
The comparison is again shown in Figure A2. Agreement is 
not YO good in this case, as expected. However, we should 
reiterate that this is a worst case example which perhaps suf- 
fers further in accuracy from the choice of a correlation for 
hf, which predicts Nuj, 3 0 as Re 3 0. In the vast majority 

of cases, having substantially lower k,,/k,, higher Re, and 
perhaps larger dt/d,, the accuracy will be as good if not 
better than that shown in the upper diagram of Figure A2. 

~~~~h 1, and 
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Hot Wire Measurement in the Interacting 
Two-PIa ne Pa ra I IeI Jets 

This study presents the data of turbulence properties in the two-plane 
parallel air jets which merge as they issue into still surroundings. These 
turbulent properties (time averaged and root mean square velocities, Eule- 
rian auto and cross correlation coefficients, various scales of turbuIence, 
energy spectra, and probability density functions of fluctuating velocities) 
were measured in both the converging and combined regions of the jets by 
using the X array, hot wire anemometers. 

The negative high shear stress existed in the merging region. Strictly 
speaking, the turbulent flow in this region is not isotropic. In the combined 
region, the turbulent mechanics of these jets are essentially the same as 
that of the single plane jet. All of the spectra in these jets had a slope of 
5/3 over about one decade of the wave number space. The probability 
density functions were Gaussian except for the boundary to the surround- 
ing air. 

SCOPE 

Two parallel jets interact with each other and tend 
to merge into a single jet at  the downstream of the jets 
when they issue from adjacent two nozzles into still 
surroundings. The interacting turbulent jets are able to 
accomplish rapid and complete mixing of fluids. These 
flows have numerous important applications, for example, 
thrust augmentors, waste disposal plumes from stacks 
and combustion systems, and significant problems of 
turbulent diffusion. The mechanism of these apparatus 
and systems is dominated by the turbulence phenomena 
of the flow in the jets. 

Miller and Comings (1960) and Marsters (1977) have 
studied the mean flow quantities and the intensities of 
the turbulent velocity in interacting two plane jets. Becker 
and Booth (1975) have reported the data of the mean 
smoke concentration and the intensities of the turbulent 
concentration in two round jets with nozzle axes inter- 
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secting. However, no information about other important 
turbulent properties in the interacting jet flow is avail- 
able in the literature. 

The main difficulty confronted in application of turbu- 
lent theories to various engineering operations comes 
from insufficient information about the turbulent structure. 
Hence, in this study, detailed various turbulence properties 
(time averaged and root mean square velocities, Eulerian 
auto and cross correlation coefficients, various scales of 
turbulence, energy spectra, and probability density func- 
tions of fluctuating verocities) wire measured in the inter- 
acting two plane parallel jets. 

Turbulence properties were measured in order to supply 
engineering information and to give experimental data 
on which a realistic model of the turbulent flow can be 
based. 

The objective of this work is to describe the flow of 
air in interacting plane jets with particular emphasis on 
the structure of turbulence in order to contribute basic 
data to various engineering operations. 
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CONCLUSIONS AND SIGNIFICANCE 

A very complete picture of the flow pattern in the 
interacting two-plane parallel jets has been obtained. 
Time averaged velocity profiles showed that they are not 
similar in the converging region but that they exhibit 
a high degree of similarity and are the same as that of a 
single-plane jet in the combined region. Similarity means 
that there are one velocity scale and one length scale 
which are sufficient to make the distributions of reduced 
velocities in terms of reduced coordinates identical. The 
results also indicated that the distance from the nozzle 
exit to the merge point of the ventilated jets is about 
six times as long as that of unventilated jets. This showed 
that ventilated jets interact more weakly than unventilated 
jets because of the air ventilation between jets. 

The three components of root mean square turbulent 
velocity in the interacting two parallel jets have been 
measured for the first time. These measurements indicated 

that the value of the longitudinal component is 
about 1.2 to 1.5 times that of the lateral component 
and -is nearly equal to the transverse component 
d z  Hence, strictly speaking, the turbulent flow field 
is not totally isotropic. Comparing these results of two 
jets with that of a single jet, there are significant differ- 
ences in both shape and height between them in the 
converging region. 

