 
- .125 
- .175 
-.275 
-.375 
-.475 

-.575 
-.674 

.025 

.075 

.125 

.17':. 

.225 

.325 

.425 

.025 

.911 

.927 

.919 

.973 
1.069 
1.163 
1.3J7 

1. 2/.7 
.916 
.580 
.168 
.920 
.977 

1.046 
1.164 
1. 267 
1. 349 
1.192 

.908 

.187 

.196 

.196 

.201 

.235 

.239 

.241 

.311 

.390 

.412 

.398 

.198 

.218 

.220 

.231 

.245 

.263 

.325 

.190 

.548 

.387 

.245 

.271 

.182 
- .112 
-.7L8 
-.877 
-.519 
-.246 

.266 

.410 

.427 

.236 
-.126 
-.40') 

-1. 339 
-1.056 

.370 

3.01 
3.05 
2.99 
2.59 
2.46 
2.65 
3.58 
3.92 
2.84 
2.73 
2.55 
2.88 
3.2:> 
2.53 
2.52 
2.72 
5.43 
i+.37 

2.99 

.542 

.502 

.507 

.463 

.401 

.315 

.136 

.057 

.011 

.022 i 

.018 

.537 

.466 

.417 

.275 

.196 

.072 

.017 

.549 

.274 

.264 

.266 

.261 

.252 

.232 

.152 

.095 

.048 

.024 

.019 

.267 

.267 

.255 

.197 

.171 

.115 

.053 

.273 

.237 

.304 

.335 

.419 

.702 

.897 
1.401 
2.792 
7.195 
1.849 

.382 

.246 

.429 

.641 

.9:.2 
1.043 
2.164 
4.073 

.253 

2.11 
2 18 
2.16 
2.25 
2.92 
3.41 
4.73 

12.4':. 
78.77 
11.76 

3.0(, 
2.09 
2.22 
2.59 
3.83 
3.93 
8.00 

24.20 
2.05 

-.0226 
-.0236 
-.0213 
-.0241 I 
-.0325 
-.0293 
-.0108 

.0038 

.0006 
-.0014 
-.0016 
-.0224 
-.0275 
-.0289 
-.0244 
-.0211 
-.0046 

.0005 
-.0216 

-0.44 
-0.46 
-0.41 

-0.
46

1 
-0.55 
-0.53 
-,0.29 
0.01 
0.03 

-0.14 

-0.21 I 
-0 43 

-0: 47
1' 

-0.52 
-0.54 
-0.50 
-0.15 

0.03 I 
-0.42 

.050 

.048 

.049 

.048 

.056 

.054 

.040 

.025 

.015 

.010 

.009 

.051 

.056 

.050 

.046 

.045 

.031 

.012 

.049 

-1.4G 
-1.03 
-0.90 
-0.97 
-1.17 
-1.45 
-2.03 

7.08 
6.03 
5.23 
4.59 
4.66 
7.20 

14.74 
-1.48 18.82 

8.07 i 113.41 
-0.61 I 15.27 
-2.22 
-1.19 
-1. 53 
-0,80 
-1.80 
-1.78 
-3.29 , 
0.76 

-1.19 

18.12 
6.04 
8.06 I 
4.14 

to.83 
10.35 
24.66 
18.55 
5.99 
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TARLE IV-64 

AXIAL VELOCITY, CONCEh~RATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/21/81 Run No.: 64 Flow Condition: 1 Geometry: 1 

Axial Location: 203 rom (8.0 in.); x/Ro = 3.33 

r - -
(' t Mil 

r/lI.o 
11 u' f f' uf CTJf Kuf + (l'or.O) mls mrs Su Ku !'f Kf Ruf Suf 

~\) ~ m/s ./s 
-~&~HIO) 

4 2.03 .033 .970 .208 -.224 3.46 .279 .170 .853 3.68 -.0090 -.254 .034 .522 10.83 
5 5.08 .083 .989 .215 -.156 3.13 .261 .162 .922 4.27 -.0108 -.310 .035 -.646 13.67 
6 8.13 .133 .998 .230 -.072 2.67 .252 .163 .734 3.56 -.0108 -.287 .037 -.409 5.78 
7 11.18 .183 1.076 .230 -.290 2.89 .205 .159 1.140 4.88 -.0108 -.295 .038 -1.056 10.00 
8 14.22 .233 1.115 .239 -.402 3.47 .151 .130 1.090 4.43 -.0068 -.219 .031 -.818 9.94 
9 20.32 .333 1.108 .288 -.878 4.18 .090 .106 1. 555 5.43 -.0010 -.032 .024 -.138 5.05 

18 0.00 .000 .983 .211 -.106 2.85 .268 .158 .684 3.41 -.0105 -.313 .033 -.337 8.41 
19 -1.02 -.017 .973 .203 -.173 2.90 .281 .157 .756 3.81 -.0083 -.261 .030 -.639 8.05 
20 -4.06 -.067 .983 .220 -.192 2.93 .271 .171 .858 3.61 -.0099 -.264 .035 -.270 6.25 
21 -7.11 -.116 1.018 .217 -.184 3.04 .256 .167 .929 4.08 -.0110 -.304 .033 -.839 5.80 
22 -10.16 -.166 1.049 .239 -.404 3.66 .222 .154 .878 3.83 -.0088 -.2t.O .034 -.481 9.59 
23 -16.26 -.266 1.074 .262 -.506 3.46 .143 .131 1.114 3.95 -.0043 -.125 .032 -.120 6.44 
24 -22.35 -.366 .995 .307 -.584 3.39 .089 I .102 l.953 7.76 .0026 .082 .026 -.288 17.78 
25 -28.45 -.466 .828 .355 -.578 3.29 .044 .072 3.730 24.81 .0014 .054 .016 1.049 10.71 
26 -34.54 -.566 .626 .372 -.408 2.78 .044 .056 4.620 37 .82 .0000 -.002 .014 1.574 20.20 
27 -40.65 -.666 .347 .377 -.062 2.49 .030 .030 2.570 18.03 -.0001 .006 .012 2.882 27.43 , 
28 0.00 -.000 .980 .208 -.125 3.00 .272 .15:> .831 3.92 -.0104 -.326 .030 -.711 6.67 

~IASS AND HOHUrrutl '1UI<BULrnT TMNSI'UI<T EXPI:llIKENTS Unit.ed Technologies Research Ccnter/NASA Lewis Research Center (Contract NAS3-22771) 
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TABLE IV-66 

AXIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

~ 

'1 
CD ..... 
I 
\0 . .... I 
V1 < 
V1 
J:--

Test Date: 8/24/81 Flow Condition: 1 Geometry: 1 Run No.: 66 0 
I 
\0 

Axial Location: 254 mm (10.0 in.); x/Ro = 4.16 

I ~ 

I.j 
d 
/.1 

~ 

I 
r - -

/. 111m 
r/Ko 

u u' 
"u 

f" f"' uf 
Ruf 

(7"tJ~ 
Suf Kuf l S Sf" l{f N +(&-0) m/s m/s u 

Nu. m/s ..Is 
-(&~18() 

3 -0.76 -0.012 .885 .224 -.404 3.52 .200 .095 .676 3.52 .0009 .041 .021 0.68 7.88 1000 
! : 

i' 4 2.29 0.037 .859 • 234 -.483 3.51 .182 .09/. . 745 3.50 .0017 .015 .021 0.39 6.07 1000 
5 5.33 0.087 .850 .225 -.399 3.23 .180 .094 .759 3.73 .0011 .054 .020 0.33 5.91 1000 
6 8.38· 0.137 .847 .258 -.678 3.72 .160 .089 .915 3.99 .0030 .130 .021 1.05 8.02 1000 
7 11.43 0.187 .846 .254 -.562 3.53 .151 .085 .740 3.37 .0024 .lll .020 0.48 6.17 1000 
8 17.53 0.287 .800 .281 -.416 2.90 .124 .077 1.068 3.87 .0027 .124 .019 0.63 6.20 1000 
9 23.62 0.387 .716 .306 -.319 2.79 .104 .067 1.460 5.70 .0031 .152 .017 0.48 6.50 1000 

