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VELOCITY AND TEMPERATURE CHARACTERISTICS OF TWO-STREAM,
COPLANAR JET EXHAUST PLUMES

U. von Glahn, J. Goodykoontz and C. Wasserbauer

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

Abstract

The subsonic jet exhaust velocity and tempera-
ture characteristics of model-scale two-stream
coplanar nozzles were obtained experimentally.
The data obtained includes the effects of fan-to-
primary stream velocity and temperature ratios on
the jet axial and radial flow characteristics.
Empirical parameters were developed to correlate
the measured data. The resultant equations are
shown to be extensions of a previously published
single-stream jet velocity and temperature
correlation.

Nomenclature

A’B’BlaBz’} .

normalizing factors

FoFQ,FT

AR nozzle fan-to-primary stream area ratio

bv radial Tocation where UR/UC = 0.5

by radial location where tp/te = 0.5

D diameter

DT total nozzle diameter

h nozzle annulus height

M Mach number

R radial distance

RJ primary nozzle exit radius

T total temperature

t static temperature

U velocity

X axial distance downstream of nozzle
exit plane

Subscripts:

C local centerline peak level

F fan

J jet

0 ambient

P primary

R radial

T temperature

v velocity

Introduction

In the operation of future aircraft, the con-
trol and modification of airflow over and about

Copyright © American Institute of Aeronautics and
Astronautics, Inc., 1984, All rights reserved.

the vehicle will merit increasing consideration.

A prime example is a short takeoff and landing
ajrcraft (STOL)}, such as the proposed McDonnell
Douglas C-17, that employs an under-the-wing blown
flap for 1ift augmentation during takeoff and
landing. For such an aircraft, the jet velocity
and temperature impinging on the flap surfaces
must be controlled in order to maintain flap loads
and surface temperatures within acceptable limits
for reasons of structural integrity and high-lift
performance. Usually these requirements necessi-
tate some means of enhanced jet mixing with the
surrounding medium in order to reduce the loads
and temperatures at the flap location.

In Ref. 1, the mean-flow velocity and tempera-
ture characteristics associated with conical nozzle
plumes were presented for both conventional and
excited flow states. It was shown that jet plume
mixing with the surrounding medium could be en-
hanced by acoustic excitation or aero/mechanical
perturbation devices. Further information con-
cerned with this phenomena, including flight ef-
fects are discussed in Refs. 2 and 3, as well as
several others in the literature.

In the present paper, subsonic jet plume ve-
locity and temperature characteristics of conven-
tional two-stream coplanar jet flows are presented.
The data were obtained at model scale and cover
several nozzle areas, flow rates and temperature
levels. Evaluation of the data included consider-
ation of both the axial and radial jet plume char-
acteristics. Analyses herein include both existing
relationships available in the Titerature as well
as new or modified empirical correlations developed
where such relationships are not presently avail-
able. A prime consideration for the latter was
that the new correlating equations can be reduced
to th? correlations for single flow given in
Ref. 1.

The data and correlations included herein are
intended to serve as a baseline for future two-
stream jet studies involved with jet plume modifi-
cations achievable using acoustic or aero/
mechanical means of flow excitation. Emphasis is
placed on the centerline axial velocity and tem-
perature decay characteristics of two-stream jet
flows, with secondary considerations given to ra-
dial characteristics. The choice on the emphasis
was dictated to some degree by the available data.

Background

Centerline Velocity Decay

In Ref, 1, the single-stream, unexcited jet
centerline velocity decay for conical nozzles was
correlated by the following relationship, slightly
rewritten for the present work:

This paper is declared a work of the U.S.
Government and therefore is in the public domain.
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Note that the static temperature ratio is used
in Eq. (1). If the total temperature ratio is
used in Eq. (1), the exponent for the temperature
ratio is reduced from 0.25 to 0.215 in order for
the correlated decay data to fall on substantially
the same curve as that given by Eq. (1).

In the present work, the single-stream nozzle
data from Refs. 1 and 2 are used as baseline or
reference values for the two-stream nozzle data.
In Fig. 1, these baseline data are shown as a
function of the parameters in Eq. (1), and it is
apparent that Eq. (1) represents the data well.

