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This study is devoted to experiments on jet flows, which have many application areas. It shows the obtained
jet flow structure. The experiments were carried out in a subsonic sucking wind tunnel having cross-section of
32 x 32 cm?, length of 75 cm, and turbulence densities of 0.5%. One-channel hot-wire anemometer (HWA) was
used in measurements. For circular jet, a steel pipe was used with a length of 120 cm and a diameter of 8 mm. Air
generator was used for generating air into the jet flow and measurements were done at different jet flow velocities.
Moreover, a conical diffuser with a length of 21 cm and 6° slope was attached to the nozzle exit and effect of
this diffuser on jet flow was examined. Seven types of measurement in three different categories were carried out.
In experimental studies, velocity and turbulence distribution, axial velocity variation, jet half widths and, using
these, jet diffusion rates and angles were measured. Moreover, flow analyses were done by drawing moment and
frequency distribution for measurement sensitivity. These experimental results were compared with the studies on

jet flow.
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1. Introduction

Jet flow is one of the most important subjects, in
which main flow structures are investigated, and which
has many application areas, such as engine combustion,
in laser, in chemical and in drug industries. Many re-
searches have done experimental studies on jet flows. Al-
though the behaviour of this kind of jets is defined for
free jets, there are some deficiency, especially on turbu-
lence data, and suitable interaction of jet flows according
to starting conditions [1].

Many of the first studies were related to the free jet flow
development in the fluid environment. The first detailed
study on his subject was done by Trupel [2] in 1915. The
first researches studying this subject in more detail using
hot wire anemometer are: Reichardth in 1942, Corrsin
in 1946 [3]|, Hinze and Zijnen in 1949 [4], and Albert-
son et al. in 1950 [5]. Wygnanski and Fiedler showed in
1969 [6] various appearances of free jet turbulence struc-
tures and r.m.s. variations of turbulence fluctuation val-
ues along the jet axis using hot wire anemometer. Davies
and Fisher [7], Bradshaw [8], and Hussein and George [9]
have also studied the same subject. Taulbee [10] repeated
the study by using LDA (Laser Doppler Anemometry).
In these measurements it is seen that circular jet expan-
sion is slower than that of plain jet and isomorphic zone
is occurring at the distance of 50-70 times of nozzle di-
ameter. Antonia [11], and Komori and Ueda [12] stud-
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ied experimentally fully developed regions of the circular
jets by injecting jet in the same axial flow. Morris and
Zaman [13] studied the characteristics of a symmetrical
axial jet experimentally and numerically using hot wire
anemometer and double component anemometer. They
made measurements at the jet outlet and at the axis
and estimated the noise level using velocity fluctuations.
Sivakumar et al. studied the potential core region of the
circular jet using hot wire anemometer [14].

In this study, the frequency analysis was done of mea-
surements at the jet axis. As it is seen in Fig. la and
in Fig. 1b the frequency distributions at the axis show
similarity. In both graphs the peaks of the turbulence
movements are seen at the same frequency. The Strouhal
number at the exit is found as St = 0.021. This number is
found to be between 0.013 and 0.023 by many researches.
The Strouhal number found in this study also falls in this
range.
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Fig. 1. The frequency distributions of the measure-
ments in type A6, (a) /D = 0.3 station, (b) z/D =
12.5 station.

In the last years, the measurements of jet flows us-
ing hot wire anemometer have been done by many re-
searches [6, 9, 10, 15, 16, 17]. Jet expansion ratios of
jet flow structures, obtained in experimental studies, are
given in Table L.
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TABLE I
Comparison of jet expansion ratios of asymmetrical in-

compressible jets, found by the different researches.

