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By
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ABSTRACT

An investigation ha.s" been conducted to determine the effects of
jeb~to-free-stream dynamic pressure ratio on the penetration and mixing
of a son:':crh:y'd:n‘ogen jet injected normal ‘to a Mach 4 airstreem. The
hydrogen gas was injected from & circular nozzle fiush mounted in a _
flat plate with a turbulent boundaxy-layer thickness of 2.70 injector
exit diameters at the injector station. The investigation was conducted
for values of the -dynamic pressure ratio ranging from 0.5 to 1.5. At
five downstream stations between 7 and 200 injector dizmeters the mixing
region was suxveyed to obtaiﬁ hydrogen volume concentration and pressure
profiles.

Reswdts of the investigation indicate that® the thick b‘ou:ndaxy
layer had significant effects on the penetration and meximum concentra~
tion trajectorlies when compared to da.;aa. dorrelations from other sources.
The penetration trajectory was found to be proportional to the dynamic
pressure ratio raised to the 0.3 powef. The chay of the maximum con-
centration was very rapid in the near field and inversely prpportional

0.8

to (x/d.j) at downstream distances greater than 30 jet dlameters.
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At a particular value of x/d the moximm concentration was propor-
tional to qu/e. Nondimensional concentration profiles, represented
by Gaussian-type functions, on the vertical centerline showed similarity

at values of x/d equal to or greater than 60.
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V. INTRODUCTION

'R‘ecen‘jb projects of th—e National Aeronautics and Space Administra-
tion hawve been concerned with the design and development of research
engines for oper;a,tior; in the Mach 4 to Mach -8 flight regime (ref. 1).
The engine ‘is an axisymmetric hydrogen-fueled ra:mjet. and employs super-
sonic combustion st flight speeds above Mach 6. Advanced hypersonic
vehicles, such as a' reuseble launch vehicle with an airbreathing pro-
pulsion system for the first stage, are currently under investigation
(ref. 2)« The propulsion system will be a supersonic combustion ramj_et
with operation up to'Ma.chxle. A flight Mach number of 12 corresponds
tc a combustor-eﬁtrance; Mach number of 4. Preliminary designs indilcate
that with the length of the inlet and compression surfaces required at
these high flight Mach numbers, a significant portion‘o:ﬁ‘ the flow
entering the combustor will consist of a hboundary layerjhe a.c;curate
analysis and design of a supers;:anic combustor requires a knowledge of
the fuel-air mixing characteristics. In addition, injecting the fuel in
a way that provides for a nearly uniform fuel distribution and a short
mixing length without producing significant thrust penslties is
desirable. Parallel or coaxisal injection, while contributing sigrlif_i-
.cantly to the thrust, regquires a longer mixing length and has less
penetration than does injection perpendicular to the airstresm (refs. 3
and 4. _

ﬁoma.l sonic‘in,jec'tion of vé.rious gases and gaseous mixtures

issuing from a discrete circular hole in a flat plate into a supersonic



‘airstream has been investigated and reported in references & to 9
inclusive. 'These data ax;e generally for conditions corresponding to
high valves of jet-to-free-stream dynamic pressure ratio. TUnpublished
data available at the Langley Research Center indicate that the short-
est mixing length i's, obtained at the lowest valﬁe of jet-toefree~gtream
dynamic pressure ratio at which "che injector operates :choked. Anedyti-
cal methods for predicting the initial penetration of the Jet and the
jet trajectory in the u.nconf:ined supersonic main-gbtream have been
developed from empirical or semi-empirical data correlations (see

refs. 7 to 9). Generally, any effect of the molecular weight of the .
injected gas or the main~stream boundary-leyer thickness has not been
considered. For application to the design of & supersonic combustor,
the primary interest is in the far-Ffield nmixing region rather than the
complex flow in the vicinity of the injector.

.T_he present investigabion was conducted to provide information
about the effect of jet-to-free-s’cref;zm dynamic pressure ratio and a
tl;iclﬁ bogndary I‘L-'a;srér on the mixing of hydrogen injected normal to a ‘
unii:om'supersor;ic airs-‘crgam. " These data are needed to aid in con-
s-tn:}ctiﬁg ana]y“tica.:‘i. méthods thé,t _y;‘i;él& reliable predictions about the
mixing pl‘écje;ss; :Ln Isup!ersgnifc combu}e:f&or.s. Hydrogen gas was injected
f’ro,m a Oti0;6—centimeterldiametei' son":‘i.c nozzle perpendicular to the
surface.‘ef' ;a. flat plate qlo;Jilted in’ the 23-centi;neter-sq_ua.re tunnel test
sec't'ion. " The tes‘bls were coﬂd‘l;l.é‘be;d:. at a free-stream Mach mumber of 4.03,
st—agnat;‘i-on ‘temperature of 500"3 X, si;agna.tion pressures of 13.6 and

20.4 atmospheres, giving Reynolds numbers per meter of 6.19 X 107 and



9.28 x 107, respectively. Boundary-layér thickness on the fiat plate
at the injector station was approximaﬁély-2.7o injector diameters. dJet
conditions were such that ratios of jet-to-free-stream momentum flux of
0.5, 0.75, 1.0, and 1.5 were obtained. Measurements of hydrogen volume
concentration; pitot bressure, and static pressure were obtained by
vertical and horizontal surﬁeys of the flow field at downstresm stations

4

of 7, 30, 60, 120, and 200 injector dismeters.
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VI. LIST OF SYMBOLS

streamtube cross-section area, meter2
exponent défined in equation (9)
exponent defined in equation (10)
drag coefficient.

injector nozzle exit -diameter, meter

equivalent jet exit diameter = dK.l/ 2

 fuel-air mass ratio

injector nozzle discharge coefficient

mass flow rate, kilogram/'sec;ond

Mach number

absolute pressure, Newton/metere or atm

effective back pressure, Newton/meter2

ratio of jet-to-free-stream dynamic pressure =ﬂr2)j/ (ov2),,
Reynolds rnuamber

distance measured along centerline of emerging jet, meter

; absoluté, temperature, “Kelvin

velocity , mejhe:'c'~/ second
iongifudina.l coordina:te
lateral coord:inate
vertical coordinate

hydrogen mass fraction

.air mass flux parameter = (pV ) (1 - ) kilogram/meter2-second

boundary-layer thickness, meter

h



o K boppdarj—layer.displﬁcement thickness, meter

g

v o hydrégen volume fraction

' - - B . )
g  hydrogen mass flow rate parameter = a(ole/(pv)j
8 3 slope of emerging je% centerline measured from

horizontal, degree

.pF i masé‘density, kilogramjmeter3

SUbscriﬁﬁé: ?