Centerline Temperature Decay

The single-stream, unexcited jet centerline
temperature decay for conical nozzles was corre-
lated by the following relationship in Ref. 1,
again slightly rewritten for the present work:
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The preceding equation again is valid for static
values rather than total values of the jet temper-
ature. However, use of an exponent of 0.215 in-
stead of 0.25 for the jet-to-ambient temperature
ratio, as in the case of the centerline velocity
decay, will coincide the total temperature decay
curve with that for the static temperature decay
curve,

The single-stream data are again used as the
baseline or reference values for the two-stream
nozzle data included in the present work. In
Fig. 2, these baseline data are shown as a function
of the parameters in Eq. (2). It is apparent that
Eq. (2) represents the data well.

Radial Velocity/Temperature Profiles

Radial velocity and temperature profiles for
single-stream jets are frequently represented by
the following relationships:
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Equation (4) is similar to that for the radial
velocity profile (eq. (3)) differing only in that
b(t or T) s used in place of by.

A comparison of typical data from Ref. 1 and
the present work with Eqs. (3) and (4) is shown in

Fig. 3 for single-stream nozzles. It is apparent
that Eqs. (3) and (4) represent the data in an
acceptable manner.

Apparatus and Procedure

Facility

A photograph of the dual-stream heated-jet
facility is shown in Fig. 4. Unheated laboratory
air was used to supply flow for two parallel flow
lines; one line for the inner nozzle and the other
for the outer nozzle. Each flow line had its own
air and fuel flow control and measuring systems.
The air was heated by a jet engine combustor in-
stalled in each line. The system was designed to
give maximum nozzle exhaust temperatures of about
1100 K and nozzle pressure ratios up to 3.0 in
each of the flow lines.

Nozzles

Two different coaxial-coplanar nozzle configu-
rations were used in the experimental program.
Dimensions of the nozzles are given in Fig. 5.

The area ratios given in the figure are the ratios
of the outer nozzle flow area to the inner nozzle
flow area. The diameters are inside diameters of
the respective nozzles. The inner nozzle was com-
mon to both configurations and the coaxial nozzle
area ratio was changed by changing the outer noz-
zle. The outer wall of the inner nozzle was coated
with a high temperature ceramic material to mini-
mize heat transfer between the two streams. The
interior of the upstream portion of the inner noz-
zle supply was also lined with insulating material.

Instrumentation

Flow system, Instrumentation was provided to
measure air and fuel flow rates and nozzle total
pressures and temperatures for both streams. Noz-
zle pressures and temperatures were measured at
four different circumferential locations at ap-
proximately ten inner nozzle diameters upstream of
the nozzle exit plane. In addition, six thermo-
couples were mounted to the gal] of the outer noz-
zle so that radiation losses” for the interior
thermocouples could be closely approximated.

Jet plume. Jet exhaust plume total pressure
and temperature surveys were made with a probe
capable of traversing in the axial, horizontal,
and vertical directions, as illustrated in
Fig. Gﬁag. Details of the probe are shown in
Fig. 6(b). The probe was calibrated in a wind tun-
nel over a range of Mach numbers.

Procedure

Nozzle pressures and temperatures for both
streams were varied over a range of conditions so
that the test matrix included a wide range of ve-
locity and temperature ratios.

Steady-state conditions were attained for each
flow condition before pressures and temperatures
were recorded, Upstream total temperatures were
averaged and corrected for radiation losses and
used with the average upstream pressure to calcu-
late an ideal nozzle exhaust velocity. Static
temperatures were derived from the total tempera-
ture and Mach number. A1l velocities were subsonic
(nozzle pressure ratio less than 1.89); conse-




quently, static pressures at the nozzle exit and
downstream in the jet plume were assumed to be
atmospheric.

Measurements in the jet plume included probe
position, total temperature and total pressure.
Probe radial traverses were made along the hori-
zontal centerline of the nozzle, in a step-wise
fashion, at various axial locations. Total tem-
perature was corrected for rgdiation losses and
aerodynamic recovery errors.” The recovery fac-
tors for cold flow were determined from the probe
calibration tests and extrapolated to higher tem-
peratures by the method suggested in Ref. 6. Local
velocities were then calculated from the total
pressure and corrected total temperature.

General Plume Characteristics

Plume Centerline Characteristics

In this section the two-stream plume centerline
velocity and temperature characteristics are dis-
cussed in terms of general trends with stream ve-
locity and temperature ratios. In the latter case,
the trends are essentially similar for both static
and total stream temperatures.

