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Measurements in Freejet Mixing/Combustion Flows
LEONARD S. COHEN* AND ROY N. GUILE!

United Aircraft Research Laboratories, East Hartford, Conn.

The effect of combustion on the mixing of axisymmetric, supersonic, turbulent free jets
was investigated experimentally using cooled probes, an Ebert spectrophotometer, high-speed
motion pictures, and schlieren and ultraviolet photographs. Results of this work, including
detailed Pitot pressure, temperature, and species concentration profiles are presented for the
mixing of a Mach 1.46 central jet of cold hydrogen with a vitiated Mach 1.86 concentric outer
jet. Flow conditions in the vitiated jet were adjusted to provide two different values of oxygen
concentration in an effort to identify the separate effects of mixing vis-a-vis combustion.
Static temperatures of the vitiated streams exceeded the H2/O2 autoignition value of 1000°K.
Pressures in both jets were matched at approximately 0.9-atm. Samples aspirated from the
flow through quenching probes were analyzed for species concentrations by employing an on-
line gas chromatograph. Water concentration and local temperature were also measured
spectrophotometrically. A comparison of mixing rates in equivalent combusting and inert
jet flows showed little difference for the conditions studied. The use of a kinematic eddy
viscosity model which includes the effect of preturbulence and the variation of density
through the mixing layer yields analytical results which are in agreement with the test mea-
surements.

v Nomenclature

a = spectral absorptivity
b = transverse extent of mixing layer, m
c = sound speed, m/sec
ER = equivalence ratio, kgH2/(kgH2) stoichiometric
/H2 = fraction of hydrogen unreacted
F = correlating parameter or "history," see Fig. 12
F' = history adjusted for intermixing effect, see Eq. (4)
Ie — gas spectral emission intensity
k = length of enclosure, m
m = ratio of vitiated stream velocity to centerline velocity
mi = value of m at which preturbulence mechanism becomes

important
MJ = mass fraction of species j
&Mj = M^ ~ Mja
n = ratio of vitiated stream density to centerline density
tti = value of n when preturbulence mechanism becomes im-

portant
P = pressure, atm
ri/a = half-thickness of mixing layer denned using Eq. (10)
T = temperature, °K.
u = longitudinal velocity, m/sec
W = mass flow rate, kg/sec
x = longitudinal distance from nozzle exit plane, cm
Xi = axial station at which preturbulence mechanism becomes

important, cm
z = transverse distance from centerline, cm
/3 = flame half-angle
€ = kinematic eddy viscosity, m2/sec
6 = time, sec
K = universal constant in mixing models
X = wavelength, m
v = frequency, sec"1

p = density, kg/m3

no = ignition delay time, sec
Ar = residence time, sec

Subscripts
a = vitiated stream
4L = centerline
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i = hydrogen jet
7 = species designation
k = segment designation
n = radial zone
o = core
q = streamline designation
r = resonance
t — stagnation condition

I. Introduction

WIDESPREAD interest in advanced airbreathing propul-
sion devices has motivated numerous analytical studies

of the mixing and combustion of compressible, turbulent
streams. These analyses are basically either of the integral
type1-2 or the detailed computational type in which the perti-
nent differential equations are solved directly along stream-
lines using numerical techniques.3"5 In each case, some em-
piricism must be introduced in order to specify the rate of
mixing of fuel and air streams. The validity of these analyses
is limited therefore by the extent and accuracy of available in-
formation on jet mixing rates and/or kinematic eddy vis-
cosities. Since suitable flow facilities and instrumentation
for use in supersonic combusting studies have only recently
become available, these analyses have not, in general, been
subjected to experimental confirmation.

The present objective was to obtain detailed data, including
Pitot pressures, temperatures, and species concentrations
throughout constant pressure mixing and combusting jet flow-
fields. This data was to be sufficiently definitive to reflect
any significant influence of chemical heat release on mixing
rates, and to allow the characterization of mixing rates with a
formulation for the kinematic eddy viscosity. In addition,
the techniques of on-line gas chromatographic analysis and
spectrophotometric determination of temperature and water
concentration in axisymmetric flows were to be evaluated for
use in combustion test environments.

II. Experimental Study

Discussion

An investigation of the effect of combustion on mixing re-
quires the collection of and comparison between comparable
measurements made in equivalent inert and reacting jet flows.
The coaxial free jet system chosen to produce such equivalent
flows consists of a central hydrogen jet surrounded by a high-
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Fig. 1 Schematic diagram of test facility.

temperature annular jet containing oxygen, nitrogen, and
water; a less reactive flow is produced by replacing most of
the oxygen in the annular stream with nitrogen.

A high temperature is required in the annular jet to insure
the rapid autoignition of hydrogen in the mixing layer formed
between the jets. Heating of the annular jet is accomplished
by vitiation. Hydrogen and air are combusted upstream in a
vitiation chamber and additional makeup oxygen and/or
nitrogen is added to obtain the desired weight flow and oxygen
concentration. Vitiation was selected over alternative heat-
ing methods, including the use of a pebble bed,6 arc jet,7 shock
tube,8 or rocket9 since associated run times can be relatively
long, depending on fuel and makeup gas storage capacity.
Run times achieved ranged from 30 to 50 min. As a result
of vitiation, water, and the intermediate species H, 0, and OH
will be present in the annular jet. The influence of these con-
taminants on the reaction kinetics in the freejet region must
be accounted for in any mixing and combustion analysis.

