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Turbulent Pressure Field in a Co-Annular Jet

R. J. Hammersley* and B. G. Jonest
University of Illinois at Urbana-Champaign, Urbana, III

Single-point and two-point fluctuating static pressure measurements have been made in the initial mixing and
transition regions in a co-annular circular jet. Space scales, correlation and time scales in the convected frame,
and convection velocities have been determined for both broad-band and narrow-band frequency components.
Analytical functionals describing the structural behavior of the turbulent pressure field have been developed
from the data which are suitable for direct application in predicting the sound power level radiated from this tur-
bulent field. Effects of both area and velocity ratios are incorporated in the model.
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Nomenclature
= anisotropy factor
= mixing layer width
= broad band
= diameter of core or of bypass noz-

zle
= decay coefficients in axial, radial,

and lateral directions, respectively
= broad-band axial length scale for

pressure
= narrow-band radial and lateral

length scale for pressure
= radial velocity component radial

integral length scale
= fluctuating pressure
= rms fluctuating_ pressure _
= velocity ratio ,(Jl/U2 or f/Bp / Uc
= jet radius
= pressure correlation coefficient
= narrow-band convected frame

autocorrelation
= real time
= pressure convected frame integral

time scale
= local mean fluid velocity
= mean fluid velocity of inner and

outer nozzles, respectively
= broad-band convection velocity

for pressure
= rms fluctuating radial velocity
= axial, radial, and lateral coor-

dinates
= axial, radial, and lateral sensor

separations
= virtual origin
= fit parameter, Eq. (1)
= radial probe offset
= center-band frequency
= wavelength of periodicity
= wavelength scale constant
= fluid density
= delay time
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= convected frame
= radial component
= long time average
= root mean square (rms)

= bypass (outer nozzle)
= core nozzle or convection
= maximum value
= pressure
= turbulent -mean shear interaction

contribution
= radial coordinate component
= axial, radial, and lateral coor-

dinate components

I. Introduction

THE turbulent characteristics of a co-annular nozzle
configuration have been studied in detail by Ham-

mersley.1 The final objective of this study was the prediction
of the far-field noise produced by the turbulent flowfield in
such jets. Ribner2 formulated this problem in terms of the
hydrodynamic pressure in the jet flow. The cross covariance
of the hydrodynamic pressure field was shown to be the
source term for the production of the far-field acoustic
pressure. The detail structure of the velocity and pressure
fields must first be ascertained before Ribner's formulation
can be utilized. This paper examines specifically the turbulent
structure of the pressure field of a co-annular jet flow.

II. Experimental Facilities

Flowfield Configuration and Operating Conditions

The general flowfield is illustrated in Fig. 1. It is important
to notice three distinct flow zones. In the initial zone, there are
two driven shear layers, which are followed by a transitional
mixing region. This second zone results from the dissipation
of the outer potential core prior to the dissipation of the inner
potential core. The final zone, a transition region, is produced
once both potential cores have dissipated.

The specific flow conditions investigated herein were sub-
sonic and isothermal. The inner core nozzle velocity was 450
fps and the bypass nozzle velocity was adjusted to study
velocity ratios ranging from 0.0 to 0.8. The core nozzle
diameter was 3.0 in. and two bypass nozzles were employed:
1) 5.35 in. (area ratio of 2.2) and 2) 8.7 in. (area ratio of 7.4).
The nozzles were always placed in a coplanar configuration.
The experiments were performed at NASA Lewis Research
Center, Cleveland, Ohio on an outdoor test facility. A
schematic of the co-annular test facility is presented in Fig. 2.



1602 R.J. HAMMERSLEY AND E.G. JONES AIAA JOURNAL

SECTION A - A

MIXING
REGIONS

TRANSITIONALa MIXING FINAL
TRANSITION

Fig. 1 General co-annular nozzle flowfield.