@ free-stream éondi%ions

o _conditions at the edge of the mixing region where v = 0.005
X conditions in undisturbed flow upstrean of injector

5- conditions at_which the mass concentration is half maximam
J jet conditions

% sbagnation conditions

b survey point

max maximum value -

ref .reference value

a conditions at which concentration is maximum-

- Superscripts:

) average . quantity

() conditions behind normsl shock



VII.' MODEL AND FACILITY

Test Apparatus and Model

A sketch of the stainless steel rectangular flat plate used iIn
the experiments is shown in figure 1. The plate leading edge was a
2° wedge tapering to a cylindrical leading edge of approximately
0.0127 centiméter thickness, followed by a 10° wedge. A 0.1016-
centimeter-diameter sonic nozzle was flush mounted perpendicular to
the plate surface 18.6 centimeters from the plate leading edge. Details
of the -nozzle- are shown inset in figure 1. The in;‘}ector tube had a
constant area section approximately three exit diameters long and was
fed by a section of tube 11~ centimeters long and 0.1524 centimeters
inside diameter that acted as a plenum.” The plenum section was fed by
a 0.476-centimeter-diameter tube in which the jet total -pressure was
measured. For gonié operation of the injector, the Mach number in the
plenum section is approximatbtely 0.30 and would probably be fuJ_'ly
developed pipe flow. Because of the rapid acceleration, the.flow‘in .
the injector tube would b‘enonll‘v ‘sligl_:'ltily affected by the boundary layer

in the supply tube and would not be fully developed pipe flow.

The tests were conducted in a continuous flow supersonic tunnel
with the flat plate spanning the 23-centimeter by 23-centimeter test
section. ﬂﬁqe top sﬁface of ti'le plate was positioned horizontally
along the longitudinal centerline of the tunnel test section. The

tunnel- exhausted to atmosphere and hed & two-dimensional fixed geometry

6 i



nozzle and a second minimum followed by a subsonic diffuser. The test
section Mach number above the boundary layer at the injection .station
was 4.0%3 (ref. 4).- Tests were conducted at stagnation temperatures of
3000 K, stagnétion pressures of 13.6 and 20.k4 .atmospheres, giving
corresponding unit Reynolds mumbers of 6.19 X 107 and 9.28 x 107 per
meter. Boundary-layer surveys were made at the injector exit station
at both of the tunnel stagnatioﬁ'pressui‘es. Pr'p'files of total pr?essure
and velocity for both cases are presen»ted;_j.n :E’itg?.re 2. ‘_ The bounda:c'y-'
layer thickness was baken as the point;at vhich the velocity reached
99 percent of free stream with values of?' 27&) injeétor exit diameters
obbtained at both free-str;am'j.si:agnation pressures. A_‘I.go ﬁres_e;lted in
figure 2 are theoretical resu.EI.:bs obtained from & compuber program
reported in reference 10. The theor_eticail‘.‘_results were obbained for
conditions corresponding to a Jri‘rﬁee—)s%ream‘total pressure of éo.l; gtmos-

pheres and agreed well with the data.

Secondary flow.- The routing of the hf‘;zdrégen gas within the Test

cell is presented schematically in figure 3.' Hydrogen gas was stored
in trailers and supplied to the test cell by a T.62-centimeter~diameter
line equipped with pressu're-controll_ed valves and & nitrogen purge
system. An electrically controlled, ailr-operated three-wzy hall valve
was used to shut off hydrogen flow inside the best cell and to vent the
supply line within the huilding t-o the atmosphere. Hydrogen flow rate
was measured by a O.31l75-centimeter-diameter sharp-edged corner tap

orifice meter. Upstream pressure at the orifice meter was set and



maintained by an air-controlled pressure-regulated valve and the
orifice pressure drop and hydrogen jet total pressure controlled by an
alr-operated valve immediabtely downgtream of the flow meter. Hydrogen
total temperature was meesured with a standerd iron-constantan thermo-
couple inserted in a filbter positioned bebween the -orifice meter and-
injector. Jet total pressure was measured near the injector exit by
mounting a 0.1016-centimeter outside-diameter tube in ‘the- 0.476
centimeter-diameber injector supply tube. Caleulations indicated tThat
the measured pressure would be within 99 percent of the jet total
pressure. The apparatus was operatéd over a jet total pressure range
of 2 to & -atmospheres corresponding to jet-to-free-stream dynamic
pressure ratios gf 0.5 to 1.5. Ther,a exact test conditions are presented

in the following table.

Test Pt .o | PEoJ . “Hp < . ‘R.? .
condition| % |(atn)| (atm) (gm/sec)| . (m ‘-,L) |8/4

1 {0.50|20.h [1.9860.0820 . |9.28 x 107 [ 2.70|
o 0.75!20.4 |'2.980(0:1230 ‘9.28*>< _107. 2.70|.

3 ]1.00j13.6 |2.6h7]0. 100k 6.19 x 107 2‘.%‘0‘: :

k |1.50[13.6 | 3.960[0.1841 |6.29 X 167 2.70]

3 ’ . ¥

1
3

Chromatograph system.- A tube attached to the injector nozzle

supply line supplied 100 percen't"hydrogen .samples for- full-scale
chromatograph readings. The sample collection and analysis system is

shown in figure 3. During a survey gas samplés of the hydrogen-air



mixture were taken through a pitot probe with the aid of a vacuum pump
at mass flow rates as high as 4.17 ><‘10-'5 gm/sec;. The sample flow to
the chromatograph was metered to 5.56 X 1072 gn/sec by an electrically
controlied microvalve and the remaining flow bypassed and exhausted
into the test cell. Both the sample and bypassed mass flow rabes were

measured by thermoconductivity flow meters. A nitrogen bottle was used

to insure complete purging of the gas collection and znalysis sysbtem.

Instrumentation

Gas analyzer.~ The volumetric concentration of hydrogen in the gas
samples was measured by a process gas chromatograph. The sample gas
and a carrier gas (nitrogen) flow coﬁtinuousl;}' through the chromato-
graph, iA’h the begiming of a l-minute cycle a portion of the sample
gas is isolated and forced by the carrier gas through a molecular sieve
and a column .consisting of a length of stainless steel tubing packed
with silica _gei. This provides a tiuali{:ative identification of each
component since each will process through the column at a predictable
rate. ‘The quantity of each component is detern;jned by four thermo-
conductivity detectors of which two are always exposed to the carrier
gas. The unbalence of the detector bridge provides a voltage output
propori:iona.l to the cooling effect, and hence, Is a measure of the
concen’pration of the separated sampie‘ components relative to the
carrier gas. The volltag‘e, oubput i‘s ,retorded by a pen deflpection on
a strip chaxt. E{ea,doutﬂ controls’were .-a.djusted so” that only the hydrogen

concentration was detected. The pen déflection for 100 percent hydrogen
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taken from the supply line wasg reccrded before each survey, and the
repeatability of the instrument checked o a variation of less than

1/2 percent full scale. This corresponds to an error in hydrogen
volume fraction of ¥0.005. Further information @bout gas chromatography
may be found in references 11 and 12. The gas analyzer was calibrated
with known mixtures of hydrogen and air. The ea.]_ibra.tion‘ points and

an equation for a curve through the points are presented ..in figure 4.
During the course of’ the’tests » the calibration was ke];;t up to date by
spot-check calibrations, using hydrogen-~nitrogen mixtures of lnown

coricentration.