Velocity. In Fig. 7, the trend of the jet
centerline velocity decay, U/Up, at a given pri-
mary stream Mach number is shown schematically as
a function of the axial distance downstream of the
nozzle exit plane. The two velocity decay curves
shown in the figure represent the case with primary
flow only and that with equal velocity in the fan
and primary streams. In the latter case because
the nozzle is coplanar, the reference nozzle diam-
eter is the diameter of the outer nozzle. With
cold flow in both streams, the velocity decay curve
shifts generally to the right with increasing
Up/Up values. However, as indicated by the
reversal in the Ug/Up arrow, an abrupt change
in the decay characteristics was observed and will
be discussed later in more detail. With hot pri-
mary flow and cold fan flow, the decay curve at a
given Up/Up ratio tended to shift somewhat
to the right (i.e., greater X/Dp values rela-
tive to the curve with both streams cold).

The velocity decay curves shown schematically
in Fig. 7 are typical of those obtained in static
experiments, i.e., no flight effects. It can be
argued that near the nozzle exit plane, the fan
stream surrounding the primary stream provides a
local flight effect and, consequently, the decay
curve is more complex than the simple representa-
tion shown in Fig. 7. The more complex situation
is shown schematically in Fig. 8. In region A,
Fig. 8, velocity decay is a function of ?U - Ug)/
(Up -~ Up) instead of U/Up, as for static
conditions. Here the fan velocity, Uf, repre-
sents a local or pseudo flight velocity. When the
primary and fan flows are fully mixed (region C)
the jet centerline velocity decay is again a func-
tion of U/Up, as for a single stream under
static conditions. However, relative to region A,
the curve in region C is displaced due to a tran-
sition region (region B in Fig. 8). The location
and extent of region B would depend on the nozzle
exhaust velocity and temperature ratios. In gen-
eral, for the range of data obtained with the area
ratio 1.9 and 3.2 nozzles, this pseudo flight ef-
fect was not observed or could be neglected. How-
ever, with the nozzle having an area ratio of 25,

there was some evidence of such a flight effect
because the U/Up and (U - UF)/(Up - UF)

data plots tended to coincide. In no case did

the U/Up versus X/Dp plots indicate the

U/Up data becoming asymptotic to the Up/U

ratio, a further proof that the possible "fqight“
effect of the fan stream on the primary stream was
not significant over the wide range of conditions
included in the present work.

Temperature. The effect of the fan-to-primary
stream velocity ratio on the jet centerline tem-
perature decay was significantly different from
that observed for velocity decay. The trend of
the temperature decay curve with velocity ratio is
shown schematically in Fig. 9. Initially, at
Ur/Up values of 0.3, the temperature decay
curve with heated primary and cold fan flows shift-
ed to the right from the zero fan flow curve de-
noted by Up/Up = 0. At Up/Up of 0.3,
the decay curve shifted to the left, even beyond
the Dp curve for a single-stream nozzle. Fur-
thermore, the slope of the decay curve steepened
with increasing values of Ug/Up, as will be
shown later. The data also showed a jog in the
trend similar to that observed in the velocity
decay data and occurring in about the same region
of Up/Up values. With increasing fan stream
temperatures and a constant primary stream temper-
ature, the decay curves shifted to the right as
indicated in Fig. 9 In all cases, independent of
the velocity ratio, when the two-stream tempera-
tures were the same, the two-stream decay curves
coincided with the Dt curve; this again will
be shown later in detail.

Plume Radial Characteristics

The plume radial velocity and temperature pro-
files for two-stream nozzles showed the presence
of the separate fan and primary streams in the
region from the nozzle exit plane to about the end
of the primary core region. Thereafter, the two
streams had merged sufficiently to exhibit essen-
tially a single radial profile more typical of a
single-stream plume.

In the analyses of these profiles in the core
region (fig. 10), it was necessary to extend the
Tocal velocity and temperature decay curves in
order to estimate R/Rg.5 values for t/tg s
and U/Up_ 5. At Up/Up values less than
0.5 this extension was not needed for the primary
stream edge decay because the fan stream departed
from primary stream edge decay curve below the
one-half velocity or temperature ratio point. The
radial velocity and temperature edge decay for the
fan stream, prior to merging with the primary
stream, was also analyzed and compared with the
radial decay of single nozzles.

Typical Data
Centerline Velocity Decay

Representative jet plume centerline velocity
decay data are shown in Fig. 11, and include: (1)
both streams cold for several fan-to-primary stream
velocity ratios, and (2) hot primary stream with
cold fan flow and also various amounts of fan
stream heating for nominal fan-to-primary velocity
ratios of 0.30 and 0.68.



The data in Fig. 11 are for an area ratio, AR,
of 1.9; however, similar trends were obtained with
an area ratio, AR, of 3.2, While the data shown
are plotted as a function of primary stream static
temperature in the abscissa, similar results were
obtained using the total temperature.

