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Measurements of the Velocity-Pressure Correlation in a
Circular Turbulent Jet *!
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Measurements of the velocity-pressure correlations, double- and triple-velocity correlations called
the pressure-diffusion, Reynolds stress and the turbulent transport, respectively, in the self-preserving
circular turbulent jet were carried out in the water tank in order to evaluate the magnitude and the
structure of the turbulent diffusion terms. The velocity and the pressure in the jet were simultaneously
measured by an X-type hot film sensor and a pressure transducer with a fine static pressure tube re-
spectively. Measured data show that the structure of the turbulent transport in the circular turbulent
Jet is similar to the structure modeled by differentiating the Reynolds stress called the gradient diffu-
sion model when the pressure-diffusion is unrelated, however, the structure of the pressure-diffusion
and the turbulent transport are different from the gradient diffusion model when these terms should
be modeled together. The problems and possibility of the modeling of the pressure-diffusion term

are discussed using measured data.
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1. Introduction

In the present time, the numerical simulation us-
ing the time-averaged turbulence transport equations
is a powerful and practical tool to study a very high
Reynolds number flow, which is like a flow past a ship.
The study of the turbulence modeling, which is an in-
dispensable problem to solve the basic equations of the
turbulent flow numerically, has been evolving with the
development of the computational fluid dynamics. It
is particularly important to study the Reynolds stress
transport equation, due to the fact that the turbulent
kinetic energy equation, known as more practical tur-
bulence transport equation, is also derived from the
Reynolds stress transport equation.

The pressure-diffusion term, one of the terms of the
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Reynolds stress transport equation, has been disre-
garded in the process of the modeling because the term
has been considered small compared to the turbulent
transport term or the term has been considered a part
of the turbulent diffusion terms. Recently, we consider
that the pressure-diffusion is an important function in
a high Reynolds number turbulent shear flow and it
has to be studied.

Two methods to confirm a turbulence modeling are
known. The first one is the direct numerical simu-
lation (DNS), but the DNS has no capability of be-
ing used for a high Reynolds number flow. The sec-
ond one is a measurement. Measurements for the
Reynolds stress and the turbulent transport have been
carried out by many researchers 1)2)3), however, it has
been considered that measurements for the pressure-
diffusion, the redistribution, and the dissipation are
impossible. Shirahama and Toyoda 4) introduced a
measurement method of the pressure-diffusion in the
wind tunnel. They used an X-type hot film sensor for
the measurement of fluctuating velocities and a micro-
phone for the measurement of the fluctuating pressure



in order to measure the pressure-diffusion in the jets.

In accordance with Shirahama and Toyoda method,
we measured the pressure-diffusion in a circular tur-
bulent jet. An X-type hot film sensor for the mea-
surement of the velocities was also used. Meanwhile,
we carried out experiments in a water tank because
lower frequency was expected, as compared to an ex-
periment in a wind tunnel, and we adopted a pres-
sure transducer for the purpose of a measurement of
a pressure fluctuation. Our total system had a suffi-
cient performance, since the predicted frequency range
of the flow was up to 1kHz.

The flow which we investigated is a self-preserving
circular turbulent jet. It is known that the jet is a self-
preserving flow for the time-averaged velocity, when
z/D > 8, where D is the inside diameter of the noz-
zle, and z is the distance from the nozzle. It is also
known that the jet, where z/D > 8, is not a self-
preserving flow for the Reynolds stress which is still
developing even when z/D = 40 5 Gértler’s the-
ory and Tollmien’s theory 6) are known as principal
According to Géortler’s theory, the
eddy viscosity v: is considered a constant value, and

theories of jets.

its time-averaged velocity distributions agree with ex-
Neverthe-
less, the distributions are shifted from experiments in
the peripheral part of the jet. On the contrary, the
time-averaged velocity distributions of Tollmien’s the-

periments in the central part of the jet.

ory are shifted from experiments in the central part
of the jet; however, the distributions agree with ex-
periments in the peripheral part of the jet. A gradi-
ent diffusion model of the Reynolds stress under the
Gortler’s assumption (v¢ = const.) will be discussed,
and in addition the Gortler’s assumption modified by
an intermittency factor will be studied.