Probe description.- The gas-sampling pitot probe and the static
' probe are shown in figure 5. Tﬂe‘ pito‘b-sampling pro'be; 13 ~a boundary~
layer survey type with the probe t:r.p mounted in 3 Te %-m]ime‘ter-
diameter supporting tube offset to-allow :E'or a.ctuator rod clearance
T_he actuatbor mechanism p:covided for probe movement f.er vertical’,
traversing and yaw in the hori;ion'ﬁel;élan_e. A_"fraria‘pie reéistance pot
elecfcrice.lil:y coupled to & counter iridicai;éd the probe position. The
counter was callibrated with a prec:.s:.on dial gauge and gave the- probe
posrc:a.on with an accuracy of 0. 127 mJ.ll:Lme'ber in the traverse mode
and 10.10° in the vaw mode. The sta.t:l.c pressure probe was of similax
design and had & 28 cone angle and four O. 203—m1111meter orifices
located at 14 probe diameters from the tip.

Flow measurement.- The injected gas was measured with a 0.3175

centimeter~diameter sharp-edged corner tap orifice meter as shown in

»

Tigure 3. Orifice meter upstream static pressure and pressure. drop
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were measured by a 1.379 x 100 N/me transducer and a 6.895 X 4.05 N/me
differential pressure transducer, respectivély.‘ Thé static ‘témpera.ture
at the meter was assumed to be the same as the Jet stagnabtion tempera-
ture. Hydroéen mass flow rate through the orifice meter was calculated
from an -equation d.;erived from g hydrogen corrected air calibration of
the orifice meter. The sample flow rate o the: chromatograph and the )
bypass flow rate were measured by thermoconductivity mass flow rate
meters with ranges of O to 100 s‘ccm (1.39 x 107 gm/sec) and O to
3,000 scem (4.17 x 1072 gufsec), respectively. The discharge coefficlent
of the injechor nozzle, based on orifice meter measurements s normally
ranged frem 0.73 to 0.78, with an average value of b.76._ In some
instances, values of K as low as 0.69 weré obtained; calqulations
indicate that a film of dirt on the order of 0.025 millimeter thick
could have caused this low value. ‘

Pitot pressure was measured witﬁ a 3007 X 107 N/m2 absolute
pressure transducer and jet total pressure with a 3.Lh7 X 107 N/m2
pressure transducer. Survey statbic pres'sures were measured -on a
3,407 X lOlL N/m? absolute pressure transd;a.cer. A1l pressures except
t@elrwm static preésures were recorded on automatic balance
potenti@ﬁieters. The tunnel-wall static pressures, used "i:o compute
free-stream Mach number with the knqwn tunnel 'E:ota.-l pressure, were

read on mercury monometers and recorded periodically during each

test run.
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Survey Procedure

.Data consisting of pitot pressure, static pressure, and volumebtric
hydrogen concentration were taken at dowmstream locations of 7, 30, 60, -
120, and 200 injector nozgle exit -diameters. At each station, data were

taken at the test conditions indicated in the following table.

Test  dx/a =720 |60 |120 200
condition i

1 , X X [x [ X

o X 1x|x |7

5 | o= |x |x{x X

At each of the indicated corditions, one vertical and three horizontal

P |

surveys were made of the flow field. The vgrj;ica.l survey_was n%ade
along the jet centerline stépw%.sé frt;m the pl‘éte 'surfa._ce 'outwa.l;d‘ urfb:.l
a zero hydrogen concentra.ti;:»n w*a.sr obtained. » Ho'r‘izonta:l_ Sulveys were
made st points above the plabte corresponding to meximm a.nd' half-
~ maximum concentrabion and at & point‘ midway between the plate surface
7and the. point of maximum concentration.

For each horizontal survey, the positive edge (see coordinate
system in fig. 1) of the mixing region was located. A stepwise survey
was made across th‘ejz'f‘low field from this point until = hydrogen volume

fraction of zerc was cbtained. AL each point in the survey a gas

sample and a pltot pressure measurement were teken. While the gas
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sample was being analyzed, the probe was moved to the next point. and
the sample line flushed prior to the introdxlmt:j.é)n 61“_ é. new sam;;‘le.._ Tn
regions of low pitot pressure, a ﬁi;,phrégmuty.ﬁe vacuum pump was used
to withdraw the sample from the tunnel. " The sample £low rate was
throttlecll to maintein it constant.

Prior to and perilodically during each set of surveys, hydrogen
was drawn from the supply line and snalyzed -and the. chromatograph
readout attenuated to full-scale deflection. Repeatability was checked

to a variation of less than 1/2 of 1 percent full scale.

Data Reduction and Accuracy

The raw pressure ‘and concentration data at each survey ﬁoint of
each set of survey‘s - one verfcical and three horizontal - were reduced
to yield values of mass fraction, mixture molec;.lla.r weight, Mach number,
mixture total and static temperature, velociby, mixture and fair wmass
fluz, hydrogen mass {low parameter, and t};e nor%dimensional coordinates.
The molecular weight of the hydrogen-air mixture was computeduassuming
molecular weights of the components- of 2.016 q.'nd 29.0, respectively.
Mixbture tobal 'bemperatu;:‘e was o'bta.in‘ed from tﬁe mixture mass averaged
total enthalpy computed from the meagured total temperatures. The
mixture was assumed to be a perfect gas and .the values of Mach number,
static temperature, and velocity compubted using the equations for one-
dimensional isentropic flow presented in reference 13. I;oca.l density

of the mixture, used to compubte the mass flux pafémeters, was calculated
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using the ideal gas equation of '_sta,'te with the’,univer‘s—al gas constant
equal to 1.986 ;al/mole-oK.

Bef'ore each set of surveys wra;s-\made,‘ the probe tip was posiﬁioned
along the tunnel centerline c;n. ,the "_piate-sﬁrfa.ceg Vert:';Lcaﬂ. surveys
were made gt this probe loca.tion and i% v'vas 'tl;.é zero reference point
for the horizontal surveys which T;rére made ;t)y yawing the ,p'ro‘be.' _Ifﬁring
the course of the tests, it was determined th;a.t the. centerl'.i(\ne of the
hydrogen-air flow f£ield was not always coincid;an;a'with the tunnel
centerline. This is bel:LLeved, to be a result of the small scale of the
injector,. p:;'obe tip, and slight asymmetries of the tummel flow., The
maximum concentration was therefore sometimes obtained at a point to
either side of the vertic_:al survey lc)ca.tion.l When thig occurred, the
y/d location at which all of the horizontal concentration surveys
‘peaked was taken as the true centerline (V./ da = Q) and. the vertical
survey considered To have been made at a ﬁoir;t slightly off-center.