Researchers Year | Spreading | Equipment

ratio type

Wygunanski, et al. [6] | 1969 0.086 HWA

Rodi [15] 1979 0.086 HWA

Capp [16] 1983 0.095 LDA
Panchakesan, et al. [17] | 1986 0.096 Moving HW
Taulbee, et al. [10] 1987 | 0.094-0.102 | LDA HWA
Hussein, et al. [9] 1989 0.094 Moving HW

In this study, velocity changes occurring along the jet
axis and jet expansion ratios are presented. As the sen-
sibility of the measurement statistics, the 4" moments
of the measurements were calculated and the frequency
distributions are shown.

For the case of tunnel velocity of 10 m/s and 20 m/s,
the axial velocity changes are presented in Fig. 2 and
Fig.3 , and the axial velocities are shown in Table II and
Table II. As it is seen from the figures, velocity linearly

decreases at the axis.
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Fig. 3. Axial velocity change at tunnel velocity of
20 m/s.

When the tunnel velocity was 10 m/s and «/D = 12.5,
the measurements show that the maximum velocity drop
is in type A6 and the minimum drop is in type A2 experi-
ment. In the other types of measurements the results are
close to each other. In the measurements at «/D = 31.2
and z/D = 50 stations the maximum velocity drops are
in types A4 and A2 experiments.

When the tunnel velocity was 20 m/s and «/D = 12.5,
the maximum velocity drop is in type A3 and then in
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A5 and AT types. At the /D = 31.2 and /D = 50
stations, the results are the same.

Jet expansion radios, angles and jet half widths are
shown in Tables II and III for the measurements at the
tunnel velocities of 10 m/s and 20 m/s. Jet expansion
values calculated according to jet half widths are shown
also in Fig. 4 and Fig. 5.

TABLE IT

Jet expansion radios, angles and jet half
widths at different stations at tunnel ve-
locity of 10 m/s.

Code | #/D =125 |x/D =31.2 [ /D = 50

Spreading ratio

A2 0.047 0.0223 0.03
A4 0.063 0.0347 0.023
A6 0.059 0.055 0.0293
Angles, [°]
A2 2.69 1.28 1.72
A4 3.6 1.99 1.32
A6 3.4 3.15 1.68
Jet half width (b, [m])
A2 0.00476 0.00565 0.01204
A4 0.00642 0.00873 0.009241
A5 0.0061 0.01389 0.0118
TABLE III

Jet expansion radios, angles and jet half
widths at different stations at tunnel ve-
locity of 10 m/s.

Code | #/D =125 [x/D =31.2 [ z/D = 50

Spreading ratio

A3 0.047 0.0373 0.0335
A5 0.027 0.0396 0.1061
AT 0.045 0.0333 0.0881
Angles, [°]
A3 2.7 2.14 1.92
Ab 1.54 2.27 6.06
A7 1.55 1.91 5.04
Jet half width (b, [m])
A3 0.00479 0.00936 0.013431
A5 0.00271 0.00399 0.042549
AT 0.00447 0.00837 0.035283

Figures 4 and 5 show the results of jet half width mea-
surements. Here jet half width b is dimensionalized by
pipe diameter D. In the measurements at tunnel velocity
of 10 m/s, for A6 type, it is seen that the jet half width
is large at the beginning but later it decreases due to the
effect of the conical part on jet flow structure. It is seen
that after moving away from the jet’s outlet the effect of
the conical part is reduced and jet half width expands
again. In the A4 types it is seen that after /D = 20, jet
expansion is similar to that of A6 type.

In the measurements at the tunnel velocity of 20 m/s
the similar behaviour, to that of A2, A4 and A6 types
measurements is seen up to /D = 10, but later jet half
width at A3 type becomes similar to that of A4. The jet
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half widths at A5 and A7 types are about 3 times bigger
than the ones for the other types.
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Fig. 4. Jet expansion ratios at tunnel velocity of
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2. Experimental method and elements of
measurement setup