The cross correlation coefficients are fairly large except 
for the jet center line. The cross correlogram is negative 

in the region between the two jets. This describes the 
interaction and the merging of the two jets. 

The integral length scales (hZ, A,, and hr) were nearly 
constant across the jet flow, and all of them grow linearly 
with the longitudinal distance. Similar conclusion have 
been drawn from the results of the dissipation length 
scales (Az, A,, and Xz). The isotropic relations of small 
scale motion that Az = 2hy, Ay = hr, X, = +%,, and 
A, = A, were well supported. This means that the small 
scale motion of the two jets is isotropic. The averaged 
dissipation scale was about 1/5 times the averaged inte- 
gral length scale. 

The normalized one-dimensional energy spectra were 
nearly the same everywhere in the interacting two jets. 
The spectra had a slope of -5/3 over about one decade 
of the wave number space. Further, E2(kl), whose integral 
is d2, was nearly equal to E3(kl), whose integral is 3.27 
and E2(kl)  and EJcl) are larger than El(kl), whose integral 
is .’”; in this subrange. This agreed with the locally iso- 
tropic inertial subrange relation E2(k1) = E3(kl) = 

The probability density functions of the fluctuating 
velocity for the most part of the interacting two jets were 
Gaussian shape, which is typical of homogeneous tur- 
bulence. Hence, the flow field in the interacting two plane 
jets is nearly homogeneous and locally isotropic. 

The body of the data presented in this study are 
useful to various engineering operations and to present 
a realistic model of the turbulent flow. 

- 

4/3 El(k1).  

PREVIOUS WORK 

Rummel (1937) first measured the mean concentration 
field of interacting two round jets with nozzle axes inter- 
secting at various angles to each other with the flow con- 
verging. Corrsin (1944) measured mean flow directions, 
mean temperature distributions, and total heads in the 
unstable flow from free standing seven parallel slits. Baron 
and Bollinger (1952) measured the mean velocity distribu- 
tion of interacting round jets to examine the validity of 
the superposition principle of the momentum flux based 
on Reichardt hypothesis. Their results show that the prin- 
ciple is accurate only at small intersecting angles. Makaroff 
and Khudenko (1965) and Kirillov and Khudenko (1965) 
studied the direction taken by the jet resulting from the 
interaction of two others. Miller and Comings (1960) ex- 
perimentally studied the flow field in the interacting two- 
plane parallel jets issuing from a solid wall into still air. 
We also call such type of jets unventilated as the inter- 
acting two-plane parallel jets issuing from a solid wall 
into still air according (Marsters, 1977). Miller and Com- 
ings indicated that remarkable negative pressure is Ob- 
served in the confined region between the jets and that it 
causes the jet flows to be deflected inwards so that the 
jets merge with each other and two large counterrotating 
vortices in the confined region. They also showed that the 
mean flow of the combined jet exhibits the same charac- 
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teristics of a single jet flow. Knystautas (1964) measured 
the mean velocity profiles in the unventilated jet flow 
from a series of closely spaced uniform holes in line and 
examined the possibility of obtaining two-dimensional 
turbulent jet flow from these holes. His results indicated 
that fully merged two-dimensional flow occurs at ap- 
proximately twelve hole spacings downstream of the exit 
p!ane. 