In most cases the distance between the tunnel and flow field centexr-
lines, (y/d),, was less than one injector diameter. Probe position
accuracy of the actuator mechanism in the-x.rertica.l surveys was
10.127 mm, the same as the probe tip height. This corresponds to an
exror in the vertical probe pogition of- 'E‘O'.:LEB injector diameters.

Since the horizontal surveys were made by yawing the probe, the
x/d position of the probe tip is slightly greater at the edges than
at the center of the mixing region. At the widest survey location,

the change in the x position was less than two injector diameters.



VIIT. RESULTS AND DISCUSSION

Flow Field Structure.

The general structure of the flow field resulting from the normal
sonic injection of hydrogen in a supexrsonic airstreem is presented in
figure 6. Flow conditions correspond to a 4y ©f 1.0 which gives a
value of the Jjet exit static pressuve of l;J-l-' atmospheres. The bow sheck
downstream of an x/d of 20 was determined from schlieren photographs
and is essentially a Mach line. TIts shape is. not rappréc‘:ia'bly affected
by & change in 4ps Details of the jet structure a.nd ’Sow shock in the
vicinity of the injector are not clear bécause of the s;ma.]_'l;:-sce.le and_
thick boundary leyer. Details of thé bounf“iary—l':a;yer' seiia'ra.t:i:on and jeb
shock structure are presented in refere;ces 5, 6 a.nd 5 for boundary
layers on the order of one maector-dlameter 'bhlck a.nd larger values of

Y 5

. than those of the present- 1nvest1ga,-tlon. f The severity of- the

Ao

separation depends on the bounda.ry—la;yer thlckness rela.tn.ve to the
injector diameter and the amount. of underexpans:l.on ‘of t;le ‘aet. . Ingec-
tion through a thick boundary lsyer, though ha.v:u.ng 8 grea.ter penetra.tlon,
would be ‘burned downstream somevhat before encomtemng 't;he hlgh—veloc:.ty
mainstream and would result in & weaker bow shock in the free stream.

The injector back pressure would therefore be less for injection in
thic:.k"boundary layers than in thin boundaxy layers. Reference 8 uséd a
criterion for matched injection by defining an ef(i‘ective back pressure,

DPpr as equal to two-thirds of the free-stream pilot pressure. For the

conditions in figure 6, Pp is 1.27 atmospheres accerding to this

15
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criterion. fince a sonic injector carmot operate overexpa:nded, a
matched pressure condition is the minimum pressure for: op_erat:ﬂon.-
Investigation of the injector operation over a range of jet Hotal

r

pressures indicated that the jet mea.sured.ma.ss; flow q:'at’enqa‘s»a,'iinea.xj

[

.o . ; )
function of the jet total pressure and, therefore,- the jet maintained
$

™

sonic Speration, down to a value of P‘t, j co;-res‘ponfi.::.ngf u‘to 8 qi,:‘ of
approximately 0.45. This corresponds to a jet exit S‘ta.‘f?i;: Pressure,
and thus an effective back pressure of 0.63 atmosphere. ‘For.-operation
in the thick boundary layer of this investiga.tion; with a Mach 4 free
stream, the effective back pressure is a.pproxﬁately 40 percent of the
free-stream pitot pressure. It is believed that this result differs
substantially from that of reference 8 because of the relatively
thicker boundary layer of the present investigation.

The data shown in figure 6 are profiles of hydrogen mass fraction
taken in vertical surveys behind the jet centeriine. Trajectories are
shown for the line of maximm concentration, half-meximum concentration,
and the point at which the ‘volume fraction is half of 1 percent. As
can be seen, the hydrogen: jet is rapidly turned downshream by-the free
stream and mixes rapidly in the near field, the maximm concentration
é.ecrea,sing to about 12 percent mass fraction in seven injector diameters.
From an x/d. of 7 to x/d. of 60, the mixing is slower with the maximum
concentration ‘decreasing by about 60 percent.- The major part .of the jes
peqetration into the airgtream occurs within seven injector diameters.
For the thick boundary layer, /4 = 2.70, and low velues of d, the

mixing region remains almost entirely embedded in the boundary layer.
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Effect of dynamic pressure ratio on jet initisl penetration.-~ The

penetration of a gaseous jet into a supersonic free stream has been
greatly discussed inm the literature. ‘ Zukowski and Spaid (ref. 5) and
Spaid, et al. (ref. 6) define penebration as the point at which maximum
concentration oceurs, while Vranos and Nolan (vef. 7) and Orth, et al.
(ref. 8) consider penetration ag the height above the plate at which
the volume fraction is 0.005. As used herein, the teml"pene’cration!'
will refer to the vertical edge of the mixing region and e denoted

as (z/d')o; the height at which the concentration’ is maximum is referred

to as "penetra.tion—to-amax" and will be' denoted (z/’d)w .
f, I

Equations describing the penetration and op,, trajectories have

i

been developed by correlating data (ref. 7)'and are given here for

normal., sonic, injection of hydrogen in a Mach 1#-;0‘3 free stream. '

1 »
’

375 qr0'5GX_/d)0'0866 _— B (1)

v

(z/d)g

+

345 .0 T (xfa) ™02 (2)

L}

(z/d),

f g

These equations were derived for dabas in the far fii;eid and are appli-
cable for x/d greater than 7. Equations (1) and (2) are presented
in figures 7 and 8 as solid lines with data from the present investi-
gation. In figure 7 the effect of ¢, on the initial penetration, at
an x]d of 7, is illustrated. Equation (2) shows a reasonable agree-~
ment with the data, although it does predict slightly less penetration-
to -~y &t the higher values of 9 A straight Tine through the

data points would have a slcpe of 0.6 compared to 0.533 for equation (2).
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The penetration predicted by equation (1) is about 20 percent low at
an x/d of 7 and has a slope of (-).5. A straight line through the
penetration date points would have a slope of 0.3.