Experimental studies were done in the wind tunnel
shown in Fig. 6 [18]. In the turbulence measurements
hot wire anemometer (HWA) is used. 55P14-type probe
is calibrated using Pitot tube. A fan of 5.5 kW is used
to generate artificial wind in the wind tunnel. A speed
control unit made the adjustment of the fan revolution
speed. Air compressed by the air generator is sent to
the pipe to produce the jet flow. At the inlet the pipe
goes through the flow regulator, installed inside the test
chamber. The conical piece supported by the flow reg-
ulator is placed at the exit of the pipe, as is shown in
Fig. 7. A steel pipe with a length of 1 m and diameter of
8 mm was used for the jet flow measurements. A conical
attachment having a slope of 6° and 21 cm length was
placed at the outlet of the pipe, on the same axis and
at the same edge. In another experiment the outlet of
the pipe was placed 2 cm behind the outlet of the conical
piece. The connection of the air generator to the jet pipe
and structure of the test chamber is seen in Fig. 8 [19].

3. Experimental studies

In the wind tunnel, the cross section of the entrance
of the test chamber is 320 x 320 mm? and at the exit it
is 336 x 336 mm?. The maximum speed in the tunnel is
40 m/s and the length of the test chamber is 75 cm .The
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Fig. 6. Wind tunnel [18]: 1- Inlet port, 2- Resting
chamber, 3- Collector, 4- Testing zone, 5- Diffusion
adapter, 6-Diffuser, 7- Exit resting chamber, 8- Fan con-
nection , 9- Fan cabin, 10- Fan, 11- Tunnel chassis, 12-
Tunnel carrying wheel, 13- Speed control unit, 14- Pitot
tube, 15- Manometer, 16- Temperature probe, 17- Com-
puter, 18- Hot wire anemometer unit, 19- Oscilloscope,
20- Table.
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Fig. 7. Positioning of the conical piece on the jet flow
pipe.

turbulence intensity in the experimental studies is 40%.
Hot wire anemometer with one channel is used for tur-
bulence measurements. The calibration of the hot wire
anemometer probe is made by Pitot static tube. To de-
termine flow characteristics during turbulence measure-
ments, spectral analysis of the velocity-time data was
made and Strouhal number was found to be 0.021.

Fig. 8. Experimental Testing Scheme with Jet Air
Generator [19]: 1. Jet Air Generator, 2. Computer, 3.
Data analysis element, 4. Time Series, 5. Linearization,
6. Wheatstone bridge and servo amplifier, 7. Digital
Pitot Static Tube Screen, 8. Pitot Tube, 9. Coaxial
Cable, 10. Testing Room, 11. Probe Support, 12. En-
trance of the wind tunnel testing room, 13. Jet pipe
element, 14. Probe, 15. Pipe connection element.
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Experimental studies are classified in three categories:

e Circular jet measurements at different velocities
without conical attachment (A1, A2, A3)

e Tunnel velocity is 10 m/s. First measurement; the
outlet of the conical attachment and jet outlet are
at the same level. Second measurement; jet outlet
is placed 2 cm behind of the outlet of the conical
attachment, (A4, A6).

e Tunnel velocity is 20 m/s. First measurement; the
outlet of the conical attachment and jet outlet are
at the same level. Second measurement; jet outlet
is placed 2 cm behind of the outlet of the conical
attachment, (A5, A7).

The data obtained after the measurements, the flow
profiles, dimensionless velocity and turbulence distribu-
tion are shown in the graphs. The measurement types
made in these categories are shown in Table IV.

TABLE IV
Types of measurement in the experimental studies.
Code| Conical |Conical| Location | U; | Uy | Fig.
flow angle [°] [m/s]{[m/s]
Al |no attachm. - - 30 0 9
A2 [no attachm. - - 30 | 10 (10,12,13
A3 |no attachm. - - 30 | 20 |11,14,15
A4 open 6 same level | 30 | 10 13
Ab open 6 same level | 30 | 20 | 14,15
A6 open 6 2cm behind| 30 | 10 13
A7 open 6 2cm behind| 30 | 20 | 14,15

3.1. Circular jet measurements

In order to see the effect of the conical attachments
on the circular jet structure, measurement were made
in three different conditions; when jet flow velocity was
30 m/s with no tunnel flow, when tunnel velocity was
10 m/s and 20 m/s. The results of measurements were
axially symmetrical. Using the data obtained in the
experiments, the distributions of dimensionless velocity
were calculated and results are given in Fig. 9a, 10a and
11a. Distributions of U,.,,s, indicating turbulence are
given in Fig. 9b, 10b and 11b. Axial velocity U, jet
half width b, and Rep and Re, values obtained accord-
ing to the pipe diameters and jet half widths are given in
Table V. Measurements are made at four stations with
x/D = 0.3, 12.5, 31.2 and 50.