Tanaka (1970, 1974) measured the intensity distribu- 
tions of longitudinal fluctuating velocities in the two- 
plane unventilated jets‘ by using a single, hot wire ane- 
mometer. His data indicated that the turbulent intensity 
at the center line of the combined jet is larger than that 
of a single jet. Recently, Marsters (1977) has experi- 
mentally examined the mean flow quantities in two-plane 
parallel jets issuing from free standing nozzles such that 
secondary flow can be entrained between them and com- 
pared with predictions based on an integral model of the 
flow. We call such types of jets ventilated as two-plane 
parallel jets issuing from free standing nozzles such that 
secondary flow can be entrained between them (Marsters, 
1977). Marsters’ results indicate that the mean velocity 
distributions exhibit self-preserving behavior in both the 
upstream and the downstream of the merge point except 
for the merging region. Becker and Booth (1975) present 
the data of the mean smoke concentration field and the 
intensity of the turbulent concentration fluctuation in two 
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round jets with nozzle axes intersecting at half angles of 
15, 30, and 45 deg. They used the smoke scattered light 
technique. They also derived the relation between the in- 
tensity and the covariance of the turbulent concentration 
fluctuations. 

As mentioned above, there is relatively little information 
of turbulent properties available on interacting two jets, 
especially plane ventilated jets. Hence, we  measured vari- 
ous turbulent characteristics of the flow in the interacting 
two-plane parallel ventilated jets by using X array, hot 
wire anemometers. X array, hot wire technique was used 
because it makes it possible to measure the components of 
fluctuating velocity, and  its frequency response is ex- 
tremely good. 

EXPERIMENTAL APPARATUS A N D  PROCEDURE 

The experimental setup is shown in Figure 1. Compressed 
air was used, which led to a storage tank from which it en- 
tered the plenum chamber 0.  From the plenum chamber, 
air passed through three 18 mesh brass gride @ and con- 
verged to nozzle exits @, The grids were located for produc- 
ing a uniform velocity along the length of the slit. The jets 
issued from slit nozzles of wldth D = 2.0 mm and length 1 = 
150 mm. The contraction ratio was 15. In this case, the ve- 
locity profiles are flat both across and along the jet. The 75: l  
aspect ratio was considered to be adequate for two dimen- 
sionality of flow for each jet. Trentacoste and Sforza (1967) 
showed that for aspect ratio of 40, the center-line velocity de- 
cay and the velocity profiles are typical of those for plane jet up 
to about 200 jet widths downstream. Air flow rates to the two 
nozzles were equal and constant within *3% vaiiation. The 
distance L between the center lines of the two nozzles were 
set equal to twenty-four times nozzle widths. The resulting two- 
plane parallel jets exhausted into the large chamber confined 
between two vertical walls extending 1.5 m downstream from 
the nozzle exit and 0.4 m to either side of the center line. The 
X array, hot wire probe was installed on the traversing equip- 
ment. The turbulence properties were measured at fourteen 
distances from the nozzle exit, that is, r / D  = 10 to 300. Data 
were taken at about twenty different points in each cross sec- 
tion. The issuing velocity was kept at 47 m/s for these tests. 
The Reynolds number of the mean flow based on the nozzle 
width was 6 300. The coordinate system used in this study is 
also seen Figure 1. 

The turbulence and mean velocity measurements were made 
by using KANOMAX constant temperature, hot wire anemom- 
eters with type 29-1141 X array, hot wire probes. The probe 
was a platinum coated tungsten wire, 5 ,um djameter, 1 mm 
long, and a cold resistance of 4 to 7 ohms. A low pass filter of 
20 KHz built into the anemometer circuit was used to discard 
the electric noise. The wires were caIibrated before and after 
every run in a 5 x 5 cm exhaust plane of a nozzle, where the 
turbulence level was about 0.5%. To estimate the effects of 
differences between ambient and calibration temperatures on 
hot wire output, the temperature was measured continuously 
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with a thermometer. All results in this report have been cor- 
rected for ambient temperature changes where applicable. 

The frequency response of the anemometers was found to be 
such that the 3db down point was over about 25 KHz which 
is much higher than the highest frequency of interest. A 
schematic drawing of measurement system used for the analy- 
sis is shown in Figure 2. The auto and cross correlation func- 
tions were obtained by using a TEAC type C-120 real time 
digital correlator. The correlation function was observed on an 
oscilloscope and also recorded on an X-Y recorder. The upper 
frequency limit of correlator (1  MHz) was well above the 
highest frequency of interest in this study at all time delay 
ranges. The sampling time of correlator ranged from 0.5 pm to 
50 s. The amplitude spectra were obtained with a TEAC type 
F-120 spectrum analyzer. The frequency range covered was 
from 0.01 Hz to 1 MHz. The frequency resolution power 
ranged from 10.6 KHz to 0.000106 Hz. The amplitude proba- 
bility density functions were computed by using a TEAC type 
C-120 probability density computer. The amplitude spectra 
and probability density functions were also recorded on a 
X-Y recorder. 