Figure 8 'shows the opgy and penetration trajectories for & value
of q, of 1.0. Equation (1) predicts an ouber boundary of the mixing
regicon that increases from about 20 percent low at x/d of 7 to about
45 percent low at. an X/d of 200. The oy Hrajectory predicted by
equation (2) a.fpproaches the plate at large vajues of x/d. Data show
an initisl decrease in the tpax brajectory to an x/& of 30 but an
increase at stations farther downstream. Equations (1) and (2) were
obtained for helium injected from a 0.h78-centimeter exit dismeter
nozzle mounted normal to the wall of an 8.89-centimeter-diameter duct.
The curvature of the wall and the possibility of interference‘from the
opposite side of the duct could account for the discrepanc:';es between
the present data and the equations. Another co‘rrela.tion for the pene-

tration of a ﬁorma.l jet and reported in reference 9 is

For sonic injection in a Mach 4.03 free stream, the equation reduces

to
(8/d), = 350 g0 39 (x/q)0 5 ")

Equation (3) was derived from data token at free-stream Mach mumbers

ES

of 1.6 and 3.0 over an x/d renge of 14 to 167. Ih:e-injected gas was

. . i R
gimulated methane. The effect of boundary-layer thickness was not -
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investigated. Equation (&) is presented in figures ‘Tra.n\d. 8 as dashed
lines and gives a bebter prediction of the’ pene;tr\a;ﬁion than eqﬁ'a,tiouz.l (1).
An equation derived from a correlation of the present data at velues of
x/d less than 120 - shown as a -dashed liné in fig':u.r_e 9(::) - J.S

'

0. 500( /d)o 1&3 - o (5)

(z/d), = 3.87 q}

The slight-differences in the cons:l:an’c‘s. of g@uai‘.ions () a.nd \(:j)Lcoq'ld
be due to the different injected gases a.nd_ differer;t? “Bo‘u:qd;a,xy laye:x:s.'

The broken lines in figures 7 and 8 are the results from'a me’r;hod
presented in reference 8 for calculating the jet N'cfe‘:nterlﬁiné trajectory
(opax trajectory) in the near field. This method considers the
emerging jet as being composed of cylindrical elements of length a(n/d)
with the aerodynamic dra,g- ont each element compubted from empirical

equations. The equation from reference 8 is

8y
6.91 u/‘ @ __ . (o. R 6
91 g, o (8] sB(e) 22 3 5) st (6)

where

Cp(B) = 1.2 + (Me sin 8)7/?, O0<Mp sin 8 <1 (7)

cp(e) = 1.06 + 1.1% (Mo =in e)"3, Me sin & > 1 (8)

The integral is evaluated by selecting a value of & and integrating

to the initiel value, ©0j. For normal injection, ©0; is 900.
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Equation (6) underpredicts the effect of q, on the initial pene-
tration at an x/d of 7, but aga;m, the effect of boundary layer is
not accounted for. Calculations were made u51ng the mass averaged
boundary-layey conditions rather than free stream in eq_ua'tlon (6) with
no significant change in th.e trajectory -or thé ‘ef‘ﬁec‘:t‘ of (.11"

Effect of d;y*na:m:l.c pressure ratio on the penetratlon tragectorles -

F:Lgure 3 presents the t“r'a;]ectorles of maximim concentratlon, ha;l.f-
maximum concentration, and the pene‘bra:blon helght, correlated W:L'bh the
Jet~to=-free-stream dynamic pressure ra.tn.?: For all - values of Qs )

except a value of 0.5, the penetration-to — G d‘ecreaseg with :increaSw

L

ing x/d o an x/d of about 30, bheyond which penétré;ta‘:on—to .'“';na:x‘
increased. The minimm value of (z/d)a’- occurred farther downstream
the higher the value of g . In order to bring these minimum points
together a factor %—1.6 was applied to the =x/d coordirate producing
the family of curves presented in figure 9(a). The fact that the mexi-~
mum concentration ’Frajectoxy turned beyond parallel with the plate
surface, as evidenced by the initiel decrease in ({z/d),, is thought to
be caused by the thick boundary layer. Figure 9(b) presents the tra-
Jectories of the point at vhich the mass.concen’cration ig one-half the
meximum at each x/d station. At 21l downstream stations the (z/d)5
coordinate was taken in that part of the flow field betweern the po:Ln‘t

of maximum concentration and the edge of the mixing region. The effect
of 4. on the coordinates of these points is 'such that a factor .of

q r-—o.8 applied to the x/d coordinate produces & family of curves

similar to those for the (z/d), trajectories. The family of cur{re;;



for the <(z/d), and (z/d)5 trajectories both show two distinet
characteristics. For oy, trajectory family, the data points essen-
tially lie on a straight line of negative slope at values of the x
coordinate less than 30. Downstream of this minimm point the ok
trajectories diverge with the slope increasing for increasing values

of Q.. The half-maximm trajectories exhibit similar properties with
the dividipg point, for a g, of 1.0, occurring near & value of X/d.
of 15. At all x/d stations, an increaze in . produced & propor-
tional increase in (z/d), such that the individual trajectories were
brought together by muwltiplying the (z/d), coordinabe by qr-o s
shown: in figure 9(c). The solid line is a fairing through the data
points; the dashed line is a straight-line spproximation to the pene-
tration trajectory at valuves of x/d less than 120, and is represented
by equation (5). F

Decay of maximum concentration.- The 'decay of the maximum concen-

tration as a function of x/3; and g, is presented in Ffigure 10.
The effect of -4, was found to be such that a factor of qr'l( 2

:, 9
multlplled by the x/d coordinate provided a rea,sonable correlation.

Downstream of an x/d of 30 the concentration d_eca;y* may be repre-
. sented by & st;t*a:.ght line with a slope of ~0. 8 that is, the decay of
LY "

‘a‘?na.x is inversely. proportional to (x/d ) . Extra.pola:bing this

straight 1:i.ne ~ shown as a dashed line in figure 10 - to a value of
£ 0, 2

"Ufma}’c ' éf' 1.0 y:!.elds a length equivalent- to the potential. core in

coaxla.l flow. For va.lues of qr from 0.5 to 1.5, the equivalent

potential core 1ength ranges from 1.2 to 2.2 jet diamebers. Compared
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to coaxial flow the mixing for normal injection is much faster in the
near field, yet slower in the far field. As reported in reference 2,
the concentration decay in the far field for coaxial mixing is inversely

proportional to x2.

Presentation of Data

Profiles of concentratioﬁ, velocity, and teotal pressurs were non-
dimensionalized for the wvertical survey and the horizontal survey .
'Eﬁrough the point of maximum concentration at values of d,.- of 0.5,
1.0, and 1.5 and all X/d :sta‘l;ions. These profiles are presented in
figures 11 through 13 for the vertical surveys and figures 1 through
16 for the horizontal surveys.

Vertical svrvey profiles.- For each verbical survey the largest

value of mass concentration, o,.p» and the corresponding value of z/d.
were obtained by fairing a curve through the data points. The value

of & 1s not necessarily the maximum concentration due to the uncer-
tainty of aligning the sample probe with the gje{'. centerline (see the
Data.Reduction and Accuracy Section). .