10 29.72 0.487 .549 .321 -.121 2.53 .080 .052 1.696 7.57 .0024 .142 .015 1.45 11.41 1000 
11 35.81 0.587 .420 .327 -.025 2.64 .061 .039 2.032 10.52 .0014 .108 .013 2.65 21.12 1000 
12 41.1}1 0.687 .272 .305 .394 2.86 .062 .034 1.641 8.56 .0005 .048 .Oll 2.46 21.26 1000 
13 -0.76 -0.012 .870 .239 -.772 4.52 .180 .090 .894 4.54 .0014 .067 .020 1.08 7.72 1000 
15 -0.76 -0.012 .848 .247 -.~41 3.88 .195 .095 .750 3.72 .0025 .107 .023 1.29 8.53 1000 
16 -3.81 -0.062 .866 .222 -.544 4.01 .207 .096 .538 2.98 .0012 .054 .021 0.91 8.07 1000 
17 -6.86 -0.112 .842 .249 -.631 3.73 .195 .099 .732 3.80 .0030 .120 .024 0.99 7.17 999 
18 -9.91 -0.162 .840 .250 -.725 4.01 .192 .100 .809 3.50 .0031 .123 .024 0.58 5.82 1000 
19 -1:!.95 -0.212 .821 .265 - - .175 .095 - - .0041 .150 .024 - - 1000 
20 -19.05 -0.312 .804 .275 -.611 3.59 .149 .092 .961 3.79 .0032 .125 .022 0.39 6.19 1000 
21 -~5.15 -0.412 .109 .111 - - .125 .078 - - .0045 .171 .024 - - 1000 
22 -31.24 -0.512 .592 .323 -.230 2.62 .09J .059 1.951 10.06 .0027 .140 .016 0.73 9.55 1000 
23 -37.34 -0.612 .463 .321 -.ll3 2.51 .091 .055 1. 758 7.34 .0031 .177 .017 2.82 22.52 1000 
24 -43.43 -0.712 .334 .328 - .014 2.60 .014 .041 2.158 12.68 .0016 .120 .015 3.59 32.08 1000 
25 -0.76 -0.012 .863 .238 -.437 3.45 .186 .088 .488 2.98 .0016 .076 .021 0.54 6.74 1000 

_1 
n\:;s .\;;1) HliHENTUI 'IUKBULENT TMNSI'ORT Elil'I::JUHENTS United Technologies Keseardl Center/NASA Lewis Research Center (Contract NAS3-2277l) 
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TABLE IV-67 

AXIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/24/81 Run No.: 67 Flow Condition: 1 Geometry: 1 

Axial Location: 305 mm (12.0 in.); x/Ro = 5.00 

I - -
P l 

mm 
r/Ro 

\J u' f f' Sf 
uf O"u ~. 

-+(\1£0) ra/s rals Su Ku KC Ruf Suf Kuf N Nl .. m/s a/s 
- \9-180) 

3 0.0 .000 .690 .243 -.451 2.91 .146 .056 .881 3.99 .0034 .250 .012 0.97 6.57 999 
4 3.0 .050 .708 .238 -.384 2.83 .134 .050 .795 3.64 .0028 .237 .Oll 0.90 6.03 999 
5 6.1 .100 .686 .244 -.345 2.94 .136 .050 .771 3.58 .0030 .240 .011 1.46 13.40 1000 
6 9.1 .150 .659 .262 -.448 2.96 .130 .050 1.015 4.30 .0032 .239 .012 0.66 5.30 1000 
8 18.3 .300 .636 .256 -.233 2.79 .121 .046 .974 4.43 .0029 .246 .010 0.69 5.92 1000 
9 24.4 .400 .544 268 -.142 2.53 .116 .045 1.442 6.60 .0027 .221 .012 1.55 16.22 1000 

10 30.5 .500 .462 .264 -.004 2.58 .099 .036 .914 3.93 .0021 .239 .009 1.36 9.50 1000 
11 36.6 .600 .388 .258 .121 2.41 .094 .035 1.164 5.09 .0015 .172 .009 1.93 15.50 1000 
12 42.7 .699 .303 .248 .216 2.65 .090 .030 1.126 5.46 .0014 .18& .007 1. 76 11.95 1000 
13 0.0 .000 .720 .231 -.389 2.88 .140 .054 .992 4.06 .0028 .224 .011 0.77 6.96 1000 
16 0.0 .000 .698 .243 -.440 3.18 .144 .060 .937 4.21 .0034 .233 .014 0.85 7.15 1000 
1.7 -3.0 -.050 .()99 .246 -.383 2.75 .141 .058 .849 3.91 .0038 .199 .012 0.57 5.25 1000 
18 -6.1 -.100 .679 .247 -.457 2.95 .142 .058 .809 3.48 .0038 .262 .013 0.73 5.39 1000 
19 -9.1 -.150 .688 .247 -.441 3.08 .141 .060 .773 3.39 .0033 .220 .013 0.71 6.69 1000 
20 -12.2 -.200 .663 .244 -.336 2.99 .138 .059 .863 3.81 .0034 .238 .013 1.05 7.40 1000 
21 -18.3 -.300 .634 .260 -.382 2.80 .129 .059 1.093 4.69 .0033 .217 .014 1.40 9.02 1000 
22 -24.4 -.400 .548 .270 -.244 2.68 .122 .052 1.212 5.30 .0038 .271 .013 2.68 26.39 1000 
23 -30.5 -.500 .476 .269 .025 2.52 .104 .046 1.231 5.57 .0029 .232 .Oll 1.41 10.86 1000 
24 -36.6 -.600 .398 .262 .082 2.43 .101 .040 1.383 6.71 .0021 .194 .010 1.32 11.41 1000 

1 

j 
.J 
~ 

25 -42.7 -.699 .306 .249 .)29 2.80 .088 .037 1.463 7.20 .0018 .192 .010 1.58 13.21 1000 
26 0.0 .COO .681 .248 -.452 2.89 .142 .064 .717 3.33 .0042 .270 .014 0.77 6.08 1000 

-
tlASS AND MOMEN'I'mt 'IUKUULENT 1'KANSI'OKT EXI'LRIHEN1'S United Technologies Resean-h Center INASA Levis Research Center (ContTact NAS3-22771) 
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TABLE IV-69 

RADIAL VELOCITY. CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/25/81 Run No.: 69 Flow Condition: 1 Geometry: 1 

Axial Location: 254 mrn (10.0 in.); x/Ro = 416 

r - - i J't - rlll.o 
V v' 

Sv Ky 
f c' Sf vf 

Rvf 
crvr 

Svf Kv! 
+(&-0) mIt> m/s Kf N 

No. ,./ .. ./s 
-(~·11l0) 

3 1. 52 .025 .023 .175 .028 3.87 .187 .100 .693 3.29 .0001 .006 .016 -.331 6.57 1000 
4 4.57 .075 .030 .189 - .195 3.47 .183 .101 .648 3.47 .0030 .158 .018 .322 6.02 1000 
5 7.62 .125 .035 .183 -.363 4.14 .173 .098 .895 4.47 .0024 .136 .017 .452 7.48 999 
6 10.67 .175 .042 .189 -.307 3.46 .156 .091 .673 3.04 .0036 .210 .016 1.067 7.07 1000 
7 13.72 .225 .045 .187 -.292 3.41 .146 .092 .744 3.13 .0036 .210 .016 .595 5.31 999 
8 19.81 .325 .072 .196 -.188 2.92 .138 .098 1.409 6.74 .0047 .243 .017 .883 6.37 1000 
9 25.91 .425 .100 .219 -.263 3.75 .087 .076 1.416 5. l5 .0046 .277 .016 2.420 16.40 998 

10 32.00 .524 .097 .229 -.245 3.24 .059 .059 1.924 8.':7 .0030 .226 .014 3.838 33.22 1000 
11 38.10 .624 .108 .236 .004 2.84 .041 .042 1.985 8.71 .0020 .204 .011 3.608 26.26 998 
12 44.20 .724 .087 .222 .416 3.87 .031 .032 1. 570 9.34 .0008 .119 .007 2.811 23.68 999 
13 1. 52 .025 .017 .168 -.177 3.78 .194 .101 .657 3.38 .0013 .075 .017 .766 8.74 1000 
16 1.52 .025 .017 .180 -.099 3.90 .190 .091 .530 2.94 .0002 .011 .016 .321 7.63 999 
17 -1. 52 -.025 -.011 .179 -.141 3.95 .182 .093 .660 3.27 -.0001 .004 .016 -.183 7.95 1000 
18 -4.57 -.075 .001 .175 .107 4.31 .175 .091 .580 3.14 .0015 .096 .016 .419 9.28 1000 
19 -7.62 -.125 -.001 .170 .286 3.90 .164 .090 .994 5.33 .0032 .209 .015 .864 8.11 998 
20 -10.67 -.175 .006 .190 .233 3.47 .151 .086 .736 3.46 .0035 .214 .015 .849 7.10 1000 
21 -16.76 -.275 .037 .197 .143 4.09 .140 .083 .926 3.86 .0040 .243 .016 .921 6.64 1000 
22 -22.86 -.375 .048 .205 .286 3.24 .106 .074 1.165 4.13 .0040 .263 .014 1.2/0 10.11 1000 
23 -28.96 -.475 .066 .219 .081 3.21 .090 .061 1.604 6.20 .0033 .246 .012 2.283 16.67 1000 
24 -35.05 -.574 .096 .224 .110 2.84 .061 .045 2.010 9.34 .0018 .178 .010 2.008 16.01 999 
25 -41.15 -.674 .108 .236 -.046 2.92 .071 .043 1.955 9.62 .0017 .169 .010 2.596 20.06 997 
26 1.52 .025 -.014 .180 .274 4.37 .185 .092 .678 3.24 .0006 .039 .016 .530 9.02 1000 

M.\SS ANI) ~lllHLNTnl ·JUII.HUUJolT TAANSPOII.T EXPERIMENTS United Technologies Re .. earch Center/NASA lewis Research Cenler (Contract NAS3-2277l) 
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TABLE IV-70 

RADIAL VELOCITY. CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/25/81 Run No.: 70 Flow Condition: 1 Geometry: 1 

Axial Location: 305 mm (12.0 in.); x/Ro = 5.00 

r -
1'[ I11III 

r/Ro 
V v' By Ky f f' 

Sf Kf 
vf Rvf O",'f Svf Kvf 

+(&-0) m/OJ m/s N 
N4). _Is ./,. 