RESULTS AND DISCUSSION 

At the nozzle exit, the z direction traverse was carried 
out to determine the degree of uniformity of the flow from 
these nozzles. Traversing showed a flat profile with a 
slight rounding near the end. The time averaged velocity 
was 97% of the maximum value over the middle 80% 
of the span of the nozzle. All data in this report were taken 
in the z = 0 plane. Measurements revealed a high degree 
of flow symmetry about the center line. Hence, one side 
of the data is reported. 

Time Averaged Veloci ty  Profile 
Figure 3 shows the maximum time averaged velocity 

decay (jet center-line velocity decay) and the time aver- 
aged velocity distribution on the x axis in the interacting 
two-plane parellel ventilated jets. If we compare the jet 
center-line velocity decay of the interacting plane venti- 
lated jets with that of a plane single jet, these plots indi- 
cate that the interacting plane jets decay as if they were 
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Fig. 6. Time averaged longitudinal velocity profiles downstream of 
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a two-dimensional single jet flow, At x / D  = 120, the tra- 
jectory of the jet center line of the interacting jet coincides 
with that of the velocity on the x axis. Hence, it seems 
that the initially individual jets have merged at this point, 
and the flow variables resembled those of a single jet flow. 

AlChE Journal (Vol. 25, No. 4) July, 1979 Page 679 



I A 4  

- single jet 

m 
0 1 0  

20 
* 30 
A 40 

50 
60 

V 80 
'I 100 
8 720 

A b  

I:*. - single jet 
(X/D=60) 

0.05 
e 

V 

v e  
4 1  

I 81 
* t  8 v v  8 

I I I 1 1 1 
0 10 20 30 40 50 

Y/D (-1 
Fig. 9 (a). Distributions of the longitudinal fluctuating velocity up- 
stream of merge point ( x / D  = 10 to 40). (b) Distributions of the 
longitudinal fluctuating velocity upstream of merge point ( x / D  = 

50 to 120). 

The time averaged longitudinal and lateral velocity pro- 
files for points upstream of merge point are shown in 
Figures 4 and 5, respectively. These figures indicate the 
process whereby two jets interact and merge with each 
other. These plots in Figures 4 and 5 confirm that the in- 
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Fig. 11. Distributions of the transverse fluctuating velocity upstream 
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Fig. 10 (a). Distributions of the lateral fluctuating velocity upstream 
of merge point (x/D = 10 to 40). (b) Distributions of the lateral 

fluctuating velocity upstream of merge point ( x / D  = 50 to 120). 

teracting two ventilated jets merge at the point x /D  + 
120. This is in good agreement with the result of Marsters 
(1977) for interacting two-plane ventilated jets. Here we 
define this point x / D  = 120 as the merge point. If we 
compare the value of this merge point of ventilated jets 
with that of unventilated jets measured by Tanaka (1970) 
under the same condition, the former is about six times 
the latter. It shows that ventilated jets interact more 
weakly than unventilated jets because of the air ventilation 
between jets. As shown in Figures 4 and 5, the velocity 
profiles are not similar in the upstream of the merge point. 

The downstream longitudinal and lateral velocity pro- 
files are shown in Figures 6 and 7, respectively. The longi- 
tudinal jet velocity profile plotted against y / b  exhibits a 
high degree of similarity and is the same as that of a 
plane single jet. The lateral profiles are nearly similar and 
fairly larger than that of a plane single jet. 