2. Pressure-Diffusion

The following equation is referred to as the
Reynolds stress transport equation :
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where R;; = 7;U; is the Reynolds stress, F;; is the
production, T;; is the turbulent transport, &;; is the
molecular diffusion, ;; is the pressure-diffusion, ®.;
is the redistribution, e;; is the dissipation and 4;; is
the Kronecker delta. P;; , T;; and X;; are measurable
but ®;; and ¢;; are unmeasured terms.

It is rare to use this equation itself for application
problems, because eleven basic equations are required
for the numerical simulation. Accordingly six equa-
tions of Eq.(1) in eleven basic equations are often re-
duced to one equation called the turbulent kinetic en-
ergy equation. In the present study, we could not in-
vestigate the turbulent kinetic energy k, because we do
not have a triple hot film sensor which can be used in
the water, therefore, we go back to the Reynolds stress
transport equation, and study the pressure-diffusion of
the equation.

The Reynolds stress transport equation (Eq.(1))
cannot be solved without the modeling for T;;, %;;,
m;; and ¢;j, since the equation is not a closure. In
this paper, we focus on the diffusion terms (D;; =
T:; + Xi; + mi;) of the equation. It is well-known that
%;; is small, compared with T;; and m;;, in view of
v &€ v, consequently hereafter we ignore 3;;. The
most fundamental modeling of D;; is a gradient diffu-
sion model of the Reynolds stress :

I _ v —
vvjvy + ;(P'UE ik + PV ) & —éak(vivﬁ), (8)

where o, is the turbulent Prandtl number considered
a constant of 1. From now, the velocity fluctuations
(v}, vh) in the z- and y-direction are expressed as v’
and v’ respectively. In this paper, the number of cases
in Eq.(8) will be measured and discussed.

3. Experimental Setup

Experiments were performed in the circulating wa-
ter channel at the National Defense Academy. The
principal dimensions of the observation part of the cir-
culating water channel are a length of 5.0m, a width of
1.8m and a depth of 1.0m. The circulating water chan-
nel was activated only in the course of calibrating a
hot film sensor, and the circulating water channel was
used only as a static water tank while the turbulence
in the circular turbulent jet was measured.
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Fig. 1 Experimental setup.
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Fig. 2 Static pressure tube and X-type hot film
sensor.

A plastic pipe used as a nozzle (20mmd¢), a wa-
ter pump and sensors were installed as illustrated in
Fig.1. The nozzle and the water pump were connected
by a hose (23mm¢), and a circular turbulent jet was
generated by operating the pump. The nozzle was per-
pendicularly cut off. The straight length of the pipe
was 500mm.

The coordinate system in this paper is also shown
in Fig.1.

An X-type hot film sensor (TSI 1241-20W), which is
able to measure 2-components (x-y) fluctuating veloc-
ities simultaneously, was used. The length of sensing
area of the sensor was 1.02mm, and the diameter of
the support of the sensor was 3.2mm.

As shown in Fig.2, the fluctuating pressure
was measured by a very fine static pressure tube
(outside diameter 1mm, inside diameter 0.8mm)
with the pressure transducer (SSK P204-02, rated
capacity:0.2kg/cm?®).  Four static pressure holes,
whose diameter is 0.4mm, were in the position of
20mm from the tip of the static pressure tube. The
closest static pressure hole was set lmm apart from
the hot film sensor probe.

The fluctuating velocity and pressure distributions
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Fig. 3 Time-averaged velocity distributions and
Gortler’s theory (2 = 0).
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Fig. 4 Reynolds stress u’u’ and hand-traced
spline curve (z = 0).

were measured by a digitizer (IFA300) simultaneously,
and the measured data were transferred to a com-
puter.

4. Experimental Results and Discussions

Calibration for the X-type hot film sensor was per-
formed using velocities in a uniform flow generated by
activating the circulating water channel. The voltage
of the uniform flow was measured, and the measured
voltage was calibrated to the velocities measured by
a pitot tube. During calibrations, the nozzle and the
water pump in Fig.1 were removed. The calibration
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Fig. 5 Turbulent transport u/u/v’ and differen-
tial of Reynolds stress u/u’ (z = 0).
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Fig. 6 Measured intermittency factor in jet (z =
0).

data for velocity were fitted to a fourth dimensional
function, as was usually used. The measuring time for
every measuring point in this study was 52 seconds.
The sampling rate was 5kHz.