Test Apparatus

Experiments were conducted using the water-cooled test rig
in Fig. 1. High-pressure air is passed through a bellmouth
flowmeter into the injection section where it is mixed with
either makeup oxygen or nitrogen injected through flat-face
rings. The resulting flow is then mixed and burned with
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Fig. 3 Mach number profile at nozzle exit plane.

hydrogen in the vitiation section. In tests requiring a reac-
tive flow comparable to air, i.e., vitiated air, sufficient oxygen
is injected so that it comprises approximately 21 vol. % of the
resulting vitiated stream. The total temperature of the vi-
tiated air stream is typically 1750°K. The same temperature
may be obtained for an inert (nitrogen) vitiated flow by react-
ing the oxygen in the air with hydrogen, and making up the
desired total weight flow with additional nitrogen injection.
In either case, the resulting vitiated flow is passed successively
through a conical reducing section and an annular converging-
diverging nozzle. The inner surface of the nozzle is formed by
a centerbody held in place by three equispaced oval struts
(see Fig. 2); struts and centerbody are coated with 0.41-mm
of zirconia insulating material. Hydrogen introduced into
the centerbody via the support struts is channeled into a col-
lection chamber and directed onto the aft end of the center-
body to provide impingement cooling. The H2 flow is finally

Fig. 4 Schlieren
photograph of jet
flow at nozzle

exit plane.
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brought into contact with the vitiated stream at the nozzle exit
to mix (and burn) in the following free jet test region.

The copper annular nozzle was designed for uniform, par-
allel, shock-free flow. Tests conducted with the nozzle in-
stalled at the rig to verify the design yielded the Mach
number distribution shown in Fig. 3. The edge of the center-
body and annular nozzle are located by bars on the ordinate of
the figure. As seen from Fig. 3, the annular flow is uniform
at a Mach number of 1.86 and a constant Mach number of 1.46
is characteristic of the centerbody flow. Mach numbers com-
puted from both the Pitot-to-total pressure ratio and the
static-to-Pitot pressure ratio are identical, thereby confirming
that the flow leaving the nozzle is shock-free. A schlieren
photograph taken at the nozzle exit plane is shown in Fig. 4.

Boundary-layer thicknesses at the nozzle exit plane on the
outer and inner centerbody surfaces were calculated to be
1.85-mm and 1.15-mm, respectively. These boundary layers
and the 0.54-mm centerbody lip constitute a 3.54-mm-thick
ring which appears as a wake in the freejet flow. Velocities
in a wake are lower than in the surrounding fluid so that pro-
tracted fluid residence times and reduced ignition lengths re-
sult. However, mixing, the very process which brings fuel
and high-temperature air together, also rapidly increases wake
velocities. If wake velocities are increased significantly before
proper concentrations of fuel and oxident can be brought to-
gether or before temperatures in the wake are raised to
1000°K, then the effect of the wake on ignition will be mini-
mal. From computations made with the mixing and combus-
tion analysis (described in Sec. IV), this appears to be the
case for the present experiments.

Instrumentation

Pitot-Concentration Probe Rake: A traversing rake con-
taining two Pitot probes and two gas-sampling (quenching)
probes, Fig. 5, was constructed for this investigation. Cooling
water is supplied to each probe at a rate of 0.12-kg/sec and a
pressure of 13.5-atm. After a circuit through the probe, the
water is dumped into the low-pressure strut cooling water.

The internal design of the quenching probe was achieved
through a one-dimensional study of the governing geometric
and flow parameters for the most severe environmental condi-
tions expected. Area variations, wall friction, and heat
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Fig. 5 Pitot-coricentration probe rake.
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Fig. 6 Schematic diagram of probe with calculations for
the ignition parameter.

transfer were all considered in the analysis through the use of
influence coefficients.10 It was desired in the design of the
probe to swallow the probe bow shock, inhibit chemical reac-
tion of gas samples injected into the probe by the combined
quenching effects of aerodynamic expansion arid convective
cooling, prevent choking of the flow in the probe and delay
shocking down of the flow in the probe until T't < 1000°K.
The resulting probe in Fig. 6 has a length of 89-mm and an in-
let hole diameter of 0.61-mm. The gas sample flows through
a divergent conical nozzle having a 5° half-angle and thence
through a 1.88-mm-diam duct. Also given in Fig. 6 is the
ignition parameter defined as the ratio of gas residence time to
chemical ignition delay time.4 Note that a value of unity
signifies ignition. For a gas sample initially at Mach 1.50, T\
= 2220°K, and ER = I , no ignition occurs within the probe,
at least on a one-dimensional basis. The possibility of chemi-
cal reaction in the wall boundary layer of the sample tube
cannot, however, be discounted on the basis of this an-
alysis. At the aft end of the probe, the ingested gas sample
must shock down. Nevertheless, chemical reaction will not
occur since the computed total temperature of the flow is only
450°K. The gas flow Mach number is maintained near a
value of 2.20 reflecting tradeoff between friction and cooling
effects.