-(62 180) 

3 0.00 .00 .020 .179 -.238 4.00 .142 .057 .734 3.81 .0003 .034 .010 .104 8.19 1000 
4 3.05 .05 .021 .175 -.108 3.45 .143 .058 .646 3.13 .00lJ .130 .010 1.156 9.82 1000 
5 6.10 .10 .031 .169 -.019 3.63 .128 .055 .839 3.76 .0009 .096 .009 .758 13.10 1000 
6 9.14 .15 .033 .171 -.209 3.74 .131 .055 .660 3.12 .00lJ .140 .009 .769 9.86 1000 
7 12.19 .20 .045 .174 -.240 3.38 .129 .056 .857 3.82 .0018 .187 .009 .728 9.12 1000 
8 18.29 .30 .060 .192 -.192 3.48 .U5 .052 .947 3.76 .0022 .219 .009 1.378 9.61 999 
9 24.38 .40 .082 .206 -.22f. 3.05 .103 .047 1.339 5.69 .0022 .228 .009 1.533 10.67 1000 

10 30.48 .50 .088 .205 -.103 2.93 .092 .040 1.407 5.80 .0021 .250 .007 1.698 10.74 1000 
11 36.58 .60 .088 .214 .023 2.90 .085 .034 1.243 5.85 .0018 .250 .008 2.241 15.54 998 
12 42.67 .70 .072 .210 .139 2.92 .068 .027 1.334 7.22 .0012 .214 .006 3.142 32.44 998 
13 0.00 .00 .018 .179 -.088 3.35 .143 .058 .778 3.94 -.0001 -.010 .010 -.021 8.16 99' 
16 0.00 .00 -.022 .170 .042 3.32 .149 .067 .707 3.23 .0002 .020 .011 .314 6.14 999 
17 -3.05 -.05 -.001 .171 -.082 3.72 .140 .064 .736 3.45 .0002 .020 .011 -.241 9.28 1000 
18 -6.10 -.10 -.002 .175 .072 3.51 .134 .060 .648 3.12 .0006 .054 .010 .649 8.96 999 
20 -12.19 -.20 .016 .178 .109 3.02 .129 .063 .998 4.59 .0013 .118 .010 .390 7.24 999 
21 -18.29 -.30 .021 .167 .069 3.10 .128 .060 .874 3.58 .0017 .172 .009 .405 6.53 1000 
22 -24.38 -.40 .035 .188 -.020 3.22 .106 .058 .940 4.10 .0024 .243 .010 2.180 24.82 999 
23 -30.48 -.50 .041 .204 -.048 3.03 .102 .048 1.063 4.64 .0022 .224 .009 1.046 8.38 1000 
24 -36.58 -.60 .064 .194 -.022 3.13 .076 .041 1.286 5.56 .0018 .22~ .007 1.401 11.52 998 
25 -42.67 -.70 .056 .195 -.094 2.83 .083 .040 1.281 5.90 .0015 .199 .008 :".855 14.37 999 

I 

-.-. 
~L\SS ANn MOMENTUM lUiUIULENT TMNSI'ORT EXI'LRIHENTS United Technologies Research Center/NASA Lewis Research Center (Contract NAS3-22771) 
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TABLE IV-71 

AXIAL AND AZIMUTHAL VELOCITY DATA A~D CORRELATIONS 

Test Date: 8/26/81 Run No.: 71 Flow Condition: 1 r~ometry: 1 

Axial Location: 254 mrn (10.0 in.); x/Ro = ~.16 

I r 
tJ u' W -

I' II11II 
r/Ro Ku 

w' Sw 
t;\-'" RU\.' CTJ ... • 

l S Kw S,,·,· KtJ1.· , .... ,'. "("~O) m/s m/s u m/s m/s 162/8 2 m2/s2 N 

-(6£lHO) _ .. 
1 1.5 .025 .886 .219 -.631 4.15 -.041 .180 .175 4.77 993 

2 4.6 .075 .876 .210 -.424 3.45 -.017 .218 1.834 13.22 991 
3 7.6 .125 .880 .220 -.508 3.77 -.028 .186 .374 3.97 991 
4 10.7 .175 .888 .209 -.634 3.90 .066 .395 2.413 9.37 998 

5 13.7 .225 .886 .219 -.271 3.12 -.033 .198 .519 4.85 998 
6 19.8 .325 .859 .242 -.424 3.35 -.010 .255 2.518 18.16 998 
7 25.9 .425 .814 .271 -.314 2.84 -.012 .220 .239 3.48 994 
8 32.0 .525 .746 .290 -.465 3.58 -.016 .245 .260 3.61 982 
9 38.1 .624 .605 .305 -.349 3.40 -.014 .289 1.174 8.22 990 

10 44.2 .724 .450 .318 -.476 3.70 .028 .317 1.464 8.91 49'l 
11 -1. 5 -.025 .898 .207 -.427 3.37 .040 .195 -.664 5.22 996 

12 -4.6 -.075 .899 .231 -.574 3.Q2 .028 .187 -.206 3.77 997 

14 -7.6 -.125 .874 .225 -.533 3.70 .040 .172 -.274 3.89 498 

15 -10.7 -.175 .874 .238 -.583 3.72 .025 .195 -.339 3.27 498 

16 -16.8 -.275 .845 .248 -.504 3.12 .042 .2!£ .169 3.88 497 
17 -22.9 -.375 .794 .291 -.515 3.18 .007 .215 -.138 4.03 498 

18 -29.0 -.475 .689 .289 -.175 3.07 .046 .244 .014 3.12 499 

19 -35.1 -.575 .539 .288 -.081 2.75 .025 .255 -.196 2.63 498 

20 -41.1 -.674 .406 .324 -.255 2.72 .042 .300 .722 4.24 499 

. 
~ 

~-- '-
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TABLE IV-12 

AXIAL VELOCITY 9 RADIAL VELOCIIT. A~D MOME!'.'TUM TURBULENT TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/26/81 Run No.: 72 Flow Condition: 1 Geometry: 1 
Axial Location: 254 mm (10.0 in.); x/Ro = 4.16 

--,._ .. 

I 
r I 

u' y' - (Tuv 1'( - r/Ro 
If V 

'" 
uv 

Ru,' Kuv Su Ku Kv suv It< No, +(8-0) ./s m/s ./s .. Is "V 
.2/s2 .2/s2 

-(8-180) 

I .0 .000 .873 .221 -.459 3.27 .0511 .206 .644 4.31 -.0048 -.105 I 492 
2 3.0 .OSO .907 .219 -.307 3.42 .053 .194 -.004 6.20 .0019 .045 496 
3 6.1 .100 .904 .211 -.301 3.21 .034 .177 -.296 3.34 .0023 .061 

I 
491 

4 9.1 .ISO .883 .225 -.573 3.59 .041 .188 -.483 4.89 .0029 .069 498 
5 12.2 .lOO .887 .227 -.326 3.05 .024 .216 -.791 4.12 .0066 , .134 498 
6 18.3 .300 .862 .266 -.312 2.86 .054 .203 -.356 3.48 .0125 .231 497 
7 24.4 .400 .787 .298 -.440 3.43 .113 .210 -.313 3.00 

I 
.0086 .DI .059 .93 7.53 4CH 

8 30.5 .500 .671 .301 -.160 3.28 .099 .2)5 -.457 3.50 .0212 .299 .071 2.18 13.16 495 
9 36.6 .600 .559 .309 -.298 3.10 .129 .236 -.295 3.41 .0254 .349 .069 .87 6.63 493 

10 42.7 .699 .369 .330 -.008 2.80 .119 .271 -.309 3.55 .0227 .254 .084 .59 6.57 247 
11 -3.0 -.050 .901 .213 -.689 3.80 -.024 .173 -.102 4.05 .0027 .072 .043 1.28 I 16.55 496 
12 -6.1 -.100 .887 .192 -.473 3.28 -.007 .190 .281 3.98 .0012 .0)3 .041 1.39 ! 20.36 498 
14 -9.1 -.150 .863 .214 -.321 3.37 .003 .187 .165 4.67 .0003 .009 .045 -.05 14.92 496 
15 -12.2 -.200 .874 .229 -.449 2.96 .001 .181 -.lJ9 3.88 .0012 .029 .049 1.48 12.76 494 
16 -18.3 -.100 .859 .246 -.469 1.18 .026 .199 -.159 1.17 .0111 .220 .062 2.95 lR.17 498 
17 -24.4 -.400 .775 .280 -.436 3.46 .043 .223 -.196 3.51 .0151 .241 .070 2.51 17.42 498 
18 -30.5 -.500 .681 .112 -.601 1.81 .085 .211 .078 1.11 .0165 .251 .075 1.59 13.62 249 