Calibration for the static pressure was conducted by
the pressure transducer with the static pressure tube
. going up and down in the z-direction in the still water.
The calibration data for the static pressure were fitted
to a linear function.

In Fig.3, the time-averaged velocity distributions at
820mm distance from the nozzle are shown. Compar-

ing Gortler’s theory 6) based on the maximum velocity
and the half velocity, measured velocity distributions
of the jet in —100mm < y < 100mm region agree
with the theory. Nevertheless, the velocity distribu-
tions outside of y = £150mm are slightly smaller than
the theory , as mentioned before.
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Fig. 7 Reynolds stress u/v’ and hand-traced
spline curve (z = 0).
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Fig. 8 Pressure-diffusion u’_p’, turbulent trans-
port w'v'v’ and differential of Reynolds
stress u/v’ (z = 0).

From now, the gradient diffusion model of the
Reynolds stress shown in Eq.(8) will be compared with
the measured data, and accuracy of the modeling will
be investigated.
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Eq.(8) when ¢ =
w'u'v & —wvfor - 82(u'u’), which does not include

j = L,k = 2 is expressed as
the pressure-diffusion. Fig.4 shows the measured
Reynolds stress w'u/. A well-known two peak struc-
ture can be found. The solid line in Fig.4 is a hand-
traced spline curve of w'+/, and differential of the curve
in the y-direction is drawn in Fig.5 as a solid line.
It obviously can be said that the turbulent transport
wWu'v corresponds to the differential of the u'u’ curve

under the condition : v;/ox = 2.5 x 1072, which is
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Fig. 12 Pressure-diffusion and turbulent trans-
port in x-direction (y = 0).

determined in order to equalize these two quantities.
According to Gortler’s theory, the eddy viscisity v¢ in
the jet is considered a constant, and o is usually de-
fined as a constant of 1. It is evident from the above
consideration that the gradient diffusion model of the
Reynolds stress '« for the turbulent transport w/uw/v’
without the pressure-diffusion is an accurate model-
ing. ‘

The time-averaged velocity distributions disagree
with experimental results in the peripheral part of the
jet, as mentioned before, because v; of Gortler’s the-



ory is considered a constant. There are two states in
jet, a laminar flow and a turbulent flow. The rate in
time when the state is a turbulent flow is called the in-
termittency factor. The eddy viscosity v; is improved
by the intermittency factor  as v; = yvi., where v
is the eddy viscosity at the center of the jet. In Fig.6,
the intermittency factor obtained from the measured
velocity distributions is shown. The flow is consid-
ered as a turbulent flow, when the absolute value of
the time derivative of the velocity in the x-direction
is larger than 3/2, and when the above condition is
found for two consecutive times. The constant value
3/2 is determined as the intermittency factor becomes
1 in the central part of the jet, and 0 in the peripheral
part. The dash line in Fig.5 is the improved curve
of the solid line by the intermittency factor. Evident
difference is not found between both lines.

Second, we discuss the gradient diffusion model of
the Reynolds stress w/ov’ for the turbulent transport
w'v'v’ and the pressure-diffusion 1/p - 'p’. The tur-
bulence modeling is expressed as w'v'v’ + 1/p- u'p’ =
—vifor - 82(W0), where vy /oy = 2.5 x 1073, which is
defined above. Measured w'v' distributions are shown
in Fig.7. The solid line in the figure is the hand-traced
spline curve of w'v’. The differential of the spline curve
is shown in Fig.8 as a solid line. It obviously can be
found that to ignore the pressure-diffusion is inade-
quate, and the turbulent transport u'v’v’ should be
modeled with the pressure-diffusion 1/p - u'p’. From
Fig.8, disagreement between the solid line and the
black round marks outside of +50mm can be found,
although the magnitude of the solid line agrees with
the black round marks inside of £50mm. The dash
line is the improved line of the solid line by the in-
termittency factor shown in Fig.6. The dash line is
better than the solid line, however, it can be said that
the gradient diffusion model of the Reynolds stress
u'v’ cannot sufficiently explain the structure of the
turbulent transport w'v'v’ and the pressure-diffusion
1/p - wp’. The fact suggests that an individual mod-
eling for each term is necessary.