The dimensionless jet half width b / D  vs. downstream 
distance x / D  is plotted and compared with that of a single 
plane jet in Figure 8. As expected, the curve is linear ex- 
cept the region near the nozzle exit. The gradient of b / D  
curve is smaller than that of a single-plane jet, since two 
parallel jet flows are deflected inwards. 

Turbulent  intensity 

The profiles of three components of root mean square 
turbulent velocity for points upstream of merge point 
(converging region) are shown in  Figures 9, 10, and 11, 
respectively. The examination ofthe plots in these figures 
reveals that near the nozzle cxit the two peaks occur on 
the points which correspond to both lips of the nozzle. 
Near xlD k. 10, both peaks (inner peak and outer peak) 
of d z  and d o 7  begin a period ofrapid growth. - Down- 
stream from xlD L. 30, the inner peak of ~ u T  spreads 
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more rapidly than the outer peak and develops a hump 
clearly evident at xlD = 60. On the contrary, the inner 
peak of d F  spreads more slowly than the outer peak. 
Downstream from xlD L. 40, in the region where the two 
jets intermingle, the inner peak of d u x  decays quite 
rapidly, and at xlD = 80 a trace of an inner peak of 
d F  does not remain. Downstream from xlD k. 20, the 
outer peaks of 47 and d z  decay rapidly, and at 
xlD k. 40 no trace of outer peaks of and d z  re- 
mains. The solid lines in Figures 9b, lob, and 11 indicate 
Gutmark and Wygnanski's (1976) data of a single-plane 
jets. As compared with our results of two jets, it is  noted 
that there are significant differences in both shape and 
height between them. The reason is that the strong inter- 
action of individual flow fields exists in the upstream of 
merge point of two-plane jets. 

The comparison of three turbulent components with 
each other revealed that the value of d z  is about 1.2 
times as large as that of dz, and that d F  is nearly 
equal to d/w12. 

The profiles of three components of root mean square 
turbulent velocity for downstream of merge point (com- 

- 

Fig. 13. Distributions of the lateral fluctuating velocity downstream 
of merge point. 
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Fig. 15. Eulerian autocorrelation coefficient. 

bined region) are shown in Figures 12, 13, and 14. U ,  
and b were used in normalizing the ordinate and the ab- 
scissa in these figures in order to indicate the existence of 
similarity in the combined region of the jets. 
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Fig. 16. Lateral traverses of R I ~  and R22 in the converging region. 
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Fig. 19. Distributions of the turbulent shear stress. 

Profiles plotted against ylh, that is, Figures 12, 13, and 
14, exhibits similarity. The same cannot be said for the 
profiles shown in Figures 9, 10, and 11. The solid lines 
in these figures indicate Gutniark and Wygnanski's (1976) 
data of a single plane jet. As should be expected, the 
downstream development of the turbulent intensity re- 
sembles that ofa single jet flow. As shown in these figures, 
all of the profies are typical in shape to those obtained 
in a single jet flow. Gutinark and Wygnanski's data of a 
single-plane jet are somewhat larger than those of the in- 
teracting two-plane jets; however, Bradbury's (1965) 
data of a single-plane jet in Figure 12 are in good agree- 
ment withthose of the interacting two-plane jets. The 
value of d ~ 7  for the downstream is ahout 1.5 times that 
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Fig. 18. Lateral traverses of Eulerian cross-correlation coefficient 
Riz. 

of d7, and d z  is also nearly equal to g s .  Hence, 
strictly speaking, the turbulent flow field is not totally 
isotropic. 
Eulerian Correlations 

fined as 
Generally, the Eulerian correlation coefficient is de- 

R I l i J ~ )  and R 1 3 i = j ( ~ )  are auto and cross correlation co- 
efficients, respectively. The longitudinal and lateral auto 
correlation coefficients are defined as, respectively 
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In Figure 15, the representative autocorrelation coeffi- 
cients at y / D  = 0 and various x / D  are plotted vs. Ur/x .  