In Fig. 11(a) the effect of increasing the
fan-to-primary stream velocity ratio (both streams
cold) is to shift the decay curve increasingly to
the right of the single-stream curve, UF/Up =
0. With a fan-to-primary velocity ratio of 1.0,
the curve designated Ug/Up = 1.0 is reached.

In Figs. 11(b) and (c), the effect of absolute
stream temperatures and ratios on the plume center-
line velocity decay is shown for nominal Ug/Up
ratios of 0.30 and 0.68, respectively. The effect
of increasing the primary flow static temperature
from cold (236 K) to a nominal static temperature
of 1035 K with a cold fan flow is almost negligible
and taken into consideration sufficiently by the
parameters in the abscissa. However, with a heated
fan stream, the data tend to shift to the right,
toward the Up/Up = 1.0 curve. The shift in-
creases with increasing temperature level.

Centerline Temperature Decay

Examples of jet plume centerline temperature
decay are shown in Figs. 12 to 14. The data shown
are again for an AR of 1.9 and include: (1)
heated primary stream with cold fan flow, and (2)
both streams heated.

In Fig. 12, both static and total temperature
decay data are for the case of a heated primary
stream and cold fan flow. It is apparent that
there is little difference in the decay rates for
total and static temperatures except at very high
Up/Up ratios. However, as indicated previous-
ly the temperature decay curves at low U /Up
ratios shift to the right of the single flow curve;
whereas at high Up/Up ratios, the curves
shift to the left of the single flow curve. Note
also that the slope of the temperature decay curves
becomes steeper with increasing Up/Up ratios.
This latter trend is shown more clearly in Fig. 13
where curves drawn through the data in Fig. 12 are
normalized to a (t - to)/(tp - tg) ratio of
0.5 at an abscissa value of 10. "Also shown, for
comparison, is the single-stream temperature decay
curve from Ref. 1. Although the curves shown in
Fig. 13 are for static temperatures, it is obvious
from Fig. 12 that similar trends occur for total
temperatures.

In Fig. 14(a) and (b) are shown the effects of
heating the fan stream on the temperature decay
for a heated primary stream for nominal fan-to-
primary velocity ratios of 0.30 and 0.68. The
data are for the static temperature decay; however,
similar trends were obtained for the total temper-
ature decay.

The data shown in Fig. 14 indicate that the
temperature decay curves relative to the cold fan
flow data shift to the right with increasing fan-
to-primary stream temperature ratios. It is in-
teresting to note that when the fan-to-primary
stream temperature ratio is near 1.0, the data
coincide with the Dt curve, independent of the
Ue/Up ratio. This is shown clearly in Fig.
14(c) for several Up/Up ratios.

Radial Velocity Profiles

In Figs. 15 and 16 are shown typical radial
velocity profiles at several axial distances from
the nozzle exit plane. The data shown include:

(1) both streams with cold flow, (2) heated primary
stream with a cold fan stream, and (3) both
streams heated.

In Fig. 15, radial velocity profiles are shown
for a nominal fan-to primary velocity ratio of
0.30 and with only the primary stream heated. The
data indicate that separate identification of the
fan stream in the profile exists to an X/Dp of
less than four. With a higher fan-to-primary ve-
locity ratio of about 0.68, shown in Fig. 16, the
identification of the fan stream in the radial
velocity profile depends somewhat on the fan stream
temperature, varying from an X/Dp of less than
four for cold flows to about eight for hot flows.
Of particular interest is Fig. 16(b) in which the
fan stream is cold but the primary stream is hot.
A comparison of these data with those in Figs.
16(a) and (c) shows that the primary stream is
considerably smaller in radial extent even at an
X/Dp of 1.0, than for the cases in which both
streams are either cold or hot; however, the total
radial extent of the streams in the core region is
substantially the same in all three cases.

Data obtained with the 3.2 area ratio nozzle
were similar to those for the 1.9 area ratio noz-
zle; however, due to the larger fan nozzle, the
fan stream radial velocity profiles were wider and
persisted to greater downstream distances, even at
low Up/Up ratios.

Radial Temperature Profiles

Representative radial temperature profiles at
several axial distances downstream of the nozzle
exit plane are shown in Figs. 17 and 18, The data
include: (1) heated primary with a cold fan
stream, and (2) both streams heated.