Next, we discuss the gradient diffusion model
of Reynolds stress v'v’ for the turbulent transport
v'v'v" and the pressure-diffusion 1/p - v'p’. Measured
Reynolds stress v'v’ is shown in Fig.9, and the solid
line is the hand-traced spline curve of v/v’. The solid
line in Fig.10 is the differential of the spline curve,

when v1/ox = 2.5 x 1073, The form of the curve

is similar to v'v'v’, however, the magnitude is differ-
ent. Comparing between the solid line and the black
round marks, it can be said that the turbulent trans-
port v'v'v’ may be modeled by the gradient diffusion
model of the Reynolds stress /', but an independent
modeling for the pressure-diffusion 1/p - v'p’ may be
needed. From the dash line of [Fig.10, it is found that
the problem of the modeling is not resolved although
the intermittency factor is adopted.

So far, we have been discussing gradient diffusion
models in the y-direction. Finally, we discuss a gra-
dient diffusion model in the x-direction. In Fig.11,
the Reynolds stress distributions in the x-direction are
shown. It is seemed that the distributions are decreas-
ing linearly. The gradient diffusion model demands
that w'w'u'+2/p-w'p’ and w'v'v’ be constants, however,
as shown in Fig.12, they are not constants. It seems
that the gradient diffusion model of the Reynolds
stress in the x-direction for the turbulent transport
and the pressure-diffusion collapses.

The time-averaged experimental data introduced
in this paper and some supplementary explana-
tions in Japanese are opened to the public domain:

http://www.nda.ac.jp/cc/users/yabu 8).

5. Conclusions

double-
triple-velocity correlations in a self-preserving circu-

The pressure-velocity correlation, and
lar turbulent jet were measured in the water tank by
means of an X-type hot film sensor and a pressure
transducer with a very fine static pressure tube in or-
der to confirm an accuracy of a turbulent modeling for
the turbulent transport and the pressure-diffusion.

The magnitude of the pressure-diffusion is suffi-
ciently so large in a circular turbulent jet that it may
not be disregarded.

The gradient diffusion model of the Reynolds stress
w'' in the y-direction agrees with the measured tur-
bulent transport v'u’v’, when the pressure-diffusion is
unrelated to the modeling.

Nevertheless, the gradient diffusion model of the
Reynolds stress w'v’,v’v’ in the y-direction disagrees
with adding the measured turbulent transport w/v'v’,
v'v'v’ and pressure-diffusion 1/p - u'p/, 2/p - v'p’ re-
spectively, when the pressure-diffusion is related to
the modeling.

The gradient diffusion model modified by an in-
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termittency factor is better than the modeling of
vy = const., however, the accuracy of the modified
modeling is insufficient.

The gradient diffusion model of the Reynolds stress
wu’, v'v' in the x-direction has no capability of il-
lustrating the turbutent transport and the pressure-
diffusion.

The limitation of the gradient diffusion model for
adding the turbulent transport and the pressure-
diffusion is found.
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Discussion

[Discussion]  (Kobe University of Merchant Ma-
rine) Shigeru Nishio

I am pleased if you show me the characteristics of
your system in frequency domain. Do you find any
large difficulty with the phase delay or the damping
of measured pressure, which would be caused by the
very fine static tube, the limited capability of pressure
sensor and the characteristics of signal processing sys-
tem?

[Author’s Reply]

Thank you for your discussion. We used an A/D
converter (digitizer) which can acquire multiple chan-
nel voltages simultaneously. According to the details
of the specification in catalog data for the pressure
transducer and the hot film sensor, our measuring in-
struments have enough frequency capability for the
measurement targets. We also considered the fre-
quency response characteristic of the pressure trans-
ducer using sonar in the range of 5kHz and 10kHz.
From the measurement results, we found that the pres-
sure transducer responds to the sound of the sonar
very well, and it means that the transducer can be
used for the measurement of the turbulent flow whose
predicted frequency is under 1kHz in the water. We
did not investigate the damping; however, the static
pressure tube we used is the same as the tube in-
troduced and investigated by Shirahama et al¥) We
thought that the dampling is small.