Tt;e-.zc’oncen‘bration profiles normalized by o,..r and with the
oi'f:f%:i_.n of 'tlrlé‘ cp;x‘dj.né.te system shifted to (z/d) = (’z/d.)‘ref are pre-
sénteq-ir; Figure 11 for each value of x/d. At values of z/d greater
;han the vé.lue of g/d at a,.p, the vertical coordinate was non-
dimens:i.éna.lized by the distance from the point of et to the edge

W

of the'!m:ix:j,_ng region, (z/d)g - (Z/d)ref' At velues of z/d less than

S T A
:(Z/dr);-ef’ the vertical coordinate was nondimensionalized by (z/d), e
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For z/d greater than (2/8), e, & change in the value of q, has

negligible effect on the shape of the profile. However, the profile
’ 4

,Shape does change with x/d To .compare the shape of the profiles at

values of z/d greater than (2/d),.r as the mixing progresses down-

} ‘

streamn,- a Gaussian-type exponential curve of the form

. by
T, 'Cf.v Z/d - (Z/d)I'Ef

a—

e ) |, - (/a),

(9)

is shown for each x/d. The value of by, the vertical profile shape
i;r;de;;, requ:i:red t0 give a reasonable fit of equation (2) with the data
’fis ‘given in "tl;e tables in figure 1l. At x/d stations downstream of
30, #he value of by is constent at & value of 2.70, indlcating that
the flow field has beéome fully developed. This may be associated with
the' fact .t_ha:t the meximum concentration trajectory in figure 9 has a ‘

16 4f 30 and that the meimm con-

ninimum near a valve of (x/a)a,
centration decay in figure 10 has a constant slope downstream of an
x/a of 30. .

‘Ihe-portion of the profiles at values of z/d less than (z/d)p.¢
show no predictable effect of q,. However, at values -of x/d less than
60 the slope of the lower half of the profiles inereases, in general,
with an increase in Qe That is, in the vicinity of the plate surface
the mixing region is generally more uniform at the lower values of g r

The slope of the profiles near the plate surface decreases with increas-

ing x/d. At an x/d of 60 and sbove, curves faired through the data
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pointes would intersect with the plate surface at values of oc./cr.ref
I.between 0.6 and 0.7 for all values of g..

The nondimensional velocity profiles are presented in figure 12
for all =x/d stations at éach value of q,. Also shown for comparison
is the undisturbed bounéaxy-layer profile tsken at the injector exit
station (see fig. 2). For each data profile, the value Vo 1is the
velocity at the edge of the mixing region at & height (z/d), above
the plate. For the boundary-layer profiles V, =V, and <(z/d), = &.
AL x/d‘ stations of 7 and 30, the effect of increasing 4, can be
seen a8 an increase in the ;'geak velocity located within the profiles.
This is due to the fact that for constant initial conditions. the mass
flow rate of Injected gas increases directly wii:,h ¢, SO that there -
is more high-velocity hydrogen near the injector at the higher values
of qn. The initiai Jet-to-free-stream velocity ratio is approximately
= A’I; values of x/rl downstream of 30, the shape of the velogity pro-
‘_fvi_Ies approach that of the boundary layer, the higher velues of g,
*re(iuiring a greater length. ) .

‘The quantity, 7. in the tables of figures 12 and 15 is the height

. of the vhdistu‘rbé& streamtube upstream of the injector that contains
tﬁe: same mass f;l_ow of air as thé mixing ag‘e"gion downstream. It was com-
puted by assum:n.ng that the undisturbed streambtube has the same cross-

,sectional shape as 'th‘e mixing region and will be discussed later in

;
Fl v [IEN *

*:mpi'e »d’etaij,__i ‘For the 'boundar'y-laarer survey, 2z = 5. ZEach profile
a N N , ~ _ »
4

then represents a segment of boundary-layer-type flow with a thickness

of . Zq when referenced to the undisturbed flow.
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Nondimensional total pressure profiles corresponding o the same
“conditions as the velocity profiles are presented in figure 13. The
boﬁndaxy-layer total pressure profile from figure 2 is also included
Tor compa.risc‘)‘i:il.. As with the .velocity profiies, the total pressure
'pr‘ofiles— at sﬁa’tiéz'l;.s far downstream approach the same shape as the
boug&axy-layer profiies'. However, near the edge of the mixing region,
at -Z[.axl‘gé: %{a'ifues‘of x/d., the glope of the total pressure profiles is
larger 'that; the boundary-layer profile. The total pressure at the

edge of the mixing region generally increases with increasing x/d.

Th:Ls:LS due to.an addition to the mixing region of free-stream air
jcha.t has ‘pa-ssecl throﬁgh a weaker porxrtion of The bow wave. Ai’l of the
p;dfiles a:éibit the same degree of tobal pressure loss due to the
loss in momenftum required toA turn and accelerabe the ‘injected. hydrogen.
This region of low tobtal pressure -extends over gpproximately 60 percent

of the wvertical height of the -flow fields znd is most severe at the

upstream stations.

Horizontal survey profiles.- Nondimensional .coﬁcentratign profiles’
for the horizonial survey throvgh the point of meximum eoncentrati’on
are preserited. in figure 1. Here the concentration is normalize_d by
the meximum value which occurred a disbance (y/d)m fronm the tunnel
cenberline, or the point at which the vertical survey was taken. The
Tateral coordingte is nondimensionalized by the average distance from
the centerline to each of ‘the lateral edges of the mixing region,
(y7d)o- The values of ('y'7é.) o have a somewhat random variation .

varying frem roughly 5 to 8 from an x/d of 7 to 200 with a %20 percent



26

. 24

deviation at 'a given station. As with the vertical surveys, the dynamic
pressure ratio has ‘little or no effect on the profile shape at each x/d.
To compare the effect of x/d- on the profile shape, a Gaussian-type

' expo‘neni_:ia.i curve is presented. The equation is of the form
. o .

% v/a - (v/a)_|"2}

Pdma"“ o (y7d)o,

t‘t?hen.c'e bs ~ is the horiz_oni-.a.l profile shape index. The values of by
jr’éciliired. tc')’give a Tit of equation (10) with the data are given in the
tables in figure 14. At values of x/d of 7, 30, and 60, by is
constant at a value of 1.5 and increases to a value of 2.0 at an xfa -
of 200. HEquation (10) Ffits the data reasonably wall, especially at an
x/d of 1201 and 200.

Thga .veioci'ty profiles: for the horiﬁontal surveys a.x'-.e presented in
figure 15. The velocity, V., used to nondimensionalize the data points

has the same value as that used for the vertical surveys in figure d2.
[y/a - (v/a)y]

(v/a) _
are fairly uniform with the leve:clj.' of the velocity ratio,more a function

For absolute values of greagter than 0.5, the profiles

of the value of z/d at which the survey was made than it is x/d.
Generally, in the ouber part of the flow Tield the wvelocity increas;as ’
with increesing =z/d. Near the center of the mixing region - absolute
‘valuss of tlie ¥ coordinabte less thé.n 0.5 = the velocity level
decreases with increasing x/d. Thus, as the mixing progresses down-
gtream, the veloclty profiles, instead of having a meximum near the

center of the flow field, have a minimum. This is a result of the
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flow field becoming established at large values of x/d as indicated
in figure 12 by the vertical velocity surveys approaching the shape
of the undisturbed boundary Llayer.