Gas Chromatograph: During a gas sampling test, material
is continuously aspirated from the freejet mixing region into
the probes. After a 15 sec purge a portion of the gas is in-
jected into a gas chromatograph (GC) for on-line determina-
tion of the concentrations of H2, 02, H20, and N2. Lines
from the probe to the GC are heated to prevent condensation
of water, and the entire GC unit is enclosed in an oven heated
to 410°K. The GC system consists of a (91.5% He-8.5%
H) carrier gas flow system, a sample injection valve, a separa-
tion column, a temperature control system, a detector, and a
read-out device. Actually, two separation stages are used
since no one column material was found that could separate
the four gaseous constituents rapidly. Poropak R (50-80
mesh) in Column 1 separates H2, 02, and N2 from H20, and
40-50 Mesh Molecular Sieve 13X in Column 2, effects a sep-
aration between H2, 02, and N2 after a drying step. Hot-wire
thermal conductivity cells are employed as detectors. A com-
plete analysis including purge is completed in about 75 sec.



1056 L. S. COHEN AND R. N. GUILE AIAA JOURNAL

.5 s

i— 4
UJ
h-
Z
S 3

0
at

s 2
Z
H-

»

I

* ',

\ '

4{ •

A*

- t

*!

- t*:

• * A
• _ _ _ _ _ ' _ _ _ _

*

i

1 J

f ' 4

• A
i

*

A

> A
• A

A

1

PROBE
N2 A

02 •
H20 *
H2 •

"OPTICAL
H2O 0

4

4

A

1

• ^

Table 1 Supply gas flow rates—kg/sec

0 0.2 0.4 0.6 0.8 1.0
MASS FRACTIONS

Fig. 7 Initial species concentration profiles—vitiated air
condition.

Aspirating Temperature Probes: Total temperatures in the
inert freejet flowfield are measured by employing a water-
cooled platinum-tipped aspirating probe. The probe con-
tains a platinum, platinum-10% rhodium thermocouple
whose junction is situated within two concentric radiation
shields. A sample from the jet flow is continuously aspirated
through a 4.76-mm hole into the probe, conducted past the
thermocouple junction, and exhausted through the water-
cooled support member. This probe design yields data which
requires no correction for radiation losses.11

Ebert Spectrophotometer: A spectrophotometer system12

is used to obtain local temperatures and H20 concentrations
from infrared emission and absorption measurements. It
consists of a Nernst glower light-source, an optical collection
system, a wave length scanning monochromator, a lead sulfide
detector, and photometric circuitry. Calibration is conducted
using a black-body source. Dry nitrogen purging of the en-
tire optical system is provided to eliminate atmospheric water
vapor and carbon dioxide absorption. Two additional fea-
tures of the system are that 1) the entire system can traverse
as a unit over a 0.3-m horizontal path, and 2) an arrangement
of mirrors produces a collimated beam, permitting any desired
working space. The beam cross section is approximately a
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Fig. 8 Species concentration profiles at x — 35.6 cm-
vitiated air condition.

rectangle 6.34-mm X 3.17-mm with the longer sides normal
to the flow direction.

Spectrophotometer measurements include the gas spectral
emission intensity, Ie(\), and the spectral absorptivity, a(\)
obtained at the C02-free v* line, i.e., at X"1 = 3837.85 cm"1,
the strongest emitter in the 2.7-/* region.. These data from
the axisymmetric flame are reduced by an Able integral com-
puter program13 which corrects for self-absorption to yield
the radial-zone quantities Ien and an. The program also
computes the zonal Planck-Kirchoff temperature, i.e., the
translational temperature at local thermodynamic equilib-
rium, following Plass14 and Tourin.15 Water partial pressures
are computed from the expression derived in Ref. 14 for a thick
line and a constant slit function.

III. Experimental Results

Test Conditions

Calibration tests were conducted to determine a set of
equivalent vitiated flows, i.e., a reactive air flow and an "in-
ert" nitrogen flow. These tests were necessary since it was
not possible to achieve 100% combustion efficiency in the
vitiation chamber. During these tests, gas flow rates were
varied until the total temperature profiles at the nozzles exit
plane were essentially the same for both the vitiated nitrogen
and vitiated air test conditions. Supply gas flow rates for the
equivalent flows appear in Table 1; the nominal total tem-
perature for these flows was 1750°K. Note that a small
concentration of oxygen had to be tolerated in the vitiated N2
flow. The vitiated streams exhausted from the annular noz-
zle at a static pressure of 0.9-atm for the conditions of Table 1.
This slight under-expansion had to be accepted in order to
obtain gas flow rates which were consistent with the capabil-
ities of the gas storage facilities to provide realistic run times.
The very weak wave which results from the mismatch with
cell pressure has an associated angle which is only 1° larger
than the Mach wave angle corresponding to a perfect match
of the flowfield pressure.