Instrumentation and Techniques

The fluctuating pressure field was monitored by using a
miniature pressure transducer. The pressure instrument em-
ploys a constant-pressure air bleed past a hot-film sensor to
follow the static pressure fluctuations in the flowfield. This
instrument is used in conjunction with standard constant-
temperature anemometry and produces a linear response to
pressure variation without the use of a linearizer. Planchon3

has described the construction and operation details of this
device, including specific calibration procedures and method
used to determine the instrument's transfer function. He also
presented a detailed error analysis which shows that velocity
induced errors in the measured pressure intensity are < 4.5%.

The two-point structure of the turbulence was studied by
using two matched pressure transducers. The transducers
were matched to insure that they had the same frequency
response characteristics and sensitivities to pressure fluc-
tuations. The frequency response was corrected to be flat up
to 10 kHz by using a simple resistance-capacitance circuit in
series with the anemometer output. The phase shift between
the instruments was negligible for all but the highest frequen-
cies, which showed a less than 10° shift. The lack of phase
shift was substantiated by two-point correlation measure-
ments for probes placed adjacent to each other. Such
measurements displayed no shift in the cross-correlation.

The experimental data was recorded on an FM tape system
with a frequency bandwidth of d.c. to 20 kHz (±0.5 dB). The
single-point pressure intensity variation simply required the
appropriate conversion of the measured rms voltages to
engineering units. The space-time correlations were computed
by a T.S.I. Model 1065 (Honeywell-Saicor Model 42A)
correlation and probability analyzer. This special-purpose
digital computer used a lag-product-type algorithm in sam-
pling, quantizing, multiplying, and adding products in 100
bins, corresponding to 100 equal lag times. A sufficient num-
ber of ensembles ranging from 128 x 1024 to 320 x 1024 was
used to provide smooth correlation functions. This technique
was used to produce both broad-band and narrow-band
space-time correlations. The latter were found by passing the

signals through 1/7 octave bandpass filters prior to
correlating them. The filters were matched at the desired cen-
ter frequency r?0 by correlating their response to a parallel in-
put test signal.

III. Results and Discussion

Single-Point Fluctuating Pressure Intensity

The existence of the three distinct flow zones produced by a
co-annular nozzle is clearly reflected in Fig. 3. This figure
shows the evolution of the radial pressure intensity profiles as
one moves downstream. In the region where both mixing
regions exist there are two "humps" in the profile. As one
proceeds downstream, the "valley" between the "humps" is
diminished as the outer potential core dissipates. In the tran-
sitional-mixing zone only one peak is observed but the outer
extreme of the profile still shows the effect of the outer mixing
region. Finally, the final transition region is reached and the
peak pressure intensity begins to decline. The profiles in Fig. 3
are for traverses originating outside the flow and extending to
the centerline of the inner nozzle.

If the profiles for the several axial positions for each mixing
region are cast into a similarity coordinate, Fig. 4 results. The
similarity co-ordinate is (y-R) / (x-x0) where: y is the radial
position, R is the jet radius, x is the axial position andx0 is the
virtual origin. The curves do not Collapse but instead show an
increase in magnitude for the length of the mixing region.
However, the shape of the profile is essentially uniform and is
adequately described by

(y-R)/(x-x0) (1)

where a. - empirical fit parameter which accomodates the
spread of the mixing layer, p' = rms of the pressure fluc-
tuations, p'max = local maximum rms of the pressure fluc-
tuations.

The interrelationship of the pressure and velocity fields is of
importance and has been used to explain the production of a
turbulent pressure field (see Kraichnan4 and Fuchs5). This
relationship was pursued by Planchon3 for a simple jet and
extended to nonzero velocity ratio cases in this work. The in-
vestigation produced the general expression

PT-M = 2
8

~L5 G
(2)

where pT-M- contribution to the rms of the pressure fluc-
tuations from the turbulent-mean shear interaction, in con-
trast to a turbulent-turbulent interaction

Fig. 2 Schematic of co-annular jet test facility.
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Fig. 3 Fluctuating pressure intensity radial profiles. f/c=450 fps;
UBp = 180 fps; dc =3.0 in.; dBp =5.35 in.
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Fig. 4 Pressure intensity similarity profiles. Uc =450 fps;
fps; dc = 3.0 in.; dBp = 8.7 in.