Profiles of total .pressure for the horizontal surveys are presented
in figure 16. As with the velocity profiles, the total pressure pro-
files exhibit different trends near tﬁe edge of the flow field than
near the center. Wear the edge of the mixing region, the level‘of
pressure incréases with inereasing z/d, while in the vicinity of the
centerline, the pressure level is a function of X/d. and, in general,
increases_ monotonically with x/d'. As the m:Lx:mg »progresse-s downstream,.
the pregsure profiles become steeper as g result of higher momen;aum air
being added to thé mixing regions at the edges. The pressure level at
tpe centerline never recovers from the injection disturbance and is
‘légs than 8 percent of free-stream to;ca.;l_ pressure even'a.t 200 injector

diameters doynstream.

Flow Field Contours

g ,(ionteurs of mass fraction, hydrogen mass flow rate parameter, and
air fpé.ss ‘£1ow parameber were obtained by cross-plotting the vertical
and pgrizo‘ntg:l ;;rofiles at constant values of . the particular parameter.

Contburs" of @ and P are presented in figures 18 and 19, respec-
é x

»

tively; contours of 'g are not presented, but the results of the inte-
gr'a:t';ion of the contours performed as 8 continuity check and an indica~
- 3

T-tior; of the overall accuracy of the data are given in figure 17. The

contours of fuel mass flow were plobted in the nondimensional form
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E/E o WheTe Enax 18 the maximum velue for each set of surveys and

‘ [}
generally occurred.near the point of apsy. In terms of £, the inte-

i

grated mass flow rate of hydrogen is
C . Ay )
. = (pv)jgmax/(; (E/&max)dA (11)

Dividing equation (11) by A, end the measured hydrogen mass flow
‘ (V) 5ds2 ‘

rates .‘rhj‘ = n’—14%—'3— gives
T I 1.0
s M [0 (1 ) 12)

as the ratio of integrated-to-measured hydrogen mass flow. Results of

evaluating equation (12) at the various downsbream sbations are given
in figure 17. The solid symbols in figure 17 represent the average
deviation of equation (12) from unity. As can be seen, the accuracy
of the data is better al the far downstream stations. AL all values

of x/&, the deviation of eguation (12) from unity increases with
inereasing values of 'qr. This is probably due to the larger gradients
in the concentration and velocity - which are associated with The local
turbulence level ~ produced by the stronger jet at the higher values
of Q- . The chara.ctex,'istics of a binary gas flow field that affect
the accuracy .of concentration measurement are discussed ir'l reference 3.
Accuracy of concentration mer;suremen‘bs in a flow field composed of
gases with a large difference in molecular weights is also affected

by the sampling probe~tip geomebry. An investigation reported in
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reference 1% for subsonic flow of cosaxial jets indicated that a probe
?tj.p wit.h s rapid inte'x;na.l expansgion provided better results than one
'with. a deng .‘Leng'”ci1 of constant internal areas when‘compared to nmeasured
mé.ss 1::'10%: r;ites. Reference 3 indicated that the probe and sampling

‘ 3_1ne's sl:lould be free of amy obstruction so that the probe tip will
‘opéra.t’e at neérly full capbture. For flow fields of this natul:e,
(4ifferences between in:tegra.ted and measured mass“flow rates of 20 per-
cent are considered typical.

The con*l‘:ours represent cross sections of the flow field in the
¥-Z plare and are hounded by the contour for a concentra}.tion of zero
which defines the oubter edge of the mixing region. Above a value of
z/d of about 3 the zero concentration contour may be approximated by
s semicircle with the center at the point of maximum concentration.
Below a z/d of approximeiely 3 the zero concentrabtion contour rapidly
spreads laterally in the boundary layer.

For each vdlue of ¢, the overall width of the « = O contours
is essentially constant at x/d stations downstream of 30. The height
o:f'" the contour, which is agpproximately the penetration, almost doubles
from an x/d of 7 to an x/d of 200. The contours for .a particular
valus of o other than o = 0 decrease in area with increasing x/d
and decreasing value of ¢, as shown in figure 18.

The air mass flow rate contours in the nondimensional form p/ Bmax
and contained within the o = O° contour are presented in figure 19.

The intersections cof the B/Bma.x contour and the « = 0 contour were

d'eter\'n’nined by plotting the value of B at the point in the horizontal
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surveys where o = 0 as a funetion of z/d and interpolating to find
the coordinate corresponding to a particular value of ﬁ/Bmax. The
mass fléw-rate of air contained within the mixing region was obtained
b& evaluating the integral

1.0 -
(B/Bras JA(A/AL) (13)

ﬁl = maonc/‘

Q
where .A 1is the cross-section area bounded by each B/Bmax contour
and A, is the cross-section area within the .« = 0 contour. Results
of the integrations were ussd to determine the average fuel-air ratio
and the size of the undisturbed streambube upstream of the injector

, ¢ .
that contains the same air mass flow rate as the mixing region
dgﬁnstrea@.* _
~"The_undis*l:lu.r‘bed,s.-*rb::‘ee.m'l‘ﬂ.l.’t)era,:r'ea,, Al,.waskcalculated for each

x/d ;ana ar ﬁyfassuming that it was of the same shape as A . That

is, the ratio of ﬁhe‘height, Zy, To the average vidth, yy = Al/zl’

v

"of the sﬁream#pbe was assumed constant. This gives the following

= Bl
&

1t equation for 'é'l
B = A (e /2" ()

The height of the undisturbed streamtube was celculated from the con-
tinuity equation and the definition of boundary-layer displacement -

thickness

my =f (oV)aa = (oV),, (21 = 8%)yy, (5}
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but

» , . . 2
¥y = Al/%l F,Aozlﬁzo _ (16)

o
Substituting eguation (16).into (15) and solving the resulting quedretic

for =z; gives '

. o7/

_ B ( % )2 2o
Zy = =+ + A7)
ooz 2 (P )ohy,

V_a;l.ues of zq obtained from equation (17 )‘ for the integrated air mass
flows of equation (13) are given in the tables of figires 12 and 13.