High-Speed Motion Pictures

High-speed (128 fps) color motion pictures taken at the
vitiated air conditions revealed an unsteady but cyclical be-
havior of the flame in the freejet flowfield. During a typical
0.024 sec cycle, the brightly burning flame disappeared and
then reappeared, ultimately regaining its initial luminosity.
It was found that sinusoidal pressure fluctuations produced in
the cavity of the experimental rig downstream of the air bell-
mouth were responsible for the instability. These fluctua-
tions have a frequency of about 42 cps and an amplitude of
0.136-atm. In order to maintain a constant weight flow
through the rig, therefore, the combustion temperature must
also fluctuate. The variation required is ±83°K in the total
temperature or ±56°K in the 1140°K static temperature.
The effect of such temperature variations on ignition charac-
teristics are profound at temperatures close to the autoigni-
tion limit. Thus the changing luminosity of the flame, and
even the apparent extinguishment during each flame cycle,
are not surprising.

These findings suggest that the pressure fluctuations are
associated with vibrations of the gas mass within the test rig
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Table 2

x (cm)

Comparison of H^O molar concentration
measurements—vitiated air

z (cm) Probe Optical

0.33
5.1

10.2
•10.2
17.8
17.8
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25.4

1.90
1.90
1.90
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1.90
4.45

0.217
0.200
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Fig. 9 Centerline concentration decay.

downstream of the bellmouth. While exact calculation of
the resonant frequency of the test rig is made difficult by un-
certainties in end corrections and the inhomogeneous nature
of the gas, a crude estimate can be made from the expression16

vr — c/4:k (1)
In Eq. (1), c is the sound speed and k is the length of the en-
closure. The sound speed of the combustion gases is approxi-
mately 800-m/sec and that of the gas approaching the vitiation
chamber is 330-m/sec. Using a length-average sound speed of
610-m/sec, vr is calculated to be 4.6 cps, or roughly the value
observed. The time to make any given measurement gener-
ally encompasses several cycles of flame fluctuations so that
some averaged effect is manifested. It is expected that the
"averaged" conditions measured show a greater influence of
combustion than would be found in a comparable steady flame
situation. This conclusion is based on the observation that
ignition times vary exponentially with temperature.4

Photographs

UV and visible photographs of the combusting freejet both
displayed very shallow flame angles, and ignition lengths less
than 3 cm. Flame half-angles measured from the photo-
graphs were 2-3°.

Species Concentration Profiles

The sharply defined concentration distributions at the noz-
zle exit plane in Fig. 7 for the vitiated air conditions are
changed through mixing into the smoothly varying profiles of
Fig. 8. By the x = 35.6-cm location, significant nitrogen,
oxygen, and water from the vitiated stream have penetrated
through the central hydrogen stream to the jet centerline.
Some spreading of hydrogen beyond the centerbody lip loca-
tion is also clearly indicated. The presence of a substantial
water "bump" verifies that combustion has occurred. Pro-
files measured at x = 35.6-cm for the vitiated nitrogen condi-
tions are similar to those for the air case. The water bump is
still observed but it is less prominent. However, the center-
line hydrogen concentration is about the same. In fact, the
variation of the centerline hydrogen and nitrogen concentra-
tion with downstream distance (Fig. 9) is identical for both con-
ditions when a proper normalization is used to reflect different
initial concentrations. Thus any influence of combustion on
mixing rates which may be present in the present experiments
does not appear to be dramatic.

Water concentrations from spectrophotometer measure-
ments are compared to the corresponding probe measurements
in Table 2. The spectrophotometer concentrations are gen-
erally larger, but the same trends are indicated in both sets of
data.

Temperature Profiles

The total temperature profile at x = 0.33 cm for the vitiated
nitrogen test condition in Fig. 10 displays a fairly uniform tem-
perature of about 1700°K. As mixing proceeds, the cold
ambient stream and the cold central hydrogen jet penetrate

into the vitiated stream to reduce the temperatures at the
profile extremities. A temperature peak of 1840°K which oc-
curs in the mixing layer between the vitiated flow and the
hydrogen stream results from some combustion of the oxygen
carried in the vitiated nitrogen stream. Temperature mea-
surements could not be made for the vitiated air conditions
with the available probes. Also shown in Fig. 10 are tempera-
tures calculated from spectrophotometer data. The over-all
quantitative agreement between the two types of measure-
ments is only fair with the spectrophotometer-determined val-
ues averaging 200-300 °K less than the probe values at x ==
0.33 cm and 500°K less at # = 25.4 cm. The errors noted
above in the temperatures and concentrations which were de-
termined spectrophotometrically, are consistent with mea-
sured absorptivities which are too high. It should be noted
that although complete scans were taken with the spectro-
photometer, a portion of the data was lost due to equipment
malfunction.

Pitot Pressure Profiles

A comparison between Pitot profiles for the vitiated air and
N2 conditions at x = 35.6 cm in Fig. 11 discloses small differ-
ences which are confined to a 2.5-cm radius circular region
about the jet centerline. It is not clear from this data
whether the differences between the profiles result from com-
bustion-augmented mixing or some other effect such as local
flow expansion associated with chemical heat release.