The results, falling nearly on a single curve, indicate the 
similarity as far as the various scales are concerned. The 
representative lateral traverses of coefficients in the con- 
verging region are shown in Figure 16. The curves of 
the correlation coefficients are equal to each other when 
y / D  is smaller than 14 at x / D  = 40. This value of y/D 
corresponds to about the half width of the jets. Outside 
of the jet flow, namely, y / D  > 14 at x / D  = 40, the cor- 
relation coefficients seem to decrease with increasing y / D .  
The similar traverses in the combined region are plotted 
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Fig. 23. Dissipation length scales on the x axis. 

in Figure 17. These plots, which may be nearly expressed 
by one curve, show that the coefficients are constant over 
the cross section of the jets. In the both regions, R11 was 
two times Rz2, and R22 was nearly equal to R33. This sug- 
gests that A, = 2A, and Ay = A,. This is an isotropic 
relation of small scale motion. Hence, the small scale 
motion of the flow field of the two jets is isotropic, 

The representative lateral tranverses of cross correlation 
coefficients in the converging and combined regions are 
shown in Figure 18. The cross correlograms are fairly 
large in the both regions. Hence, strictly speaking, the 
turbulent flow field of the two jets is not isotropic. The 
results in the converging region indicate that the value of 
the cross correlogram is negative in the region between the 
two jets and positive outside of the jet center line. This 
describes the interaction and the merging of the two jets. 
Farther away from the jet center line, the correlogram 
becomes negative again, The cross correlogram in the 
combined region is positive except farther from the jet 
center line. Reynolds stresses normalized by Urn2 are 
plotted in Figure 19. The similar conclusions mentioned 
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Fig. 24b. One-dimensional energy spectrum in the combined region. 
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above may be drawn from it. In the combined region, the 
normalized Reynolds stresses appear to attain their simi- 
larity distribution at a longitudinal distance as well as 
those of a single jet. 

Scales of Turbulence 
There are two types of scales that represent the im- 

portant characteristics of the structure of turbulence. One 
of them is the Eulerian integral time scale TEi or length 
scale ~ i .  This scale may be considered a measure of the 
longest connection or correlation distance between the 
turbulent velocities. Another one is the Eulerian dissipa- 
tion scale Xi or time scale 7i. This scale is a measure of 
the average dimension of the eddies which are mainly re- 
sponsible for dissipation. The Eulerian integral time scale 
is obtained by integrating graphically the Eulerian auto 
correlation function: 

T E i  = A“ R i i ( T ) d 7  (4) 

The Eurelian dissipation time scale is obtained by 

Each length scale for these time scales is calculated by 
using Taylor’s hypothesis: 

Ai = U T E ~  (6) 

xt = U T E i  (7)  
A frozen pattern of turbulence exists when the turbulence 
level is low, viscous forces are negligible, and the mean 
shear is small. The use of Taylor’s hypothesis is not strictly 
valid for the turbulent flow in the interacting two jets, 
but this is not considered a serious defect, since U >> u 
or u. 

The lateral traverses of ilS for various longitudinal dis- 
tances are shown in Figure 20. The results indicate that 
hz is nearly constant across the jet flow. However, closer 
examination reveals that at first Ax increases slightly with 
increasing outward distance, and farther away from the 
jet center line A, decreases gradually with increasing y / D .  
The results also indicate an increase of A, with increase 
of x. Similar results for A, and A, were obtained. The plots 
of the lateral traverses of A, and A, are omitted for the 
sake of simplicity. 

The longitudinal traverses of A,, A,, and A, along the y 
axis are plotted in Figure 21. The results show that all of 
the three integral length scales (A,, A,, and A,) grow 
linearly with x .  The rate of increase dA,/dx changes at 
the point x / D  N 160. d&/dx becomes smaller in the 
region where x / D  > 160. It seems that the large eddies 
of the interacting two jets are not prcserved longcr by the 
strong mixing. The integral scales obtained from this figure 
are 

x = x /D I 1 6 0  
- 

A,/D = 0.0Se A J D  = 0.030g h,/D = 0.028F (8) 

x‘> 160 

h z / D  = 0.0217+ 5.6, A y / D  = 0.014; f 2.7, 

Az/D = 0.015Xf 2.0 (9) 

Comparing these integral length scales with those of a 
single-plane jet by Gutmark and Wygnanski (1976), we 
find that they are nearly equal to each other in the region 
where x / D  < 128. As there are no data of a single-plane 
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jet in the region r / D  > 128, the exact comparison is not 
possib!e. The results in Figure 21 indicate the isotropic 
relation of small scale motion that Ax = 28, and A, = A,. 