3.2. Jet flow with conical attachment when tunnel
velocity is 10 m/s

When the tunnel velocity was 10 m/s the conical at-
tachment having a slope of 6° was placed in two different
positions and the measurement were made. At first, the
conical attachment was placed at the outlet of the pipe on
the same axis and at the same edge. Secondly, the outlet

TABLE V
Axial velocities, jet half widths and
Reynolds Numbers at measurements of A1,
A2 and A3 types.

z/D| U. b Rep Rep
j/s] | fm]
Al
0.3 | 29.72 | 0.00388 | 14962 | 7271
12.5 | 15.46 | 0.01019 | 7783 9911
31.2 | 8.522 | 0.02732 | 4290 | 14653
60 | 6.718 | 0.04853 | 3382 | 20519

A2
0.3 | 30.04 | 0.003629 | 15305 | 6843
12.5 | 19.658 | 0.004765 | 9897 | 5894
31.2 | 14.655 | 0.005648 | 7378 5208
60 |12.976 | 0.01204 | 6532 9832
A3
0.3 | 30.805 | 0.00568 | 15509 | 11028
12.5 | 23.172 | 0.00478 | 12667 | 6980
31.2 | 19.924 | 0.00936 | 11666 | 11740
60 | 19.187 | 0.01343 | 9659 | 16218
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Fig. 9. Circular jet flow measurements without tunnel
flow. (a) Dimensionless velocity distributions, (b) Urms
distributions.

Fig. 10. Circular jet flow measurements when tunnel
velocity is 10 m/s. (a) Dimensionless velocity distribu-
tions, (b) Uy distributions.

Fig. 11. Circular jet flow measurements when tunnel
velocity is 20 m/s. (a) Dimensionless velocity distribu-
tions, (b) Urms distributions.
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of the pipe was placed 2 cm behind the outlet of the con-
ical piece. Using the data obtained during the measure-
ments, dimensionless velocity distributions are shown in
Fig. 12a for station /D = 0.3, in Fig. 12b for station
x/D = 12.5, in Fig. 12c for station x/D = 31.2 and in
Fig. 12d for station /D = 50. Uy, values are shown
in Fig. 13a for station /D = 0.3, in Fig. 13b for station
x/D = 12.5, in Fig. 13c for station /D = 31.2 and in
Fig. 13d for station x/D = 50.

a) XID=0,3 b)

= A2
A4
£ | -+ A6

axUnin)

(U-Upgin)(Upy

-20 -10 0 10 20 0

11 12
XD=3122 o St
oy =-A2 1 ’f\v
= A4 IR\ A2
: 07 08 I| %
= A6 3 " A4
S o0s 2 o8 R\ A8
E 5 4 A
2 o3 % os il A
= 5 b \
N 3 { A “
01 T T 02 ‘A“.f “\ «
X SLatoes \\// \ £/
04 N 0 aggeesel \sbadens,
"0 5 0 5 10 i g $ X .
] b
Fig. 12. Jet flow with conical attachment when tunnel

velocity is 10 m/s. Dimensionless velocity distributions
at station (a) /D = 0.3, (b) /D = 12.5, (¢) /D =
31.2, (d) z/D = 50.
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Fig. 13. Jet flow with conical attachment when tunnel

velocity is 10 m/s. Up, distributions at station (a)

x/D = 0.3, (b) x/D =12.5, (¢c) /D =31.2, (d) /D =

50.