IV. Analytical Study

Mixing and Combustion Analysis

A study of the simultaneous turbulent mixing and chemical
reaction of constant pressure, axially directed, supersonic gas
streams was conducted using a computer program4 which
provides local conditions along streamlines from a numerical
solution of the boundary layer form of the conservation equa-

SPECTROPHOTOMETER DATA

ASPIRATING PROBE DATA

0.6 1.0 1.4
TOTAL TEMPERATURE -

l74
°Kx10~3

Fig. 10 Total temperature profiles1—-vitiated nitrogen
conditions.
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Table 3 z reaction mechanism

PITOT PRESSURE - N/M2xlO~5

Fig. 11 Comparison of Pitot profiles at x = 35.6 cm.

tions in the von Mises coordinate system. Nonequilibrium
chemical reaction effects are included by employing a corre-
lation of the ignition and reaction time-history of the H2/
Air/H20 system. The mixing rate is specified by using a
formulation for the kinematic eddy viscosity.

In the analysis, mixing and combustion between streams is
treated by dividing the flow into a large number of segments,
and solving the conservation equations in the manner of an
initial value problem. Within each segment mixing is as-
sumed to proceed independently of any chemical reaction ef-
fects. Such effects are subsequently introduced on the basis
of (mixed) average conditions within the segment and adjust-
ments are made to reflect heat release and species chemical
conversions before proceeding downstream. In this procedure
it is assumed, that the gases obey the perfect gas law and the
flow is shock-free. The turbulent Lewis and Prandtl num-
bers are taken equal to unity.

The use of the boundary-layer equations to describe mixing
and combusting flows has been criticized.17 Certainly, the
assumption of constant static pressure throughout a combust-
ing flow is questionable since mass conservation considera-
tions require that the flow turn away from the centerline as
the flame front is approached. In the present experiments,
however, the flame angle and hence the deflection angle of the
flow upstream of the flame are small, and the use of a con-
stant-pressure turning approximation is reasonable. Another
point stressed in Ref. 17 is the difficulty of defining initial
conditions for use in the analysis. Fortunately, this is not a
great problem when the jets under study are supersonic.

Chemical Model

A correlation for the unreacted fuel fraction, /H2, as a func-
tion of local conditions and the time to traverse the segment,
i.e., the residence time Ar = &x/u, must be provided for in the

o.i i.o
CORRELATING PARAMETER,

10.0

F = 93.8xl060{TxlO~4{

Fig. 12 Correlation of H2/O2 chemistry reaction histories.

Reaction

H2 + O2 -* 20H
H + O2 -* OH + O
O + H2 -* OH + H
H + H2O -> OH + H2
O + H2O -* 2OH
H + O2 + D6 -> HO2 + D
H + OH + D -* H2O + D
H + H + D-^H2 + D
O + O + D-^O2 + D

Reaction rates0

cm3, mole, sec,
°K, cal

Ki Kz

2.5 X 1012 19650
2.2 X 1014 8310
4.0 X 1013 5140
1.0 X 1014 10200
8.4 X 1013 9120
8.6 X 1014 -645
6.0 X 1018/?7

3.0 X 1018/^
3.0 X 1017/T

0 Rates for the first six reactions of the form: Ki exp(— Kz/T).
& D is inert third body.

analysis. This "history" of the combustion of H2 was ob-
tained by employing the reaction mechanism and reaction
rates set forth in Table 3 in a one-dimensional, constant pres-
sure kinetics computer program. References for the nine re-
action rates are 18-26, respectively. Initial conditions for
the computer computations, including temperature and con-
centration of all important species (i.e., H, OH, 0, H20, N2,
and 02) were taken from vitiation-nozzle exhaust equilibrium
calculations.27 Time histories were correlated in the form
shown in Fig. 12, giving the fraction of unburned hydrogen as
a function of time, 6, temperature, T7, and equivalence ratio,
ER.

The chemical reaction history of Fig. 12 contains an (initial)
isothermal preignition period of length TID, denned as the time
required for /H2 to fall noticeably below unity, which may be
located at the value F = 0.076. Thus

TID = 8.1 X 10-10(r X 10-4)-3'60 (2)
is used with an ignition criterion to describe the chemistry in
the preignition period. Ignition is said to occur on any
streamline q bounding a particular segment of the flow at the
axial location xk where the following condition involving the
ignition parameter is satisfied:

(3)E U: ^ L 0

If ignition has already occurred on streamline q then the de-

0.2 0.4 0.6
MASS FRACTIONS

Fig. 13 Predicted concentration profiles at x = 25.4 cm
compared with data—vitiated nitrogen condition.
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gree of chemical reaction is determined from the correlating
curve of Fig. 12.

The intermixing of packets of fluid with different reaction
time histories is accounted for through an adjustment of the
"history," F, for the fluid between streamlines q and q + 1.
The adjusted value Fr associated with a flow of fluid W is ob-
tained from the mass-averaged expression,

F' = W W F,

(4)

in which AWq and AWg+i are the mass flows of fluid packets
with histories Fq and Fq+i, respectively. The gross quantity
of mass transferred (AWq + AWq+i) is28

AWq + AWg+i
W

tang
(Zq+i - Zq)

I A1P )\ (5)

where ft is the half-angle of the flame front and 3a f i /2 is

Mixing Model

The computerized analysis can be used to generate a de-
tailed flowfield for given initial and boundary conditions, once
a kinematic eddy viscosity distribution has been specified.
For this, it is necessary to consider both the turbulence in-
itially present in the jets, i.e., the "preturbulence/' and the
turbulence resulting from the interactions between the jets.
When the velocity ratio m = ua/u^ <3C 1, the growth of the
mixing layer is controlled by jet interaction since shearing
stresses of large magnitude occur which induce high intensity
turbulent activity. As m -> 1, however, the importance of
the preturbulence contribution, increases. Thus the flow dis-
plays a "memory/' in that mixing far downstream is con-
trolled by an initial turbulence level. To a significant degree
this level is determined by the experimental apparatus
so that the value of m( = nii) at which preturbulence becomes
important is a characteristic of the system under considera-
tion. Values of Wi between 0.4 and 0.6 are found to be repre-
sentative of a major portion of the existing mixing data,29

with the larger value corresponding to a low initial turbulence
level most appropriate for supersonic jets.