1'1,\% AND HOHEN":"UM 1UI\BlILE1H TRANSI'ORT 1::;nR1MENTS 
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TABLE IV-73 

AXIAL AND AZIMU'rnAL VELOCITY DATA AND CORR;...LATIONS 

Test Date: 8/27/81 Run No.: 73 Flow Condition: I Geometry: 1 

Axial Location: 305 mm (12.0 in.); x/Ro = 5.00 

r -(, - If u' W v' U\.' cr."" 
"u'" l r/ lto Su Ku Sv Kv R"" 5 .. ",· N 

N\t. +(+1-270) ./s ./s ./s ,./s ,.2/ 5 2 .2/s 2 
- (01a 90) 

1 -2.03 .033 .774 ,220 -.476 3.08 .003 .214 1.309 7.57 991 
2 1.02 .017 .774 .217 -.492 8.16 .018 .254 2.656 16.16 999 
3 4.06 .067 .774 .212 -.422 ].12 .014 .219 1. 748 11.91 999 
4 7.11 .116 .797 .221 -.674 ].93 .000 .198 1. 361 10.32 997 
5 10.16 .167 .768 .217 -.]66 ].12 .007 .188 -.526 5.59 996 
f> 16.26 .266 .734 .232 -.431 3.42 -.006 .249 -.095 10.38 995 
'7 22.]5 .]66 .667 .246 -.]]2 ].20 .050 .]8] 1.231 11.01 998 
8 28.45 .466 .614 .248 -.249 2.73 .148 .462 1.959 6.9) 996 
9 34.54 .566 .528 .247 -.206 2.87 - .014 .]13 -1.223 12.09 996 

10 40.64 .666 .450 .259 -.097 2.98 005 .440 -.067 7.74 996 
11 -2.0] -.0]] .778 .214 -.432 ].21 -.on .326 -1.354 10.66 996 
12 -5.08 -.083 .756 .21S -.402 ].02 .015 .222 1.980 17 .05 999 
11 -8.13 -.13] .796 .214 -.615 3.73 .018 .193 .369 4.34 996 
14 -11.18 -.183 .766 .224 -.401 ].26 .016 .217 1.459 10.80 999 
15 -14.22 -.233 .756 .218 -.443 3.24 .007 .190 -.203 3.56 997 
16 -20.32 -.3)) .680 .242 -.423 3.05 .014 .208 .387 4.31 996 
17 -26.42 -.433 .634 .240 -.224 3.01 .022 .264 2.595 19.16 996 
18 -32.51 -.5)) .561 .252 -.289 3.08 .016 .217 .009 3.26 917 
19 -38.61 -.633 .475 .256 -.08] 2.68 .041 .]19 2.878 19.11 999 
1.0 -44.70 -.7)3 .379 .248 -.110 2.86 .062 .3]8 2.59 14.34 992 

'--. 

Ht\:i!> ANII HtlHENlUH 'IUItBlIl.l2jT 1'ltANSI'OitT J.:XI'tltlHt:HTS United l'echnolor;ics Rcsearc-h Center/NASA Levi-> Resear.:h Center (Contract IlAS)-2277l) 
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TARLE IV-74 

AXIAL VELOCITY. RADIAL VELOCIT{. A~;D HOMESTUM TURBt:LP;T TI<A~SPORT D.\TA ~'D CORRELATIONS 

Test Dat~: 8/27/81 Run No.: 74 Flow Condition: I Geomet:ry: 1 

Axial Location: 30S mrn (12.0 in.); x/Ro = 5.00 

- .~-----

r -
I', - r/I<" 
~ •• I • 

• ·.,,11) 
I' u' V y' .. 

" 
CT.;': 5 . .;_ .. r, s J(u 1(" 

., ./,. ",I,. u ./" .1 .. "v • 2/,.Z 
.. 

.2/,.2 -,.,-.IIf" - -f--- ---

-1. 27 -.fl21 .7n .20) -.3')9 J.16 .0()7 .1n -.0"2 3.60 - ,9 -.024 .040 .4)1 15.9] 
] L 78 .029 

'. 4.81 .079 
.777 .210 -.490 'J. 18 .014 .181 -.111, 4.16 .oon I .035 .039 .5n 9.19 
.181, .211, -.472 ].35 .027 .1711 -.225 3.55 .0045 .117 .04] 1.834 14.62 

4 7.K7 .129 
r, 10.92 .179 
f> 11.02 .279 
1 21.11 .179 

.148 .214 -.159 2.53 .049 .194 -.277 3.50 .0017 , .042 .04l -.101 8.07 

.1')2 .2111 -.311') 3.00 .0)fJ .176 -.148 'J. 11 .(}(135 I .092 .04) 1.36] 1l.40 I .709 .2)1 -.615 4.09 .071 .19~ -.298 1.73 .007/', I .171 .041 2.719 21. 57 

.684 .23') -.161> 3.20 .01\9 .201 -.410 3.19 . (}(.>:i4 I .114 .05) .]27 11. 54 
II 29.21 .479 
9 15.11 .579 -. 10 41.40 .619 

Y. 11 -1. 27 - .021 
12 -4.12 -.071 

.603 .243 -.256 3.26 lOt. .222 -.039 3.28 .rJl J2 I .241, .056 2.181 1l.75 

.519 .241 -.209 2.96 .126 .'1.27 -.255 2.53 .0126 .229 .058 .902 7.11 

.392 .256 -.024 2.@O .102 .219 -.159 3.31 .01911 

I 
. )')4 .0')4 .830 6.20 

.773 .2111 -.4]5 3.55 -.fl17 .177 .029 ).04 ,0009 .023 I .047 .504 18.88 

.176 .215 -.391 3.07 -. (j(JfI .1112 - .1'>4 ).72 .O(J55 .140 .043 1.064 10.74 
14 -7.17 -.121 
IS -10.41 -.171 

.751 .202 -.114 2.97 .004 .174 .024 3.2/', -.0004 -.Oll 

I 
.0]8 -.535 9.41 

.747 .2n -.413 3.06 -.001 .210 -.122 6.91 .0051 .10] .051 1.181 I 15.92 
16 -11.46 -.221 .7]) .219 -.172 1.12 .014 .213 .1l2 4.78 .(JOS 7 .123 .049 1.6~5 n.12 
\7 -1-'.56 -.321 .701 .224 -.475 3.88 .041 .193 -.2)2 3.50 .0079 .183 .041 .911 7.38 
18 -25.65 -.420 .609 .259 -.62') 4.02 .024 .222 -.609 6.53 .0121 .211 .054 .179 9.87 
19 -B.n -.S20 
20 -li .85 -.620 

.571 .253 -.152 2.62 .0~7 .210 -. III 3.10 .0184 I .361 .050 1.089 5.011 

.473 .251 -.300 1.00 .(170 .220 .452 3.78 .0107 .193 .052 .29] 6.68 
21 -4}.94 -.720 .374 