(x-x0)

=180

-nondimensionalized mean velocity gradient v'IUl (1 — r)
= radial velocity component intensity; Ly

vv/(x — x0)
= normalized radial velocity radial integral length scale;

A = anisotropy factor, which accounts for the lack of isotropy
in a shear flow; r = velocity ratio, 02/U}, where Ul and U2
are the high velocity and low velocity streams, respectively,
for a general mixing layer.

The pressure field results from two different types of con-
tributions manifested by the velocity field. These con-
tributions are the turbulent-turbulent (T-T) and turbulent-
mean shear (T-M) interactions that occur in the turbulent
velocity field. In the case of a mixing layer, the turbulent-
mean shear term dominates over the turbulent-turbulent term
in the heavily sheared central portion of the mixing layer. This
is the portion of the flow where Eq. (2) is applied. The
necessary assumptions and approximations are detailed by
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Fig. 5 Lateral space correlations for pressure. f/c=450 fps; UBp
= 180 fps; dc = 3.0 in.; dBp = 5.35 in.; y/Rc = 1.0.
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Fig. 6 Axial space correlations for pressure. Uc =450 fps; dc =3.0
in.; dBp = 5.35 in.; x/dc = 1.33; y/Rc = 1.0.

Planchon3 and are not repeated here. The significant result
exhibited by this expression is that the fluctuating pressure
field is produced by the radial velocity component alone, at
least in the central highly sheared region of a mixing layer.
The accuracy of this prediction is within + 17°7o to — 11% of
the measured values. Although additional data are necessary
for verification, the accuracy of the prediction does appear to
be dependent upon velocity ratio.

Two-Point Pressure Correlation

A normalized correlation coefficient (Rpp) was determined
by dividing the covariance of the output from the two sensors
by the respective local rms value of each sensor. Stated
mathematically, in general terms

RPP (x,y,Z, Ax, Ay, Az, vi0, T)

(3)

The filtered fluctuating pressure at center frequency 77 0, at a
point (x,y,z,f) is correlated with the filtered fluctuating
pressure at a point removed from it by Ax,Ay,Az,r. The over
bar denotes the long-time average of a statistically stationary
quantity. In subsequent presentations only nonzero
separations will be entered as arguments and 770 will be omit-
ted for broad-band correlations.
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Fig. 7 Verification of spatial separability. Uc = 450 fps; UBp = 360
fps; dc = 3.0 in.; dBp = 5.35 in.; x/dc = 1.33; TJO = 500 Hz.

Three special cases of Eq. (3) corresponding to axial, radial,
and lateral separations were measured. In addition, three
dimensional or "offdiagonal" separations were made. These
measured data were analyzed as broad-band and as
narrowband signals. The special case of T= 0 was evaluated to
yield space correlations. The variations in delay-time r and
spatial separation were used to infer convection velocities.

Initially, the broad-band space correlations were in-
vestigated. As predicted by Kraichnan4 and observed by
Scharton and White6 and others, for pressure the axial space
correlation differs markedly from the radial and lateral space
correlations. The lateral space correlations shown in Fig. 5
demonstrate an exponential form for small separations and an
inverse power law dependence for large separations. The
radial space correlations display a similar dependence on
separation distance. In contrast, the axial space correlations
shown in Fig. 6 are characterized by an exponentially damped
cosine behavior. The extent of the exponential dependence of
the radial and lateral space correlations varied between 35%
and 50% for a large range of flow conditions. This region is
assumed to be a manifestation of the hydrodynamic pressure
field within the jet flow. The axial space correlations are
described by two parameters: 1) a damping coefficient, and 2)
a wavelength of periodicity X. Lx

p was found to be in-
dependent of position and flow conditions.. However, A was
found to grow linearly with increasing axial position and to be
dependent upon the flow conditions. Thus, the expression