In Fig. 17 are shown the radial temperature
profiles associated with the radial velocity pro-
files shown previously in Fig. 15 for a nominal
fan-to-primary velocity ratio of 0.30. Because
the fan stream is unheated, no evidence of the fan
stream is discernible in the temperature profiles.

In Figs. 18(a) and (b) are shown the radial
temperature profiles associated with the radial
velocity profiles shown previously in Figs. 16(b)
and (c), respectively. It is apparent in Fig.
18(a) that the cold fan stream causes a rapid cool-
ing of the primary stream as evidenced by the rapid
reduction of the radial profile. When the two
streams are well mixed downstream, the radial tem-
perature profile is much broader than that near
the nozzle exit; however, the temperatures of the
mixed flow are greatly reduced as shown by the
centerline temperatures listed in the figure.

From these data and that shown in Fig. 16(b), it

is apparent that a cold fan stream, due to its
mixing/cooling effects on the primary stream causes
a very marked reduction in the primary stream tem-
perature characteristics.

When both streams are heated, the primary
stream radial temperature extent is increased, as
shown by the profiles in Fig. 18(b) compared with




those in Fig. 18(a). Also the presence of the
heated fan stream is evident in the radial profile
to X/Dp ratios between four and eight for the
stream conditions noted in the figure.

As for the radial velocity profiles, the fan
stream radial temperature profiles for the 3.2
area ratio nozzle were wider than those for the
1.9 area ratio nozzle and persisted as a separate
identity for a longer axial distance. The trends
with velocity and temperature ratio were similar
for both nozzles.

It should be noted that although the radial
temperature profiles shown in Figs. 17 and 18 are
in terms of static temperatures, the total temper-
ature profiles were substantially similar except
at the radial profile extremities.

Plume Centerline Decay Correlations

A11 correlation efforts herein had as their
ultimate objective the reduction of the two-stream
plume data to that given by the single-stream
curves given in Ref. 1. To that end, any addition-
al parameters used to correlate the two-stream
data either had to reduce to 0 or 1.0 when Up/Up
was 0 or 1.0, depending on the particular equation
formulation.

Velocity

In order to reduce the two-stream centerline
velocity decay data to the single-stream curve
given by Eq. (1), the data were adjusted by a fac-
tor denoted by Fy. This factor was determined
to be a function of mainly Up/Up and second-
arily of the total-to-primary nozzle diameter ra-
tio, and the primary and fan stream temperatures.
The correlation parameter, Fy 1is expressed as:

Foo- 1 uc \A

v «( £ (5)
O, -0 "\ T

P

0\ /02 £\
A= |o.625 5 |+ T (6)
p/\tP F

In the exponent A, a nozzle size term was required
because the slope of the curve through a given set
of nozzle data appeared to be a function of Dy/Dp.
Similarly, changes in the stream temperatures also
affected the slope of the data. Consequently, an
exponential formulation to account for these ef-
fects was used and so that when Up/Up = 0, the

Fy parameter was 1.0; hence, the single-stream
formulation. Similarly, with a primary stream
diameter of Dp when Up/Up = 1.0, the Fy
parameter was Dy/Dp, or the single stream for-
mulation with a stream diameter consisting of the
total diameter, D7. Use of total stream tempera-
tures in Eq. (5) would cause the exponents on the
respective temperature ratios to be 0.1785 and 0.39.

where:

The correlation parameter, Fy, in terms of
these relationships is shown in ¥ig. 19. This
figure includes data for the AR 1.9 and 3.2 noz-
zles from the present work and the AR 25 nozzle
from Ref. 2. Note that the data from Ref. 2 was a
free-jet simulated flight effects study using a

single nozzle. However, the free jet can also be
considered as a very large fan stream nozzle.

From the correlation shown in Fig. 19, it is
evident that at least two main flow regimes are
present with a transition region between them. An
equation was developed to include all three re-
gions. The equation selected consists of two
parts; first, a linear relation for the entire
range of data and second, a subtrgctive term that
operates primarily in the (Up/Up)” range of
0.7 to 1.0 and accounts for the dip or deviation
of the data from the Tinear relationship. This
equation is given by:
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While the exponents in Eq. (7) appear to be hor-
rendous, their use is caused by the steepness of
the data trends in the (Up/Up)? range of

0.7 to 1.0. The measured correlation parameter

Fy values are shown in Fig. 20 together with

the curve resulting from the use of Eq. (7) for
(Ur/Up)? values greater than 0.4. It is

apparent that the agreement is good. For (Up/Up)A
values less than 0.7, the linear relationship shown
by Eq. (7) in the figure is maintained.