I 
.257 -.265 2.99 .096 .~23 .127 1.24 .0194 .338 .0fJ1 -.412 11.81 

. I 

--'---. 
H.\:,S AMI "(flESH tl,UkllrLlliT 11:AtiSI'OI\T 1,XI't.JtlHt:NTS 

" 
499 
497 
497 
496 
498 
498 
499 
498 
499 
497 
499 
499 
498 
494 
497 

I 
494 
495 

I 247 
248 
247 

~ 
CD -t 
\D -VI 
VI 
~ o 
I 

\D 
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TABLE V-A 

LISTING OF BASIC PROGRAM USED TO tDIT 
TWO-COMPONENT LV DATA STORED ON DISKS 

10 [11t·'DY1:R ' 
12 R1t·'R' 
14 Plt='P' 
16 PRINT 'TWO-DIMENSIONAL DATA EDITING - COR~ELATION' 
20 PRINT 
30 PRINT 'RUN t', \ INPUT R2t 
35 PRINT 'DATl I, \ INPUT DOS 
40 PRINT 
50 UIM ~2(2),P5(2),Ll(2),L2(2),FO(2) 
52 L1(1)=.5145 \ Ll(2)~.4eD 
54 PRINT 'p5=PULSE STRETCHER (GREEN 1 OR 100)='; \ INPUT P5(1) 
56 PRINT 'P'.PULSE STRfTCHER (~LUE 1 OR lOO)~'1 \ INPUT P5(2) 
58 PRINT 'P2.MIN. FREG. SCALE (GREEN, HHZ)~'; \ INPUT P2(1) 
60 P3=125 
62 PRINT 'F2=HIN. FREG. SCALE (~LUE, MHZ)~'; \ INPUT P2(~) 
64 PRINT 'L2= DUAL ~EAM INCLUDED ANGLE <GREEN, DEG.)="; \ I~rUT L2(1) 
66 Pk!NT ~L2= UUAL ~EAM INCLUDED ANGLE (~LUE, DEG.)='; \ INPUT L2(2) 
68 PRINT 'FO=FREO. OFFSET (GREEN, MHZ)='; \ INPUT fOCl) 
70 P4:8 
72 PRINT IFO=FREO. OFFSET (~LUE, MHZ)="; \ INPUT FO(2) 
7J PRINT 'CLOCK SCALE'MSEC'="; \ INPUT Tl 
74 PRINT 'VELOCITY COMPONENT (GREEN)="; \ INPUT A7$ 
76 PRINT 'VELOCITY COMPONENT (~LUE)~'; \ INPUT Aa~ 
77 P5=1 \ Ll(1)=.5145 \ Ll(2)=.4BA 
78 PRINT 'POINT •• , \ INPUT P2' 
79 PRINT 'POSITION='; \ INPUT A9$ 
80 DIH Dl(1000),D2(1000),Cl(1),C2(1) 
81 DIM A(1000),~(1000) 
82 OPEN Dlt'R2"Plt'P2' FOR INPUT AS FILE .1 
84 INPUT .1 :NO 
86 FOR I~l TO 1000 
88 [Jl(I)~O \ D2(1)=0 
90 NEXT l 
110 K=l 
111 FOR 1=1 TO NO 
112 INPUT t1:Dl(]) 
11 3 I N F' U T t1: C 1 ( 1 ) 
114 INPUT .1:[12(1) 
115 IN~Ur tl:C2(1) 
lib NEXT) 
117 CLOSE ., 
119 P1::3.14t59 
120 C2KL1(K'/2/~lN(l_:(K)/2*Pl/180) 
125 UJ=C2*(P2(~'-FO~K)) 
130 V4-C2* (5*F'2 <to -TO (Id I 

135 Ci-100/(V4-V3) 
140 f'RTNT 'COEF Fllf~ II(dt1 f,UI(t:T/SEC/HHz),c:=e;C2 
150 PRINT 'VHIN=' ;V3; 'Mf'S' f "IJM,'. (:,' H I4;' HPt,· 

79 

, • , • • ~ /I r ' /I 

'. -:. 



R81-915540-9 

250 DTt1 N1(100) 
260 IF ~-2 GO TO ~9~ 
291 N5 a NO 
292 PRINT 'RESULTS FOR VELOCITY COMPONENT=';A7$ 
294 GO TO 300 
296 PRINT -RESULTS FO~ VELOCITY COMPONENT~'fAS. 
300 N9-0 
305 Fl-0 
310 FOR IEl TO 100 \ Nl(I)=O \ NEXT I 
320 Dl-l \ [12=1 
400 FOR Nal TO NO 
410 IF ~-2 GO TO 416 
41~ Ea[l1 ([11) 
413 [11:&[11+1 
414 GO TO 440 
4 16 E ::-0 [I:! ( [I ~~ ) 

418 [12'=[12.\.1 
436 IF E~O GO TO 480 
440 F=P3*P4*P5(K)/E 
445 U=C2*(r-FO(K~) 
451 IF V>U4 GO TO 451 
4S2 IF V)=VJ GO TO 460 
454 N9-N9+1 
455 GO TO 480 
460 I=INT(V-V3>*Cl) 
470 Nl(I):Nl(Iltl 
480 t~EXl tl 
485 PRINT 'HISTOGRAM BASED ON·;N;'SAHPLES· 
495 FOR 1=1 TO 100 
500 IF Nl(I)~O GO TO 530 
SOl ~3·V3+(I+.5)/Cl 
502 PRINT I,Nl(I),~3 
508 IF F1=1 GO TO 524 
512 Fl-l \ T3 c N1(I) 
524 IF N1(I)<=T3 GO TO ~30 
526 T3:.:Nl(I) 
S30 NEXT I 
616 FOR 1=1 TO 4 \ PRINT \ ~EXT I 
618 FOR 1-1 TO 1~0 
619 Z=INT(N1(r'/T3*~0) 
620 IF (N1(I)/T3)(.01 GO TO 622 
621 PRINT TAB(Z~;l 
622 NEXT I 
623 PRINT 'INPUT N2,N~'; \ INPUT N2,N3 
624 V9-Nl/Cl+V3 
625 VB-N?/C1+V3 
627 VO=(V9-VO)/20 
6?B U4 a O 
630 N4=0 \ Vl=C \ V2=0 \ U3=0 
632 IF ~=2 GO TO 640 
634 "l-VB \ "2~VO 
636 GO TO 650 
640 "leVB \ H4=VO 
650 [11 = 1 \ [I?:: 1 
660 FO~ N=l TO NO 
665 IF K~~ GO TO 607 
670 [-Dl(D1) 

80 
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R81-915540-9 
675 II1=D1+1 
680 IF [=0 GO TO 740 
686 GO TO 690 
687 [=[12(1)2) 
6813 {12:::[l2+t 

689 IF [=0 GO TO 740 
690 F=P3*P4*P5(K)/E 
700 V=C2*CF-FOCK» 
704 IF V<V8 GO 10 732 
706 IF V>V9 GO TO 732 
712 N4=N4+1 
722 IF K=2 GO TO 728 
724 ACN)::V 
726 GO TO 740 
728 B(N)=V 
730 GO TO 740 
732 IF K=2 GO TO 738 
J34 ACN)=-lOO 
736 GO TO 74() 
738 B(N)=-100 
740 NEXT N 
741 1(=I'{tl 
742 IF K=2 GO TO 120 
743 K=1 \ N4=() 
744 FOR 1=1 TO 100 \ Nl(I)=O \ NEXT I 
745 FOR N=1 TO NO 
746 IF ACN)=-100 GO TO 753 
747 IF BCN)=-100 GO TO 753 
748 IF K=2 GO TO 7~j 

749 I=INTCACN)/.1)tSO 
750 GO iO 752 
751 I=INTCB(N)/.1)+SO 
752 N1CI)=Nl(I)+1 \ N4=N4+1 
753 NEXT N 
754 U3=O \ U4=O 
755 IF K=2 GO TO 767 
756 FOR 1=1 TO 5 \ PRINT \ NEXT I 

TABLE V-A (Cont.) 

757 PRINT I O;A7$;O HISTOGRAM BASE[I ON°;N4;oEDITED SAMPLES' 
758 PRINT "I",'Nl(I)','V(I)','Pl(I)~,'P2(1)' 

759 FOR 1=1 TO 100 
760 IF Nl<!}=O GO TO 765 
761 K3~l*.1-4.95 
762 R2=Nl(I)/N4 
763 U3=tJ3+R2 
764 PRINT I,Nl(I),K3,R2,U3 
765 j"EXT I 
766 G'J TO 778 
767 FOR !~l TO 5 \ PRINT \ NEXT I 
768 PRINT • 'iAS$;' HISTOGRAM BASEDON";N4;"EDITED SAMPLES' 
769 PRINT 'I','N2(I)','V(I)","Pl(I)",'P2(I)" 
770 FOR 1=1 TO 100 
771 IF Nl(I)=O GO TO 776 
772 K3=I*.1-~.95 
773 F:2=Nl (I) IN4 
774 U4=U4tR2 
775 PRINT I,N1(I),K3,R2,U4 
776 NEXT 1 

81 
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R81-915540-9 TABLE V-A (Cont.) 

777 
778 
779 
780 
781 
782 
784 
790 
792 
794 
796 
798 
800 
802 
804 
806 
808 
810 
812 
814 
820 
830 
832 
a34 
836 
8.38 
840 
842 
844 
846 
848 
860 
862 
864 
866 
868 
870 
872 
874 
876 
878 
880 
882 
890 
892 
894 
896 
898 
900 
902 
904 
906 
908 
910 
944 

--

FOR J=l TO 5 \ PRINT \ NEXT J 
1(=1(+1 \ N4=O 
IF 1\=2 GO TO 7'44 
Al=O , A2=0 , A3=0 , A4=0 
NS=O 
~1=0 \ ~2=0 , 83=0 , B4=0 
U4=0 \ W2=0 \ W3=0 \ W4=O 
FOR J=l TO 100 \ Nl(J)=O \ NEXT J 
FOR N=l TO N() 
IF A(N)=-100 GO TO S20 
IF 8(N)=-100 GO TO 820 
Al=Al+A(N) 
A2=A2HA(N) )~2 
A3=A3+(AW) )"3 
A4=A4HA(N) )"'4 
Ell=ItlH!(N) 
B2=B2t(B(N»"2 
B 3 :: B 3 + ( Ie ( N ) ) ~ 3 
B4=B·H(B(N) )~4 
N5:::N5+1 
NEXT N 
Al=Al/N5 
Bl:::BlIN3 
A4=A4/N5-4*Al*A3;N5+6*(Al~2)*A2/N5-3*(Al"4) 
~4=~4/N5-4*Bl*63/N5+6*(Bl"':)*B2/N5-3*(Bl-4) 
A3=A3/N5-3*Al*A2/N5+2*(Al~3) 