In -application to the design of supersonic combus%ors, the size and
shape of the: undisturbed streambtube provides information as to the
spacing of injectors end the injector size to obtain penetration to the

combustor centerline. If a stolchiometric value of E is desired the’

combustor entrance -nrust have a half-height equal to the value of Zy
that corresponds to the x/d sta.tiAon at which a stoichiometric average
fuel-air ratio was obtained. Confining the flow field by the addition
of an opposite wall would be expected to change the mixing rate and
penetration from that presented herein bub. would yield the same average
fuel-air ratio. The injector spacing is the average widbth of the

undi sturbed streamtube, ¥y An estimation of these parameters is dis-

cusged in the next section.
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Es‘himat_ion' of C_Eold ¥low Mixing Parameters

‘The mixing .1ehéth relaltiw;e to the combustor entrance height and
the injector spacin:g required to give a sfoichiometric average Tuel-air
ratio (T ='0.0295 for hydrogen in air) has been eshtimeted by super-’
impoging the flow field cross section of a single injector. A schematic
for a two-dimensional configuration with staggered injection from both q
wells i& presented in figure 20, It is assumed that a particular con-
centration contour from the single ,jét flow field coincides with the
same contovr of the adjacent and opposite :injec:tqrs. For the purposes
of this discussion, 1t 1ls assumed that tﬁe superimposed flow field is
coincident along the conbtours of half-maximum concentration, shown as
dashed lines in figure 20. Tt follows that the air mass flow that
mixes with thé hydrogen from one injector is contained within the

"half -a, . contour, since the area bounded by the a:djacent contours‘
covers the enti;‘e cross section of the combustor. 'Denoting the area
con'ta.inedh'by the half -ay.. contour as As, eguation (13), for the a.nl.r

mass flow, becomes

1.0 - A
iy = Bs | 8/ 2/h) (18)

The height and width of \;che confined air streambube are given by
equations (1"() and (16) by replacing A, and z, with A5 and zs,
respe‘ct‘ivel‘y. : . -

) ',Va;].ues of average fuel-air ratio -obbained from the tobal injec;ced.

hydrogen mass flow and the integrated air mass flow for the unconfined
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jet (eq. (13)) and the o/foy,, Of 0.5 contour {eg. (18)) are presented
~in figure 21 as a function of x/dj‘ and q,. The effect of q, -on

the decey of f for both conditions was found to be such that a factor

-1/2

of Q. provided a reasonable correlagtion, For the unconfined jetb

the value of f, is below stoichiometric for all x/d stations con~
sidered. Downstream of 30 injector dismeters, the decay of %0 is

0.6
inversely proportional to approximately (x/d.j) . » Por the case of

simulabed opposite wall injection the awverage fuel-air ratio, f5,
[}

*is considerably higher than Eo and becomes stoichiométric. at an

x/d.j of 200 for a dp ef 1.0. TI% ie epparent that the lowest value

¥ f
l

of gy will provide a- stolchiometric averag‘é_mel-‘ail_' ratio in the

e

shortest distance. Also, using a coincident -concen‘ti‘atibn contour with

a value less than half max:mmm wou.ld y:Leldfa. sto:Lchlometrlc value of

* B ﬂ

£ at 3, shorter x/d since the result:u_ng curve for the c'ieca,y of £

would lie somewhere between the‘cur,ves fox fov anfi' f5' However, the

[
F

uniformity of the flow field would neéd. to. be dnvestigated to select
;o
the optimum value.

To determine the cambustor size, the average fuel-alr ratio of
the simulated combustor flow field is plotted in figure 22 as a func-
tion of x/zl. The value of 2z, represents the combustor entrance

half-height. From figure 22, f5 is gtoichiometric at a value of
x/z, of spproximately 40. The hydraulic diameter of a two-dimensional
duct is twice the duct height, or ll-zl. The mixing length required for
a gtoichiometric average fuel-air ratio is approximetely 10 hydranlic

diameters, which agrees with values used for engine design. For a 4.



of 0.5, the value of z, for a stolchiometric value of 55 is
approximately 3.3 injector diameters - corresponding to an x/dj of
10 from figure 21, The value of Vs vhich is the required injector
spacing corresponding to these conditions, is approximately 3.0 injector

diameters.



T{. CONCLUDING REMARKS

Cemparisons of the present data to data correlations from.other
sources indicated a sigﬁificant effect of the thick boundary layer on
the initial penetration of the jet, the downstream trajectories, the
;et effective back pressure, aﬁd brobably the mixing rate. All the
date correlations underpredicted the effect-of jet-to-free-stream
dynamic pressure ratioc on the initiai_penetratio# and the penetration
trajectory. Equation (3) from'?qfe;ence 9 provided tﬁe best agreement
to the present data which cérrelatéa as a function of qr0'5. The
trajectory-fof the pepét;at;on—to-—améx was initialxg turne& beyond
paiallel to the pIatessg;faée and tﬁeh inéfegsed monotonically with
the slope of the frajecﬁories igcreasiﬂg with dynamic pressure ratio.
Minimum values of (z’/d)m ‘.occu:créd at values of x/d ‘ranging from 9
to 45 for values of 4 -betweeﬁ‘0.5,aﬁd'1.55 }espectively, As a
consequence of the overturning of the maﬁimﬁm and half-maximum concen-
tration trajectorias, simple empiricsal data correlations are not
possible. -

In&estigaiion of the jet operation cover a range of pressures
indicated that the jet effective back pressure -« the minimum jet exit
static pressure for a sonic injector - for operafion in the thick
boundary layer of this investigation is approximetely 40 percent of
free-stream pitot pressure.

From the level of the measured mascimum concentraﬁion near the

injection station, it can be concluded that the turning and initial

35
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mixing of the hydrogen jet is very rapid. Downstream of an. x/d of 30,
the decay of the maximum concentration is inversely proportional to

, 0.8 ‘
(x/d3)

far field. Mixing in the near field is much faster for normel injection.

s whiech is g slower mixing rgte than coaxlal mixing in the

The equivalent potential core lengths for normal injechtion were esti-
mated to range from 1.2 to 2.2 jet diameters for values of g, between
0.5 and 1.5, respectively.

Examination of concentration profiles on' the vertical centerline

' L]
.

suggest that the profile shape above the poi.nt"of mé;;éimum concentration
is not dependent on the d;ynamc press{are‘rafgio, and may be represented
by a Gaussian-type ﬂmctit;n. The j’g'rgfiles s]lgow silpila:rity at values
of x/d equal to or greater than 60 a.na ar'e; nons:ii.milar' 2t values of
z/d of 7 and 30. F{;I“Ki;zontal"&encentratidn profiles th:r;oughl{:he point

+ ' ¥

. + ' ' : ot ) .
of maximum concentration are also represented by a Gaussian-type
:' v 5 .

function and exhibit similarity ot values-of x/& -1ess than €0.

The loss in momentm; and total .p::c:essure‘of the airstream, caused
by turning and ac-celerating the hydrogér; jet, resultéd in an extensive
region of very low total pre;'.sure. The region extended over 60 percent
of the heighf near the center of the flow field and 40 percent of the
width with a total pressure less than 10 percent of the free stream
even at 200 injector diameters downsitream.

Investigations of the mixing petterns at .each station to obtaip. :
overall data discrepancies as judged Ly the measured fuel flow indicated

& general trend of large discrepancies at upstream stations where values
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of the maximm concentration were high, and discrepancies approaching

zero at downstream stations where oyay was near stoichiometrie.
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