For apRIications in which only a limited range
of (Ug/Up)™ values are of interest, the
main flow regimes can also be represented by Xhe
following equations. In the range of (Ug/Up)
ratios less than 0.785, the following reg
applies.

ationship
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In the range of (UF/Up)A ratios greater
than 0.815, the following relationship represents
the data well:
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Finally, in the transition region 0.785 < (UF/Up)A
< 0.815, the following equation is valid:
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Equations (8) to (10) are shown plotted in Fig. 21
together with the Fy values of Fig. 19. It is

apparent that these equations also represent the
data well, as was the case with Eq. (7)

(10)

In Fig. 22, the correlated two-stream center-
line velocity decay data are shown in terms of
U/Up as a function of
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where F, is obtained from Eq. (7). Also shown
is the single-stream curve from Ref. 1. It is
apparent that good correlation of the two-stream
velocity decay data has been achieved and that the
correlated data fall near the single-stream curve.
Use of Eqs. (8) to (10) yield equally good correl-
ation of the two-stream data within their respec-
tive ranges of application.

Temperature

It was stated earlier that the jet plume cen-
terline temperature decay differed markedly in its
trends compared with those for the centerline ve-
locity decay. As was the case for the centerline
velocity decay, the objective of the centerline
temperature decay correlation for two-stream noz-
zles was to provide the necessary parameters to
ge?uci these data to the single-stream curve. of

ef. 1.

The first step in the present correlation was
to adjust the slopes of the two-stream temperature
decay curves (figs. 12 and 13) to that for the
single-stream temperature decay curve. This ad-
Jjustment was made by providing a suitable exponent
to the static temperature ratio (t -t )/(tp - t,)
or the total temperature’ratio (T - to?/(Tp - tof.
For the static temperature ratio, the exponent,
designated B, is given by:
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For Ugp/Up ratios greater than about 0.9, the
addition of the term 0,67 (UF/Up)8. to the

Ug/Up portion of Eq. (11) provides a better
correlation of the data without significantly af-
fecting the correlation at lower values of the
Ue/Up. Inclusion of this additional term in

Eg. (11) yields the following expanded equation:
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For the total temperature ratio, the exponent,
designated B2, is given by:
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Representative centerline temperature decay data
in terms of [(t—to)/(tp— to)]B as a func-
tion of

0.25
X <?jl>
DP\/I + MP t0
are shown in Fig. 23. Also shown for comparison
is the single-stream centerline temperature decay
curve shape., It is apparent that the slopes of
the two-stream data are the same as that for the

single-stream curve. Plots of the centerline total
temperature decay showed similar good agreement.

The next step in the correlation of the center-
line temperature decay was to correlate the heated
primary stream and cold fan stream data. A complex
equation was required because of the reversal of
the decay curves with Up/Up ratio noted ear-
lier in the discussion of Fig. 9. A suitable cor-
relation parameter was developed that satisfied
the end conditions where Up/Up = 0 and 1.0.

This parameter, F,, is given by:

2.5
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This parameter appiies for both the static and

total temperature decay curves for the data range
included herein.

In order to correlate the temperature decay

when both streams are heated, the parameter, Fg,,
was expanded as follows:
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The centerline temperature decay data are thus
correlated by:
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In Figs 24(a) and (b), the centerline static tem-
perature decay is shown correlated in terms of

Eq. (16) for cold fan streams and heated fan
streams, respectively. Also shown for comparison
is the single-stream decay curve from Ref. 1. In
general, the correlated two-stream data group well
about the single-stream curve from Ref, 1.



Radial Profiles
Velocity

For single stream, turbulent flow jet plumes,
the radial velocity distribution can be plotted in
the non-dimensional parameters of Up/Uc as a
function of R/by for specified axial %ocations
downstream of the nozzle exit plane.™ Typical
radial velocity distributions for the primary noz-
zle only (single stream) with heated flow are shown
in Fig. 25.

In the present work, the Up/Uc distribu-
tions for two-stream flows were analyzed using the
same parameters as for single-stream flows. In
Fig. 26 are shown typical radial velocity distribu-
tions with both streams cold. Also shown in
Fig. 26 for comparison is the single-stream radial
velocity distribution curve from Ref. 4. It is
apparent that initially the two-stream radial ve-
Tocity decay coincides with the single-stream curve
until UR/Uc = Ug/Up, then the two-stream
data departs from tﬁe single-stream curve with
increasing R/by p values. Near the nozzle
exit plane the départure and increase in R/b p
is a function of the nozzle size ratio (DT/DPY’
as well as the Up/Up ratio. With increasing
axial distance the deviation of the two-stream
data from the single-stream curve is reduced until,
when the fan and primary streams are well mixed,
the two-stream data essentially coincides with the
single-stream curve.