B3·B3/NS-J*Bl*B2/NSt2*(Bl-3) 
A2:.'A2/N5- (A 1 ~2) 
A2=S!lR(A2) 
B2=B2/N5·· (Ell '"'2) 
B2=SOR(B2) 
PRINT ' RESULTS 

\ PRINT 
RESULTS 
\ PRINT 

FOR J=l TO 4 
PRINT ' 

FOR RUN";R2$;'PGINT';P2$ 
\ NEXT .J 

FOR COMPONENT ';A7. 
FOR J=l TO 2 
PRINT 'VBAR=';Al;"HPS' 
PRINT 'VRHS=';A2;'MPS' 

\ NEXT J 

PRINT 'THIRr' MOMENT OF TURBULENCE=' ;A3; 'MPS"'3' 
R3=A3/(A2"3) 
PRINT '3RD CORRELATION COEFFICIENT:';R3 
PRINT 'FOURTH MOMENT OF TURBULENCE=';A4;'MPS'"'4' 
R4=A4/(A2"4) 
PRINT '4TH CORRELATION COEFFICIENT=';R4 
FOR J=l TO 4 \ ~RINT \ NEXT J 
PRINT' RESULTS FOR COMPONENT ';A8$ 
FOR J=l TO 2 \ PRINT \ NEXT J 
rRINT 'V8AR=';81;'MPS' 
PRINT 'URMS=';S2;'HPS" 
PRINT 'THIRD MOMENT OF TURBULENCE=';B3;'HPS-3" 
R3=83/(82"3) 
PRINT '3RD CORRELATION COEFFICIENT=';R3 
PRINT 'FOURTH MOMENT OF TURBULENCE=';B4;'MPS"4 1 

R4=84/(82-4) 
PRINT '4TH CORRELATION COEFFICIENT=';R4 
PRINT 
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946 PRINT 
948 W2=O \ W3=0 \ W4==0 
949 N5=0 \ U4~0 \ R8=0 
950 FOR N~l TO NO 
952 IF A(N)=-100 GO TO 972 
954 IF B(N)=-100 GO TO 972 
956 Wl~(B(N)-Bl)*(A(N)-Al) 
960 I~INT(Wl/.01)t50 
962 IF 1)99 GO TO 772 
9~4 IF 1<1 GO TO 972 
966 N5=NSt1 
967 U4=U4+Wl 
968 W2:::W2hJl '"'::.: 
969 W3",W3HJl ~3 
970 N 1 ( I ) = N 1 ( I ) ~. 1 
971 W4=W4+W1 r'4 
972 NEXT N 
974 II 4:: U4 / N~~ 
975 FOR 1=1 TO 5 \ r~INT \ NEXT 1 
980 PRINT 'UV HISTOGRAM BASEDON ';N5;"SAMPLES' 
981 FOR 1=1 TO 2 \ PRINT \ NEXT I 
983 PRINT 'I','N2(1)','UV(1)','Pl(I)','P2(I)' 
984 FOR J=l TO 100 
985 IF N1(J)=O GO TO 994 
986 K3=J*.01-.4~5 
988 P9=Nl(,J)lN5 
990 RB::f~8tP(.} 

992 PRINT J,Nl(J),K3,P9,RB 
994 NEXT J 
996 FOR J=l TO 5 \ PRINT \ NEXT J 
1000 PRINT • UV CORRELATION RESULTS' 
1004 FOR 1=1 TO 4 \ PRINT \ NEXT I 
1008 W4=W4/N5-4*U4*W3/N5t6*(U4~2)*~2/N5-3*(U4~4) 
1012 W3=W3/N5-3*U4*W2/N5t2*<U4'"'3) 
1016 W2=W2/N5-(U4-2) 
1020 PRINT 'UV CORRELATION ='~U4;'MPS-2' 

TABLE V-A (Conel.) 

1024 P R I NT' 2 N It M a HEN T 0 F U 'J HIS TOG lUi M = • ; W 2 ; , M F S - 4 ' 
1028 PRINT '3RIt MOMENT OF llV HISTOGRAM=';W3;'MPS~~' 
1032 PRINT '4TH MOMENT OF UV HISrOG~AM=';W4i'MPS~8' 
1080 PRINT 'END OF RUN';R2$;'OINT';P2$ 
1085 FOR 1=1 TO 10 \ PRINT \ NEXT 1 
1090 GO TO 78 
1100 STOP 
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TABLE V-B 

LISTING OF BASIC PROGRAM USF.D TO EDIT 
LV/LIF DATA STORED ON DISKS 

10 II1$="DY1:R" 
12 R1$="R" 
14 F'1$="P I 
16 PRINT "LDU - LIF DATA EDITING' 
20 PRINT 'RUN t", \ INPUT R2$ 
30 PRINT \ PRINT 
40 PRINT 
50 PRINT "MIN FREQ SCALE(MHZ)', \ INPUT P2 
60 P3=125 
70 F'4::8 
eo PRINT 'P5~ PULSE STRETCHER(l OR 100)~1; \ INPUT P5 
90 PRINT "Ll=LASER WAUELENGTHCMICRONS)="; \ INPUT Ll 
100 PRINT 'L2= DUAL BEAM INC ANGLE(DEG)='; \ INPUT L2 
110 PRINT "FO=FREU OFFSET,ZERO VEL(MHZ):'; \ INPUT FO 
112 
113 
114 
115 
119 
120 
125 
130 
135 
140 
150 
250 
251 
2S~, 

257 
280 
281 
291 
300 
305 
310 
316 
318 
320 
324 
326 
328 
330 
~32 
336 
340 
344 

PRINT ·CBAR(NO DYE)='; \ INPUT CO 
PRINT "CBAR(CENTERLINE)="; \ INPUl C~ 

PRINT "C-TO -F SCALING PARAMETER="; \ INPUT SO 
PRINT 'DATE', \ INPUT DO$ 
Pl=3.14159 
C2=L1/2/SIN(L2/2*P1/180) 
U3=C2* (F'2-FO) 
V4=C2* (5U';'?-FO) 
C1=100/(V4-U3) 
PRINT "COEF FOR DATA RED(MPS/MHZ),C2+';C2 
PRINT "VHIN=I;V3;IHPS",IVMAX=";V4;"MPS" 
DIH N1(lOO),N3(100) 
DIM E1(1000),E2(1000) 
DIH D1(1000),C1(1) 
DIH Vl(1000),N2(100) 
PRINT 'POINT t", \ INPUT P2$ 
PRINT 'POSITION"~ \ INPUT A9$ 
N5=NO 
N9=O 
F1=O 
FOR 1=1 TO 100 \ Nl(I):O \ NEXT r 
FOR 1=\ TO 1000 \ D1(1)~O \ NEXT I 
FOR 1=1 TO 1000 \ E2(I)=0 \ NEXT I 
OPEN D1S&R2$&P1$&P2t FOR INPUT AS FILE .1 
INPUT 'l:NO 
FOR 1=1 TO NO 
INPUT U:D).(I) 
INPUT 'UC10) 
INPUT tt:E1<I) 
E2(1)=50*(E1(1)-CO)/(C9-CO) 
NEXT 1 
CLOSE '1 
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400 FOR N=l TO NO 
4 lOT 2 = [I 1 ( N ) 
420 
440 
445 
446 
451 
452 
454 
455 

IF T2=2.5 GO TO 410 
F =F'3*P4 U'S/T 2 
V=C2*(F-FO) 
Vl(N)~~V 

IF V>V4 GO TO 454 
IF V~~V3 GO 10 460 
N9=N9tl 
GO TO 480 

460I=INT(V-V3'tCl) 
470 Nl(I)=Nl(l)tl 
480 NEXT N 
482 FOR J=l TO 3 \ PRINT \ NEXT J 
485 PRINT 'HISTOGRAM B~SED ON';N;'SAMPLES' 
495 FOR 1=1 TO 100 
500 IF Nl(I)=O GO 10 540 
501 K3=V3+<It.S)/Cl 
502 PRINT I,N1<I>,K~5 

505 C3=C3+ 1 \ C4;;:: 1 
508 IF F1=1 GO TO 524 
512 Fl=1 \ T3=Nl(I) 
514 C5=1 
524 IF Nl(I){=T3 GO TO 540 
526 T3=Nl(1) 
540 NEXT r 
560 FOR J=l TO 3 \ PRINl \ NEXT J 
570 FOR 1=1 TO 100 
575 Z=INT (Nl (I) 113*50) 
578 IF (Nl(I)/T3)<.01 GO 10 590 
5~:O PRINT TAB(ZHI 
590 NEXT 1 
623 PRINT 'INPUT N2,N3'; \ INPUT N2,N3 
624 V9=N3/C1+V3 
625 V8=N2/Cl+V3 