Classically, the constant exchange coefficient hypothesis of
Prandtl has been used for the turbulence contribution from
jet interaction. This formulation may be written as

where K is a universal constant in each region of the jet for a
given geometry, and b is the transverse extent of the mixing
layer. An extension of this expression to account for density
variations through the mixing layer was derived in the form3

(1 - (7)

The parameter n is the ratio of densities, pa/' p^.
At some longitudinal distance x = x\ the preturbulence

mechanism becomes dominant and a different eddy viscosity
model must be employed. This problem was treated in Ref.
30 with the result for the region of the flow downstream of x\:

€ =
1 + n A 1 + )]

(8)

Derivation of Eq. (8) depends on the assumption that the
shear flow induced by the preturbulence is self-preserving, i.e.,
the distribution of the nondimensional turbulent shear stress
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Fig. 14 Predicted concentration profiles at x = 25.4 em
compared with data—vitiated air condition.

across the mixing layer is similar at any cross section. Veri-
fication of such behavior is provided by the measurements of
Bradbury31 for plane jets in most of the developed region.

Y. Discussion of Results

Consistency Calculation

The total (integrated) hydrogen flow rate was computed at
several axial stations for the vitiated nitrogen test conditions
as an over-all check of the dependability of the species con-
centration, Pitot pressure, and temperature measurements.
The calculated weight flows were approximately 27% lower
than those determined from venturi pressure measurements.
The primary cause of the deviations was traced to inaccuracies
in the temperature measurements caused by the averaging
which occurs over the 4.76-mm-diam probe inlet hole.

Comparison of Analytical Predictions with Data

The velocity ratio, ua/Ui for the conditions tested was 0.749
suggesting that mixing was controlled exclusively by the pre-
turbulence mechanism, i.e., x\ = 0. Accordingly, the kine-
matic eddy viscosity model given by Eq. (8) with mi = 0.6
and n\ = 2.69, was utilized with the mixing and combustion
computer program to generate detailed flow properties for
comparison with the measurements. Predicted species con-
centration profiles at # = 25.4 cm for the vitiated nitrogen
condition are compared with data in Fig. 13. The trends of
the data are reproduced accurately and, to a significant degree,
good quantitative agreement is achieved. It is particularly
notable that the observed bump in the water concentration
profile is also generated by the analysis. The corresponding
information for the vitiated air test condition in Fig. 14 shows
that the use of the Eq. (8) mixing model leads to results
which are predictive of the experimentally determined species
concentration profiles. It is noted that the predicted center-
line concentrations for the vitiated air condition are not as
faithful to the data as those for the vitiated nitrogen condi-
tion. Nevertheless, the over-all agreement considering all the
data is fully as satisfactory as that achieved for the nitrogen
test condition. It follows, therefore, that mixing proceeds at
essentially identical rates for the vitiated nitrogen and vitiated
air test conditions notwithstanding the substantial differences
in heat release rate and total heat evolved for these cases.
A complete compilation of data and additional comparisons
are given in Ref. 28.
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Fig. 15 Centerline concentration decay; comparison of
data with different mixing models.

Evaluation of Kinematic Eddy Viscosity Models

The comparisons of data and theory presented have pro-
vided ample verification of the kinematic eddy viscosity
model, Eq. (8), based on a preturbulence mechanism. How-
ever, it is also of interest to test other frequently used mixing
models with the same data, Fig. 15. PrandtFs constant ex-
change coefficient of Eq. (6) predicts very low rates of mixing
for the almost equal velocity jets studied. Inclusion of a
density correction as per Eq. (7) increases the mixing only
slightly. Another extension of PrandtPs ideas to include the
effect of density variation through the mixing layer was pro-
posed by Ferri.32 This model has the form

where 7*1/2 is measured from one edge of the mixing layer to the
position at which the local product of velocity and density,
pu, has an average value between the centerline value and the
outer stream value, i.e.,

Application of Eq. (9) is seen to result in unrealistically high
mixing rates.

Comparison of Experimental Centerline Decay Rates

The variation of centerline concentration is generally pre-
sented in the form Mj,$ = (X/XQ)~S, where XQ is the core
length. Various values of d have been reported: Zakkay et
al.33 obtained d = 2; the data of Chriss34 were correlated
using d = 1.70; the present work yielded a value of 1.0 (see
Fig. 9). The discrepancy which appears to exist between the
various data can be resolved by constructing a plot of d vs
the initial jet velocity ratio, ua/Ui, i.e., m(x = 0). When this
is done, Fig. 16, it is found that 8 is unity over the range of
velocity ratios where preturbulence dominates, independent
of density ratio. Over the range of velocity ratios where jet
(or wake) interactions are the dominant turbulence producing
mechanism, d is larger than unity and depends on both m and
7i. These findings are consistent with the jet spread data of
Ref. 35.