Similar data to that shown in Fig. 26 are shown
in Fig. 27 for flows with only a heated primary
stream and with both streams heated. The data
trends noted for the cold flow data also apply to
the heated flow data.

Examination of the radial velocity decay of
the fan stream flow at UR/UQ = UF/Up in
the initial decay region only indicates that this
portion of the plume (see fig. 10) also follows
the single-stream radial velocity distribution
curve. An example of data from this part of the
radial velocity profile is shown in Fig. 28. The
data used for this figure are based on the fan
stream data shown previously in Fig. 27(d) over a
range of nominal X/Dp values from 1 to 4.

Temperature

The single-stream radial static temperature
distribution plotted in terms (tp- t )/(tg - tp)
as a function of R/by, is shown in gig. 9 for
several axial distances downstream of nozzle exit
plane. Also shown is a curve taken from Ref. 1.
The data are seen to be in good agreement with the
curve. Similar good agreement is obtained when
total temperatures are used.

In Fig. 30, representative radial temperature
distributions for two-stream flows with only the
primary stream heated are shown for nominal Ug/Up
ratios of 0.29 and 0.68. In general, the two-
stream data are closely representated by the
single-stream curve except at (tp - tg)/(tg¢ -tp)
ratios less than about 0.3. In tﬁis latter region,
higher temperature ratios are indicated by the data
at the same R/by p for the two-stream flow than
those with singlelstream flow. The departure of
the data from the single-stream curve appears to

occur when the (tp - tg)/(tc - tg) ratio
equals the tg/tp ratio.

In Fig. 31, the radial temperature distribution
for nozzle area ratios of 1.9 and 3.2 are shown
for a nominal Up/Up of 0.68 and both streams
heated, The departure of the two-stream data from
the single-stream curve is now quite evident. The
departure appears to be initiated again when
(tr - to)/(tc - tg) = tp/tp, as in the
case of the cold glow data.

The effect of heating the fan stream becomes
very evident when (tgp - tg)/(tc - tg) =
(tp - tg)/(tp - tg), as noted in Fig. 31.
At the geparture point, the radial temperature
decay becomes nearly flat for a significant R/by p
distance before again decaying as the outer regiof
of the plume is approached. A comparison of the
AR 1,9 with the AR 3.2 nozzle data shows that
this constant temperature ratio region is widest
with the larger area ratio nozzle, as would be
expected.

As was done with the radial velocity profiles,
the outer edge of the fan stream region was also
plotted in terms of tp r - to/tc,F - to
as a function of Riby f. The redults of this
exercise are shown in Fig. 32 and indicate that
the outer edge of the fan stream in the jet core
region again follows the relationships established
for single-stream radial velocity profiles.

In general, similar results are obtained if
total temperatures are used in place of the static
temperatures shown in the previous several figures.
The primary differences between the use of total
or static temperatures occur at very low tempera-
ture ratios at the outer plume edge that are gen-
erally of 1ittle interest for design or performance
studies.

Plume Radial Spreading Rate

Velocity

The radial spreading of the jet plume velocity
with axial distance is determined at the U/U.
= 0.5 radial location, by. In Fig. 33, the
single nozzle jet velocity spreading, by, normal-
ized to the nozzle exit plane radius, Ry, is
shown as a function of the axial distance given
by X/Rj. Initially, in the core region, the
radial spreading angle is about 6°, similar to
that given in Ref. 2. However, downstream of the
core region the angle was reduced to about 2°.

In order to obtain a correlation of the two-
stream primary flow spreading, the data were first
evaluated for cold flow only. Reasonable correla-
tion of the cold flow data was achieved by includ-
ing a function of Dy/Dp in both the abscissa
and ordinate of Fig. 33. However, the heated two-
stream data required an additional term involving
the Ug/Up ratio. The final correlation pa-
rameters are shown in Fig. 34 together with the
data and the single-stream curve. Reasonable cor-
relation of the data were achieved by the parame-
ters shown in the figure.

The radial spreading of the fan stream in the
core region is shown in Fig. 35. For the fan flow,
the dimensional parameter is based on the width of
the fan annulus, h, instead of Dp as in the




case of the primary stream. Also shown in the
figure is the single-stream curve, for which

h = Rg. Because of the limited data available
no further effort to normalize the data was
attempted.