VI): (V9-V8) 120 
U4"O 

627 
628 
629 
630 
631 
632 
640 
650 
655 

03=0 \ 04::(1 \ 1012=0 \ 1013'-"0 
N4=O \ VI ::0 \ 1,.'2=0 \ U3=0 
01=0 \ 02:.:0 \ Gl=(l 
G:2:0 
FOR 1'-"1 TO 1')0 \ 
FOR J=l TO 100 \ 
FOR J=l TO 100 \ 

660 FOR N=l TO NO 
700 1,,'::Vl(N) 
702 I=INT(V/.l)+50 
704 IF V<V8 GO 10 740 
706 II-" V::1,,19 GO TO }'10 
708 N1<l)=NldHl 
710 V1=V1H) 
720 V:>V:.:tV*1,,1 
725 U3=U3H"3 
7 2 6 U 4 ~ LJ 4 + V·' 4 
730 N4:-:N4+t 
731 Ql=:(H·H2~N) 

N1<I)=O 
N2(J)=O 
N3(J)=O 

\ 

\ 
\ 
\ 

1014=0 

NEXT 
NEXT 
NEXT 

I 
J 
J 

TABLE V-B (Cont.) 
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732 
733 
734 
735 
740 
750 
752 
754 
755 
7':J6 
757 
760 
"761 
764 
765 
766 
767 
768 
770 
771 
772 
774 
776 
778 
779 
780 
782 
784 
786 
787 
788 
790 
792 
794 
797 
798 
799 
800 
808 
809 
810 
811 
820 
821 
822 
824 
826 
827 
828 
829 
830 
850 
858 
868 
872 
874 

02=02tE2(N)*E2(N) 
Gl=Gl+V*E2(N) 
U3=03+ (E2 (N) ) .. :~ 

04=04+(E2(N) )"'4 
NEXT N 
Vl=V1/N4 
U4=U4/N4-4*Vl*U3/N4+6*(V1"2)*V2/N4-3*(V1 R 4) 
U3=U3/N4-3*V1*V2/N4t2*(Vl~3) 
01=01/N4 
04=04/N4-4*Ol*03/N4+6*(01"2)*02/N4-3*(Ol"4) 
03=03/N4-3*Ol*02/N4f2*(Ol"3) 
V2=V2/N4-Vl"2 
U2=SOR(V2) 
02=02/N4-01*01 
02=SOR(02) 
Gl=G1/N4-Q1*V1 
N6=0 \ P8=0 \ R9=O \ N7=0 \ R8=O 
IF (02/01)(1.00000E-03 GO TO 809 
A1=02/3 

FOR N=1 TO NO 
IF Vl(N)(V8 GO TO a08 
IF V1(N»V9 GO TO BOB 
J=INT(E2(N)/.02)t25 
IF J<l GO TO B08 
IF J)99 GO TO 808 
N2(J)=N2(J)tl 
N6=N6+1 
R2=«V1(N)-V1)*(E2(N)-Ol»-G1 
Jl=INT(R2/.04)t50 
IF J1(1 GO TO B08 
IF Jl)99 GO TO B08 
N3(~J1 )=N3(J1 >+1 
N7=N7+1 
G2=G2+R2 
W2:::W2tR2"2 
W3=W3tf':2":~ 

W4"'W4+t;:2"4 
NEXT N 
FOR N=1 TO 10 \ PRINT \ NEXT N 
PRINT 'DATA OUTPUT FOR RUN";R2$;" POINT";P2$ 
PRINT A9$ 
PRINT "NO='iNO,IN4="jN4 
G2=G2/N7 
W4=W4/N7 
W3:::W3/N7 
W2=W2n!7 
W1=SOR(W2) 
S3=W3/(Wl~3) 

S4=W41 0J1"4) 
PRINT 'VBAR~I;Vl;'HPS" 

PRINT 'VRMS=';U2;'HPS" 
R3=U3/( (U2)~3) 
R4:::U4/«LJ2)~4) 

H3=SO*W.l 
PRINT "FBAR='iGl 
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875 PRINT 'FRMS=";02 
877 PRINT 'F'V' BAR =";01;'MPS ' 
878 PRINT 'F'V' RMS =";W1;'MPSu 
880 PRINT 'DATE',DO$ 
885 PRINT 'DATA STORED AS FILE ";Rl$&R2SlP1$&P2$ 
886 FUR 1=1 TO 5 \ PRINT \ NEXT I 

TABLE V-B (Cont.) 

888 PRINT 'VELOCITY HISTOGRAM BASED ON";N4;"SAHPLES ' 
890 PRINl 'I','Nl(I)','V(I)','p1(1)','P2(I}" 
892 FOR 1=1 TO 100 
894 IF Nl(I)=O GO TO 899 
895 K3=I*.1-4.95 
896 P9::N1(I)/N4 
897 R9==R9tP9 
898 PRINT I1N1(I),K3,P9,R9 
899 NEXT I 
900 FOR J=l TO 5 \ PRINT \ NEXT J 
901 IF N6=0 GO TO ~20 
902 PRINT 'CONCENTRATION HISTOGRAM BASED ON I ;N6;·SAMPLES· 
904 FOR J=1 TO 2 \ PRINT \ NEXT J 
906 PRINT 'I','N2(I)','C(I)','P1(I)','P2(I)' 
907 FOR J=1 TO 100 
908 K3=J*.02-.49 
909 IF N2(J)=0 GO TO 914 
910 P9=N2(J)/N6 
911 P8=P8tP9 
912 PRINT J,N2(J),K3,P9,P8 
914 NEXT J 
920 IF N7=O GO TO 980 
924 FOR J=1 TO 5 \ PRINT \ NEXT J 
928 PRINT 'C-V HISTOGRAM BASED ON ' ;N7;'SAMPLES ' 
930 FOR J=l TO 2 \ PRINT \ NEXT J 
932 PRINT 'I',"N3(I)','CV(I)','P1(I)','P2(I)" 
936 FOR J=l TO 100 
940 IF N3(J)=0 GO TO 960 
944 K3=J*.04-1.98 
948 P9=N3(J)/N7 
952 R8=R8tP9 
956 PRINT J,N3(J),K3,P9,R8 
960 NEXT J 
976 FOR J~l TO 4 \ PRINT \ NEXT J 
985 PRINT 
990 PRINT 
992 PRINT ' 
994 FOR J=l 
996 PRINT I 

MOMENTS OF PROBABILITY DISTRIBUTIONS' 
TO 3 \ PRINT \ NEXT J 

VELOCITY I 

997 PRINT \ PRINT 
998 PRINT 'THIRD MOMENT OF TURBULENCE=';U3;'MPS~31 

1000 PRINT '3RD CORRELATION COEFFICI£NT='iR3 
1002 PRINT 'FOURTH MOMENT OF TURBlJLEUCE='U4;'MPS~4· 
1004 PRINT '4TH CORRELATION COEFFICJENT=';R4 
1010 FOR N=1 TO 5 \ PRINT \ NEXT N 
1012 PRINT I CONCENTRATION" 
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1014 PRINT \ PRINT 
1016 PRINT 'THIRD HOHENT OF CONCENTRATION=';Q3 
1018 R3=Q3/(Q2~3) 
1020 PRINT '3RD CORRELATION COEFFICIENT=';R3 
1022 PRINT 'FOURTH MOHENT OF CONCENTRATION=';Q4 
1024 R4=04/(Q2~4) 
1026 PRINT '4TH CORRELATION COEFFICIENT=';R4 
1028 FOR J=l TO 5 \ PRINT \ NEXT J 

TABLE V-B (Cone!.) 

1030 PRINT ' VELOCITY-CONCENTRATION PRODUCT' 
1032 PRINT \ PRINT 
1033 R3=Gl/U2/02 
1034 PRINT 'PRODUCT CORRELATION COEFFICIENT='R3 
1035 PRINT 'SECOND ~OMENT OF PRODUCT=';W2;"HPS-2" 
1036 PRINT 'THIRD MOMENT OF PRODUCT=";W3;'MPS~3' 
1038 PRINT '3RD CORRELATION COEFFICIENT:I;S3 
1040 PRINT 'FOURTH HOM~NT OF PROnUCT=';W4;'MPS~4' 
1042 PRINT '4TH CORRELATION COEFFICIENT=';S4 
1044 PRINT 'G2~';G2 

1078 PRINT \ PRINT \ PRINT 
1080 PRINT 'END OF RUN';R2$;'POINT';P2$ 
1100 GO TO 280 
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MEAN AXIAL VELOCITY PROFILES (CONT.) 
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MEAN RADIAL VELOCITY PROFILES 
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MEAN RADIAL VELOCITY PROFILES (CONT.) 
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MEAN AZIMUTHAL VELOCITY PROFilES 
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MEAN AZIMUTHAL VELOCITY PROFILES (CONT.) 
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FLUCTUATING AXIAL VELOCITY PROFILES 
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FLUCTUATING RADIAL VELOCITY PROFILES 
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FLUCTUATING RADIAL VELOCITY PROFILES (CONT.) 