Values of axial velocities U,, jet half widths b , and
Rep and Rey, obtained according to the inner pipe diam-
eters and jet half widths are given in Table VI. Measure-
ments were made at four stations as /D = 0.3, 12.5,
31.2 and 50.

Axial

velocities,

TABLE VI

jet half widths

and

Reynolds numbers at measurements of A2,
A4 and A6 types.
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z/D| U. b Rep Rep
j/s] | fm]
A2
0.3 | 30.04 | 0.00362 | 15305 | 6843
12.5 | 19.65 | 0.00476 | 9897 | 5894
31.2 | 14.65 | 0.00564 | 7378 5208
50 | 12.97 | 0.01204 | 6532 9832
A4
0.3 | 29.44 | 0.003188 | 14821 | 5891
12.5 | 19.09 | 0.006417 | 9613 7710
31.2 | 14.16 | 0.008728 | 7130 7778
50 12.29 | 0.009241 | 6191 7152
A6
0.3 | 29.63 | 0.00579 | 14917 | 10796
12.5 | 15.524 | 0.00356 | 7815 3478
31.2 | 13.092 | 0.00566 | 6591 4663
50 |11.436 | 0.0140 | 5757 | 10075

3.8. Jet flow with conical attachment when tunnel
velocity is 20 m/s

When the tunnel velocity was 20 m/s the conical at-
tachment having a slope of 6° was placed in two different
positions and the measurement were made. At first, the
conical attachment was placed at the outlet of the pipe
on the same axis and at the same edge. Secondly, the
outlet of the pipe was placed 2 cm behind the outlet of
the conical piece. Using the data obtained during mea-
surements, the dimensionless velocity distributions are
shown in Fig. 14a for /D = 0.3 station, in Fig. 14b for
x/D = 12.5 station, in Fig.14 ¢ for /D = 31.2 station
and in Fig. 14d for /D = 50 station. U, values are
shown in Fig. 15a for /D = 0.3 station, in Fig. 15b for
x/D = 12.5 station, in Fig. 15¢ for /D = 31.2 station
and in Fig. 15d for /D = 50 station.

Axial velocities Uy, jet half widths b, and Rep and Rey
values obtained according to the inner pipe diameters and
jet half widths are given in Table VII. Measurements were
made at four stations with /D = 0.3, 12.5, 31.2 and 50.

4. Results and conclusions

The experiments were made in 3 different categories
and 7 types at 4 stations positioned behind the jet’s out-
let at /D = 0.3, 12.5, 31.2 and 50. Circular jet flow
experiments at 3 types were carried out to obtain a ref-
erence before the jet flow experiments with the conical
attachments. In the other cases, when the jet velocity
was 30 m/s the tunnel velocities were set to 10 m/s and
20 m/s at two different positions of the conical piece rel-
ative to the pipe.

At first, measurements were taken for the circular jet
flow, when the maximum velocity of the jet was 30 m/s
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Fig. 14. Jet flow with conical attachment when tunnel
velocity is 20 m/s. Dimensionless velocity distributions
at station (a) /D = 0.3, (b) /D = 12.5, (¢) /D =
31.2, (d) z/D = 50.
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Fig. 15. Jet flow with conical attachment when tunnel
velocity is 20 m/s. Uppms distributions at (a) z/D = 0.3,
(b) z/D =12.5, (¢) /D = 31.2, (d) /D = 50 stations.

and without flow in the tunnel (Al). Later, measure-
ments were taken at the tunnel velocities of 10 m/s (A2)
and 20 m/s (A3). As the U,/U; ratio increases the ef-
fect of the jet flow drops. When the tunnel velocity is
20 m/s and x/D = 50, it is seen that the effect of the jet
vanishes and becomes track flow. In these categories and
in all types, similar structures are seen in the turbulence
distributions, however when U,/U; = 0.33 the velocity
and turbulence profiles are in a smoother structure. In
this category it is seen that circular jet flow structures are
consistent with the jet flow structures in the literature.