Temperature

In Fig. 36, the temperature radial spreading
with axial distance from the nozzle exit plane is
shown for single-stream flows. These data were
obtained at the same time as the velocity radial
spreading data shown in Fig. 33 and are used herein
as reference for the two-stream temperature radial
spread data.

The temperature radial spreading for the two-
stream flow obtained in the present study was not
sufficient to permit the development of correlation
parameters; however, significant trends are shown
in Fig. 37. The temperature radial spreading for
the primary stream, by _p/Rp, is shown as a
function of the axial distance, X/Rp. Initially,
the two-stream data coincide with the single stream
curve, However, between 4 < X/Rp < 8, the two-
stream data deviates from the single-stream curve.
Beyond X/Rp = 8, the two-stream data tends to
parallel the single-stream curve. No explanation
is currently available for the low values measured
for the AR = 1.9 nozzle at a Up/Up = 0.68.

It is speculated that with values of Ug/Up
greater than 0.68, the two-stream data approaches
more closely to the single-stream curve; however,
data are not available to provide the necessary
normalization parameter.

In the case of the fan stream temperature ra-
dial spreading, even less data were available than
that for the primary stream. The currently avail-
able data are shown in Fig. 38 in which by g/h is
plotted as a function of X/h. Also shown in the
figure is the single-stream curve. No further at-
tempt was made to normalize the few data available.

Concluding Remarks

The present study has been restricted to co-
planar two-stream nozzles having a circular primary
nozzle. However, limited centerline velocity and
temperature decay data were also obtained in the
work of Ref. 7 with a non-coplanar nozzle with an
area ratio of 1.2. The fan exit was nominally
four primary nozzle diameters upstream of the pri-
mary nozzle exit. Analysis of the existing data
indicated that the fan plume velocity and temper-
ature decayed from the fan nozzle exit plane to
the primary nozzle exit plane. Consequently, the
primary stream decay would be a function of: an
effective Ug/Up and Tg/Tp, and an effec-
tive total plume diameter. The limited available
data were insufficient to determine the necessary
correlation parameters for non-coplanar nozzles.

Many two-stream nozzles, aside from being non-
coplanar also utilize a plug in the primary stream
nozzle. The effect of such a plug on the jet
plume velocity and temperature decay and spreading
rate were not included in the present study and
requires further experimental work.

Conclusions

On the basis of the present study on subsonic
two-stream jet plume characteristics the following
conclusions may be drawn.

1. Centerline single-stream jet plume correl-
ation parameters were extended to include two-
stream velocity and temperature effects. The re-
sultant correlations are equally applicable to
both single and dual-stream, coplanar jet plumes.
Included in the correlated data bank are the ef-
fects of fan-to-primary stream velocity ratio and
temperature ratio. Also included is the effect of
fan-to-primary nozzle area ratio.

2. In general, the radial velocity and temper-
ature profiles, particularly at high fan-to-primary
velocity ratios, upstream of the primary core flow
region must be analyzed independently to account
for the individual flows. Downstream of the pri-
mary core flow region, the profiles are similar
for the single and dual flows.

3. On the basis of limited data, a tentative
correlation was developed for the two-stream radial
velocity spreading rate. The resultant correlation
is applicable to both single and dual flow jet
plumes,

4. A correlation of two-stream temperature
spreading rates was not possible due to the ex-
tremely limited data; however, sufficient data
were available to discuss trends caused by fan-to-
primary velocity and temperature ratios.

5. On the basis of a single set of plume ve-
locity and temperature data, tentative recommenda-
tions for future work and possible data analysis
considerations of non-coplanar nozzle flows are
included.
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Figure 4. - Coaxial nozzle flow facility.
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Figure 5. - Coplanar nozzle dimensions.
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Figure 17. - Typical radial temperature pro-
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1.9; tp, 984K, t, 285K; Up, 598 m/s;
Up, 174 m/s.
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Figure 18, - Typical radial temperature profiles
at a Up/Up ratio of 0. 68. Nozzle AR, 1.9.
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Figure 34, - Normalized two-stream primary Figure 35, - Plume velocity radial spreading character-

flow velocity radial spreading. istics for fan stream. Nominal Ug/Up, 0. 63.
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Figure 36. - Jet plume temperature radial spreading
~ characteristics for single-stream nozzle.
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Figure 37. - Normalized two-stream primary flow temper-
ature spreading.
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Figure 38. - Fan stream temperature spreading.
Nominal Ug/Up, 0.68.
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