SYMBOL 0 • 0 • 
LOCATION. Ii 0 180 0 180 . 

RUN NOS. 21 . 72./4 5U. b . 10 

Ul 
L _ 2UJ 111111 RUNS 2 1 ~U l 2~4 Illlll 

E 0.5 

I 
-> 

Z 0.4 ~ 
0 
t-
4: 
:::J • t- 03 • u - • • :::J • 0 
~ ~i~~ LL 

o ~ .. CQ.OO·O >- -h~8~O~~ • t- 0.2 .iO . (3 

~ 0 0 
~ 
w 
> 
~ 0.1 -4: 
0 
4: 
a: 
(f) 0 I 
~ 
a: 0 0.2 

I I I 
0.4 0.6 :'.8 1.0 0 02 0.4 

RADIUS RATIO. r/RO 

:J'l l - 305 RUNS i :. 1U 
E 0.5 ,-----------------, 

I 
> 

Z 0.4 
o 
t-
4: 
:) 

tJ 03 
:::J 
~ 
LL 

>-
t- 02 
u 
o 
-.J 
u.J 
> 
-J. 0 1 
o 
4: 
a: 
(f) 

~ 
a: 

OL-____ L-____ ~ ____ ~ ____ ~ ____ ~ 

o 02 04 06 0.8 10 

RADIUS RATIO . r/Ro 

10 

0.6 

FIG. 16b 

RUNS 1'2. . 6 

0.8 1.0 

81 - 12- 38- 21 



" 

-
") 

I , 
I 

. l 

-' 
i..I.J 

~ 

.J.. 
L 

I 
) 

FLUCTUATING AZIMUTHAL VELOCITY PROfiLES 

s' Mll )[ 0 • ~ ~ 

,~" .\ 1lllN ,1 :'(1 q (l .' ; , ~Ill 

IH IN .. l!~ " \ 1:\ I" " ',:\ ' t;' ',.1 

1 , 11Iftl l UI :;,' " ',1 1111 11 

II !, r----- - - - ------- - ---, 

II ,I f-

11 ,' f-

~ ~ 
11 I f- ~ 

II 
~.~~ 

1 

~ 
~ 

l~ I 1 
\1 II. 

, ).1 11 I i II 1\ I II II 

'. t111 1', I1l1ll 

II !, 

11.1 ~ 

\ 1 ~ ____ ~I ____ ~l ____ ~I ____ ~l __ ~ 

II .' 11.1 Il ,i I II II 

\\ 11 

o 

• 

1-1" 1 7,1 

I II 

HI ' :, \, 1 ',,1 

I II 

81 I. 38 12 



RBl -9 15540-9 

>-
~ en 
OE 
:3 1 
UJ > ­
...J ~_ 
~ Z 
IO 
~ ­
:J~ 
~~ _ :J 
N f­
~ O 
(f) :J 

~ii 
a: 

FLUCTUATING AZIMUTHAL VELOCITY PROFILES (CONT.) 

SYMBOL 0 • ~ ~ 

LeXAl ION. (I nu 0 270 90 

RUN NOS :?2 II , I J 5b 

=c' UJ mIll RUNS :! ') ~G 

0.5 r------------------, 

0.4 ~ t- 0 

t-

o 

0.1 f- I-

O ~ __ ~I ____ ~I~ __ ~I~ ___ ~I __ ~ J J 
o 0.2 0.4 0.6 O.B 10 0 02 0.4 0.6 

RADIUS RATIO . rlRo 

l JU5 11 1111 RUN ij 

0.5 

0 
0 

>- 0 4 
~ Vl 0 
0 E 
0 

1 • ...J 
UJ • 

o • > i: 03 
...J 
~ Z • I 0 0 0 ~ 
:J ~ [JI • • ~ < 02 • :::J liIo • 
~ ~ 0 
(f) :::J 

~ 
-.J 
LL. a: o 1 

OL-__ ~~ __ .~~ __ ~ ____ ~ ____ ~ 
o 02 04 06 OB 1 0 

RADIUS RATIO, r/Ro 

111 

FIG. 17b 

RUN 11 

I 

08 1.0 

81 12- 38- 23 



RBl -915540-9 
MEAN INNER JET FLUID CONCENTRATION PROFILES 

FIG. lBa 
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ME.~N INNER JET FLUID CONCENTRATION PROFILES (CONT.) 
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FLUCTUATING INNER JET FLUID CONCENTRATION PROFILES 
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FLUCTUATING INNER JET FLUID CONCENTRATION PROFILES (CON r.) 
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MOMENTUM TRANSPORT RATE, UV, PROFILES 
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MOMENTUM TRANSPORT CORRELATION COEFFICIENT, Ruv. PROFILES 
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LOCATION. U 0 180 



R81 -915540-9 FIG. 21b 

MOMENTUM TRANSPORT CORRELATION COEFFICIEN1, RUY' PROFILES (CONT.) 
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MOMENTUM TRANSPORT RATE, UW, AND CORRELATION COEFFICIENT, Ruw' PROFILES 
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RADIAL MASS TRANSPORT RATE, Vf, PROFILES 
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RADIAL MASS TRANSPORT RATE, ~, PROF!LES (CONT.) 
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R 1- 1 54 FIG. 24a 

RADIAL MASS TRANSPORT CORRELATION COEFFICIENT, Ryf. PROFILES 
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RADIAL MASS TRANSPORT CORRELATION COEFFICIENT, RYf, PROFILES <CONT.) 
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AXIAL MASS TRANSPORT RATE, uf, PROFilES 
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R81-9 1 5540-9 FIG. 25b 

AXIAL MASS TRANSPORT RATE, UT, PROFILES (CONT.) 
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SKETCHES OF REGIONS WITH COUNTER·GRADIENT AXIAL TURBULENT MASS 
TRANSPORT AND AXIAL VELOCITY ACCELERATIONS 
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AXIAL MASS TRANSPORT CORRELATION COEFFICIENT, Ruf' PROFILES 
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R81-915540-9 FIG. 27b 

AXIAL MASS TRANSPORT CORRELATION COEFFICIENT, Ruf, PROFILES (CONT.) 
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AZIMUTHAL MASS TRANSPORT RATE, w', AND CORRELATION COEFFICIENT, 

Rw', PROFILES 
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RS1 -915540-9 FIG. 33 

SKEWNESS AND KURTOSIS OF AXIAL VELOCITIES PROFILES 
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SKEWNESS AND KURTOSIS OF RADIAL VELOCITIES PROFILES 
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SKEWNE"S AND KURTOSIS OF INNER JET FLUID CONCENTRATION PROFILES 
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TURBULENT MOMENTUM TRANSPORT RATE, UV, PROBABILITY DENSITY FUNCTIONS 
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R 1- 155 0- FIG. 39 

TURBULENT RADIAL MASS TRANSPORT RATE, vf, PROBABILITY DENSITY FUNCTIONS 
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R81-915540-9 FIG. 40 

TURBULENT AXIAL MASS TRANSPORT RATE, uf, PROBABILITY DENSITY FUNCTIONS 
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R81-915540-9 FIG. 41 

TURBULENT AZIMUTHAL MASS TRANSPORT RATE, wf, PROBABILITY DENSITY FUNCTIONS 
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RBl -9 15540-9 FIG. 42 

SECOND CENTRAL MOMENT OF TURBULENT TRANSPORT RATE PROFILES 
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RSI-915540-9 FIG. 43 

SKEWNESS AND KURTOSIS OF TURBULENT MOMENTUM TRANSPORT RATE PROFILES 
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SECOND CENTRAL MOMENT OF TURBULENT RADIAL MASS TRANSPORT RATE PROFILES 
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SKEWNESS AND KURTOSIS OF TURBULENT RADIAL MASS TRANSPORT RATE PROFILES 
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SECOND CENTRAL MOMENT OF TURBULENT J'XIAL MASS TRANSPORT RATE PROFilES 
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SKEWNESS AND KURTOSIS OF TURBULENT AXIAL MASS TRANSPORT RATE PROFILES 
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SECOND CENTRAL MOMENT, SKEWNESS AND KUHTOSIS OF TURBULENT AZIMUTHAL 
MI\SS TRANSPORT RA"E PROrtlES 
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VISUALIZATION OF FLOW CONDITION 2 FROM HIGH SPEED MOTION PICTURES 

S "" I 

. I I .. =5 .. !l m 

o DlilU ;() I LR JET LUID 

o z ;00 ,,, 

. 

• • 

r-z PLANE 

r-/I PLA E 

c· -

OU, z· _5U mm 

81 12 :18 - 60 



R. 1 ~ 1 ~1. 1 0 - ORIGINAL PAG E I 1 

ACK AI D I- I E PHOTOGRAPH 

VISUALIZATION OF FLOW CONDITION 3 FROM HIGH SPEED MOTION PICTURES 
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VISUALIZATION OF FLOW CONDITION 5 FROM HIGH SPEED MOTION PICTURES 
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