= \c(x-x0) (4)

was adopted in which Xc is dependent upon the velocity ratio.
The value of Xc was found to be 0.30 for zero velocity ratio
and 0.25 for 0.4 velocity ratio. References 1 and 3 discuss the
dependencies of Lx

p and Xc more completely. Since the mixing
layer width b also varies linearly with axial position, Ax/Z?
would be expected to collapse results for different velocity
ratios. This is clearly shown in Fig. 6.

The spatial separability of the three-dimensional space
correlation was investigated. Such separability implies that

, Ay, ) - Rpp(Ax,rj0) R (5)

The validity of this form was checked by comparing the
product of the three individual spatial correlations to the
corresponding "off-diagonal" results. Figure 7 verifies the
validity of Eq. (5). This is a very useful result since it allows
for the correction of the probe offset required by ex-
perimental limitations. The correlation data were acquired
using a radial probe offset ey. The effect of ey is nullified by
dividing a correlation function, e.g. R(Ax,ey,r]0j, by the value
of Rpp(^ytT\o) corresponding to Ay = ey. This correction
technique is further emphasized by the nomenclature in Fig. 7.

It is important to recognize the generality of the foregoing
comments about the two-point structure of the pressure field.
These results apply to both zero and nonzero velocity ratio
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Fig. 8 Narrow-band convected frame auto-correlations. r = 0.4;
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mixing layers and are independent of area ratio. Further, the
observations are equally applicable to broad-band and
narrow-band correlations. It is further noted that the data en-
compassed the full length of the mixing regions and extended
into the final transition region (x/dc = 6).
Convected Frame Pressure Field

The pressure field was found to have only an axial con-
vection velocity as the radial and lateral space-time
correlations displayed zero convection velocities. The axial
convection velocity was observed to be essentially constant
across the mixing layer and, further, to be nearly constant for
the first six core diameters, and equal to the mean velocity at
the centerline of mixing. These observations are valid for
velocity ratios ranging from 0.0 to 0.8.

The narrow-band convection velocities were also
calculated. They showed that the various frequency com-
ponents are convected at different speeds. For the centerline
of mixing, the low-frequency or large eddies travel slower
than the high-frequency or small eddies. Further, the large ed-
dies convect at about the velocity of the centerline of mixing,
while the small eddies have a convection velocity comparable
to the local mean velocity.

The broad-band and narrow-band convected frame integral
time scales were calculated from the space-time correlation
data. Figure 8 shows a set of narrow-band convected-frame
autocorrelations for several frequencies. The broad-band
result has been included for comparison. The characteristic
frequency (1750 = frequency which divides the spectral energy
content in half) for this data set was 2000 Hz. Figure 8 shows
that the large eddies persist for a larger distance downstream
than the small eddies. The general shape of these curves is ex-
ponential and such a form was used to estimate the integral
time scales, Tp(r}0), i.e.

*PP fro* r) = exp [ - 71 Tp (rj0) ] (6)
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The broad-band and narrow-band integral time scales were
constant across the mixing layer for a given axial position.
Their axial variation is not easily scaled, but was found to
decrease for the extent of the mixing regions. Further, the
broad-band integral time scale for pressure was relatively
large. In fact, it was nearly twice as large as the integral time
scale of the axial velocity component.

The narrow-band integral time scales are seen to be linearly
proportional to a length scale of wave number 2ir f)0/UCx
(BB), in Figure 9. The linear relationship holds for both the
low-and middle-range frequencies and is consistent with the
rather standard idea of fixed-frame frequencies being
associated with given eddy sizes. This concept is valid as long
as the frequencies are sufficiently low that viscous dissipation
effects are small. It also applied to velocity field results.
Figure 9 shows the results for two mixing regions of different
velocity ratios. These curves collapse onto one if the width of
the mixing layer b is incorporated into the abscissa, 2n jj0
b/Uc (BB). The broad-band axial convection velocity, Uc
(BB) is used in this relation.