VI. Conclusions

Detailed probe and optical measurements have been made
in mixing and combusting free jets to obtain species concentra-
tions, Pitot pressures and temperatures. On the basis of this
data and its subsequent application to the verification of an-
alytical mixing and chemistry models, it is concluded that:

1) The use of a kinematic eddy viscosity formulation based
on a preturbulence mechanism in a constant pressure mixing
and combustion analysis allows the accurate prediction of local
conditions in freejet flowfields. The contribution to the tur-
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bulent transport from the jet shear interaction mechanism is
not of importance, therefore, when the velocity ratios of jets
exceed about 0.60. This finding is of consequence in all jet
mixing problems, at least when considering the region far
downstream from the nozzle exit plane.

2) No major influence of chemical heat release on mixing
rates exists at the conditions of the present investigation.

3) Temperatures and water concentrations measured spec-
trophotometrically using IR emission and absorption follow
the same trends as comparable information obtained with
probes, but only fair quantitative agreement is realized.
Thus although the worth of spectrophotometric methods for
the measurement of temperature and concentration data has
been shown, this approach is still in a state of evolution.
Clearly, optical techniques offer the only hope of acquiring
local temperature information in flows having total tempera-
tures in excess of 2000°K.

4) The ability to aspirate representative samples of gas
from a reaction zone into a probe, effectively quench the
sample and finally conduct an on-line gas chromatographic
analysis of the sample has been demonstrated.

References
1 Peters, C. E., Phares, W. J., and Cunningham, T. H. M.,

"Theoretical and Experimental Studies of Ducted Mixing and
Burning of Coaxial Streams," AIAA Paper 69-85, New York,
1969.

2 Channapragada, R. S. and Woolley, 3. P., "Turbulent Mix-
ing of Parallel Compressible Non-Isoenergetic Streams," Astro-
nautica Acta, Vol. 13, No. 4, 1967, pp. 341-352.

3 Vasiliu, 3., "Turbulent Mixing of a Rocket Exhaust with a
Supersonic Stream, Including Chemical Reaction," Journal of
the Aerospace Sciences, Vol. 29, No. 1, Jan. 1962, pp. 19-28.

4 Cohen, L. S., "An Analytical Study of the Mixing and Non-
equilibrium Chemical Reaction of Coflowing Compressible
Streams," AIAA Paper 66-617, Colorado Springs, Colo., 1966.

5 Edelman, R. and Fortune, O., "An Analysis of Mixing and
Combustion in Ducted Flows," AIAA Paper 68-114, New York,
1968.

6 Penny, G. S., "Diffusion Controlled Supersonic Combustion
Utilizing a High Enthalpy Slowdown System," thesis, The Pro-
pulsion Dept., The College of Aeronautics, Cranfield, Bedford,
England, 1967.

7 Casaccio, A. and Rupp, R. L., "A Supersonic Combustion
Test Program Utilizing Gas Sampling, Optical and Photographic
Measuring Techniques," NASA CR 66393, Aug. 1967, Faircmid
Hiller, Republic Aviation Division, Farmingdale, N. Y.



JUNE 1970 MEASUREMENTS IN FREEJET MIXING/COMBUSTION FLOWS 1061

8 Heyman; R. J., Sanderson, R. J., and Steel, P. C., "Combus-
tion in Compressible Mixing Flows," Paper 68-28, Oct. 1968, The
Combustion Institute, Menlo Park, Calif.

9 Cohen, L. S., McFarlin, D. J., and Kay, I. W., "Experimental
Study and One-Dimensional Analysis of a Ducted Hydrogen-
Liquid Oxygen Rocket," Rept. E110118-1, July 1966, United
Aircraft Research Labs., East Hartford, Conn.

10 Shapiro, A. H., The Dynamics and Thermodynamics of Com-
pressible Fluid Flow, Vol. I, Ronald Press, New York, 1953.

11 Glawe, G. E., Simmons, F. S., and Stickney, T. M., "Radia-
tion and Recovery Corrections and Time Constants of Several
Chromel-Alumel Thermocouple Probes in High-Temperature,
High-Velocity Gas Streams," TN-3766, Oct. 1956, NACA.

12 Leighton, R. L. and Michael, F., "Spectrophotometer for
Temperature and Species Concentration Measurements," Rept.
G130367-2, Dec. 1968, United Aircraft Research Labs., East
Hartford, Conn.

13 Leighton, R. L., Michael, F, and Bogush, H., "A Com-
puterized Analysis for the Calculation of Temperature and
Water Vapor Cone. From Spectrophotometer Measurements,"
Rept. Jl 10568-1, April 1970, United Aircraft Research Labs.,
East Hartford, Conn.

14 Plass, G. N., "Models for Spectral Bond Absorption," Jour-
nal of the Optical Society of America, Vol. 48, No. 10, Oct. 1958,
pp. 609-703.

15 Tourin, R. H., "Monochromatic Radiation Pyrometry of
Hot Gases, Plasmas and Detonations," Temperature—Its Control
in Science and Industry, Vol. 3, Pt. 2, Reinhold, New York, 1962.