Secondly the measurements were made when the tun-
nel velocity was 10 m/s and the jet velocity was 30 m/s.
In A4 type, the conical attachment was placed at the out-
let of the pipe on the same axis and at the same edge. In
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TABLE VII
Axial velocities, jet half widths and

Reynolds numbers at measurements of A3,
A5 and AT types.

z/D| U. b Rep Rep
j/s] | fm]
A3
0.3 | 30.8 | 0.00569 | 15509 | 11029
12.5 | 23.172 | 0.00479 | 12667 | 6981
31.2 | 19.924 | 0.00936 | 11666 | 11741
50 |19.187 | 0.01343 | 9659 | 16218
A5
0.3 | 29.3 |0.003806 | 14751 | 7018
12.5 | 23.446 | 0.002711 | 11804 | 4000
31.2 | 20.736 | 0.00399 | 10439 | 5206
50 | 19.836 | 0.042549 | 9986 | 53115
A7
0.3 | 30.27 | 0.002611 | 15239 | 4973
12.5 | 23.672 | 0.004471 | 11917 | 7022
31.2 | 21.273 | 0.008373 | 10710 | 11209
50 |19.917 | 0.035283 | 10027 | 44224

A6 type, the outlet of the pipe was placed 2 cm behind
the outlet of the conical piece. In these two types four
different stations were used. In the first station, at A4
type the jet half width is smaller in comparison with the
one in the circular jet, and at A6 type the jet half width
is bigger than the one in the circular jet. Axial velocities
are slightly smaller than the ones in the circular jet. In
the second station, at A2 and A4 types the axial veloci-
ties are close to each other, but they are low at type A6.
Jet half widths are maximum at A4 type, then the values
drops at A2 and A6 types. Jet half width at A6 type is
lower than the one at the first station. In the third sta-
tion, Jet half widths are maximum at A4 type and the
values are the same at A2 and A6 types. Axial velocities
are close to each other in the three types. In the last
station, jet half widths are maximum at A6 type then
the values drop at A2 and A4 types respectively. In this
station, axial velocities are close to each other also. It is
seen that Reynolds numbers drop from the first station
up to the last station depending on the axial velocities at
all types. The affect of the conical attachment on circu-
lar jet flow is seen in Fig. 12 and Fig. 13 in graphs with
dimensionless velocity and U,.,,s distribution, which con-
stitute the jet flow profile. As it is seen in the figures, the
flow structures of A2, A4 and A6 types have smoother
distribution than the ones of A3, A5 and A7 types.

At last, the measurements were made when the tunnel
velocity was 20 m/s and the jet velocity was 30 m/s. In
A5 type, the conical attachment was placed at the outlet
of the pipe at the same axis and at the same edge. In A7
type, the outlet of the pipe was placed 2 cm behind the
outlet of the conical piece. In these two types four differ-
ent stations were used. In all the measurements of this
group, the maximum velocity is seen in the first station,
and velocity decreases towards the other stations. Since
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U;/U; ratio is high (0.66) the jet profiles in this group
are more irregular, than the ones in the other groups, as
it is seen in Fig. 13 and Fig. 14. Secondary flow velocity
profiles, due to conical effect are more clear in this group
and they apply pressure on the circular jet flow profile.
In fact they tend to change the circular jet flow profile
into trace flow profile at the last two stations. Since the
U,ms distribution is irregular, the fact that the flow pro-
file structure is spoiled is supported in this group also.
Again it is seen in the measurements of this group that
variation of the Reynolds number is small since the ve-
locity ratio is high.

In conclusion; experimental studies of circular jet flow
with and without conical attachment were done in the
subsonic wind tunnel designed and made in Marmara
University. Dimensionless velocity distribution, U,p,s
distribution, axial velocity drop and jet half widths ob-
tained using the experimental data were shown in graph-
ics and tables. The effect of the conical piece on the
circular jet flow was analyzed.
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