Narrow-Band Space-Time Correlation Model

The observed functional forms of the space correlations
and the existence of spatial separability may be used to syn-
thesize a model for the narrow-band space-time correlation
function. The resulting expression is

Rpp (Ax, Ay, Az, r^r)

= exp —

cos
2irvi0[Ax-TUCx(ri0)] exp —

[T-Ax/UCx(ri0)]

(7)

This form is for the stationary frame and the axial coordinate
accounts for the convective effects. The time dependence is
simply incorporated by an exponential decay, i.e., the
autocorrelation of the convected frame. Kx,Ky, and Kz are
decay coefficients which are determined as follows:

0 Tp(i\Q)

/2irr]0Lp
y

(8)

(9)

(10)

A special case would be the axial narrow-band space-time
correlation formed by setting Ay and Az equal to zero in Eq.
(7). The axial functional form is compared to the actual
measured correlation in Fig. 10. The agreement for both the
location of the peak correlation and the shape of the curves is
good. A similar comparison was made by Planchon,3 but for
broad-band data. His results also gave good agreement for the
magnitude and placement (in time) of the peaks in the space-
time correlation curves. However, his predicted curves were
markedly narrower than the measured ones. This result was
attributed to a dispersive effect that broadens the space-time
correlation curve. The dispersive effect could be a result of the
various size eddies having different convection speeds. Fur-
ther, as the turbulence pattern is convected downstream, the
smaller eddies are dissipated. Thus, the flow is composed
mostly of the large, slow-moving eddies. The effect of this
condition is to broaden the space-time correlation for larger
delay times. This is not the case when only an individual
frequency component's behavior is considered. Thus, the
narrow-band space-time correlations do not display
significant dispersive effects. Therefore, the final conclusion

—— R p p (AX ,T ,n 0 ) FROM EQ. (4.2.3-6)

2.0 3.0
DELAY TIME (msec)

Fig. 10 Axial space-time narrow-band pressure correlation, x/d
= 1.33; 770=500 Hz; *7fl =180 fps; dc=3.0 in.; </fl =5.35 in.;
y/RBp=1.0.

is that the narrow-band correlations do demonstrate spatial
and temporal separability and are adequately represented by
Eq.(7).

IV. Conclusions
This investigation has encompassed both single-and two-

point turbulent structure of the fluctuating pressure field in a
co-annular nozzle configuration. Several major conclusions
are reached with respect to this pressure field, its structure and
its characteristics.

1) The pressure intensity due to turbulent-mean shear in-
teractions can be predicted from velocity field data—in par-
ticular, .v' anddU/dy .

2) The radial and lateral space correlations are fun-
damentally different from the axial space correlation.

3) Spatial separability is valid for both broad-band and
narrow-band data and is independent of area or velocity
ratios.

4) The narrow-band space-time correlations are separable
in both space and time.

5) An acceptable model for the narrow-band space-time
correlation function has been formulated.

6) The pressure field structure has a nonzero convection
velocity only for the axial direction.

7) The effect of velocity ratio has been accounted for by
utilizing the width of the mixing layer b as a length scale to
collapse results from different velocity ratios.

The general nature of the flowfield that evolves from this
investigation can be applied to the prediction of aerodynamic
jet noise. For example, the three distinct zones observed in the
co-annular flow should be treated as independent sound
sources. The expressions for the space-time correlation (Eq.
(7)] and the local pressure intensity [Eq. (1)] can be com-
bined to form a relation for the pressure field's covariance.
This quantity is exactly the source term in Ribner's2 for-
mulation of the aerodynamic noise produced by a turbulent
pressure field. These direct applications and other more subtle
points are discussed by Hammersley1 and are the subject of a
paper in preparation.
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