16 Wood, A. B., A Textbook of Sound, 2nd ed., G. Bell and
Sons, London, 1944.

17 Ferri^ A., "A Critical Review of Heterogeneous Mixing
Problems," Astronautica Acta, Vol. 13, Nos. 5 and 6, 1968, pp.
453-465.

18 Ripley, D. L. and Gardiner, W. C., "Shock-Tube Study of
the Hydrogen-Oxygen Reaction. II. Role of Exchange Initia-
tion," Journal of Chemical Physics, Vol. 44, No. 6, March 15,1966,
pp. 2285-2296.

19 Fristrom, R. M. and Westenberg, A. A., Flame Structure,
McGraw-Hill, New York, 1955.

20 Westenberg, A. A. and de Haas, N., "Atom-Molecule Ki-
netics at High Temperature Using ESR Detection. Technique
and Results for O + H2, O + CH4, and O + C2H6," Journal of
Chemical Physics, Vol. 46, No, 2, Jan. 15,1967, pp. 490-501.

21 Wilson, W. E., "A Critical Review of the Combustion Reac-
tions of the Hydroxyl Radical," Paper 67-16, April 1967, The Com-
bustion Institute, La Jolla, Calif.

22 Wilson, W. E. and O'Donovan, J. T., "Mass-Spectrometric
Study of the Reaction Rate of OH with Itself and with CO,"
Journal of Chemical Physics, Vol. 47, No. 12, Dec. 15, 1967, pp.
5455-5457.

23 Getzinger, R. W. and Schott, G. L., "Kinetic Studies of Hy-
droxyl Radicals in Shock Waves. V. Recombination via the
H + O2 + M —*• HO2 + M Reaction in Lean Hydrogen-Oxygen
Mixtures," Journal of Chemical Physics, Vol. 43, No. 9, Nov. 1,
1965, pp. 3237-3247.

24 Schott, G. L. and Bird, P. F., "Kinetic Studies of Hydroxyl
Radicals in Shock Waves. IV. Recombination Rates in Rich
Hydrogen-Oxygen Mixtures," Journal of Chemical Physics, Vol.
41, No. 9, Nov. 1,1964, pp. 2869-2876.

25 Jacobs, T. A., Giedt, R. R., and Cohen, N., "Kinetics of Hy-
drogen Halides in Shock Waves. II. A New Measurement of
the Hydrogen Dissociation Rate," Journal of Chemical Physics,
Vol. 47, No. 1, July 1, 1967, pp. 54-57.

26 Camac, M. and Vaughan, A., "O2 Dissociation Rates in O2-
Ar Mixtures," Journal of Chemical Physics, Vol. 34, No. 2, Feb.
1961, pp. 460-470.

27 Brinkley, S. R., "Calculation of the Thermodynamic Proper-
ties of Multicomponent Systems and Evaluation of Propellant
Performance Parameters," Kinetics, Equilibrium, and Perfor-
mance of High Temperature Systems, Proceedings of the First Con-
ference, edited by G. S. Bahn and E. E. Zukoski, Butterworths,
Washington, 1960.

28 Cohen, L. S. and Guile, R. N., "Investigation of the Mixing
and Combustion of Turbulent, Compressible Free Jets," CR-
1473, Dec. 1969, NASA.

29 Abramovich, G. N., The Theory of Turbulent Jets, Massa-
chusetts Institute of Technology Press, Cambridge, Mass, 1963.

30 Cohen, L. S., "A New Kinematic Eddy Viscosity Model,"
Rept. G211709-1, Jan. 1968, United Aircraft Research Labs.,
East Hartford, Conn.

31 Bradbury, L. J. S., "The Structure of a Self-Preserving Plane
Jet," Journal of Fluid Mechanics, Vol. 23, 1965, pp. 31-64.

32 Ferri, A., Libby, P. A., and Zakkay, V., "Theoretical and Ex-
perimental Investigation of Supersonic Combustion," Rept.
713, ARL 62-467 AD 291712, Sept. 1962, Polytechnic Institute
of Brooklyn, Brooklyn, N. Y.

33 Zakkay, V., Krause, E., and Woo, S. D. L., "Turbulent
Transport Properties of Axisymmetric Heterogeneous Mixing/7

AIAA Journal, Vol. 2, No. 11, Nov. 1964, pp. 1939-1947.
34 Chriss, D. E., "An Experimental Study of the Turbulent

Mixing of Subsonic Axisymmetric Gas Streams," thesis, Univ.
of Tennessee, Tullahoma, Tenn., Dec. 1967.

35 Abramovich, G. N. et al., "An Investigation of the Turbulent
Jets of Different Gases in a General Stream," Astronautica Acta,
Vol. 14, No. 3, 1969, pp. 229-240.

36 Alpinieri, L. J., "Turbulent Mixing of Coaxial Jets," AIAA
Journal, Vol. 2, No. 9, Sept. 1964, pp. 1560-1567.

37 Eggers, J. M. and Torrence, M. G., "An Experimental In-
vestigation of the Mixing of Compressible-Air Jets in a Coaxial
Configuration," TN D-5315, July 1969, NASA.