The lateral traverses of A, for various longitudinal 
distances are shown in Figure 22. The longitudinal tra- 
verses of A,, A,, and A, along the y axis are plotted in Fig- 
ure 23. Similar conclusions mentioned above may be 
drawn from Figures 22 and 23. The results in these figures 
also show the isotropic relation of small scale motion, that 
is, A, = *Ay and A, = A,. Therefore, the small scale 
motion of the two jets is isotropic. The averaged dissi- 
pation scale is about one-fifth times the averaged integral 
length scale. A Reynolds number based on A, a n d d z  
yields values in the range 200 to 1200. In this case, 1.5 
decade of Kolmogoroff range in the energy spectrum 
would be expected. 

One-Dimensional Energy Spectra 
The fluctuating velocities can be analyzed into their 

harmonic components by Fourier analysis. The energy 
contributions of various frequencies can be obtained and 
presented in the form of a frequency spectrum. The spec- 
trum in the frequency domain can be converted into wave 
number space. Frequency n and wave number kl are re- 
lated as follows: 

Here Taylor’s hypothesis is used. 
The significant information presented by the spectra is 

the existence of a - 5/3 slope region (Kolmogoroff iner- 
tial subrange). In the inertial subrange, the condition that 
the wave number must fall in such a subrange is 

kd is obtained from 

kl = %n/U (10) 

k, << k << kd 
1 

k d  = - 
7 

(11) 

(12) 

where 7 = ( v ~ / c )  v4 - k, is the wave number at the maxi- 
mum point in the spectrum. Another condition which 
should be satisfied in the inertial subrange is 

Re,4”4 >>> 1 (13) 
The representative one-dimensional energy spectra Ex (k1) , 
E, (k1) , and E, (kl), whose integrals are d2, d2, and p, 
are presented in Figures 24a and b. When x / D  = 40 and 
y/D = 11 (Figure 24a), kd N 160, k, < 10-1, Reh N 400, 
and Rex4 N 90. The dissipation rate E was estimated from 
E = 15v(oT)/(AY2) assuming local isotropy. When x / D  
= 300 and y/D = 30, kd N 80, k, < lO-l, Reh N 300, 
and N 70. These values nearly satisfy Equations 
(11) and (13). One decade of the inertial subrange ap- 
pears in both Figures 24a and b. Further, EY( kl) is nearly 
equal to E,(k,), and Ey(kl) and E,(kl) are larger than 
E,(k , )  in this subrange, which agrees with the locally 
isotropic inertial subrange relation Ey(kl)  = E,(k,) = 
4/3 E,(kl). Other spectra obtained for a large number 
of different locations in the two jets were similar. Hence, 
we may conclude that the flow field in the interacting two- 
plane jets is locally isotropic. The spectral equivalent of 
the hot wire probe element length 1, is also indicated in 
Figures 24a and b. For wave numbers less than ZW-l, the 
effect of wire-length attenuation can be neglected, and the 
measured spectral values should be good estimates of the 
true spectra (Champagne et al., 1976). 

Probability Dens‘ty Function 
The probability density function P ( u )  is defined so that 

P ( u )  du is the probability that the fluctuating velocity 
components exists between u and u + du. The probability 

- -  
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Fig. 250. Probability density function of the longitudinal fluctuating 
velocity. 

outer region 
I 

nozzle 
- 

Fig. 256. Jet flow. 

density function of turbulent velocity is often needed 
for theoretical treatments of turbulence. Hence, it is sig- 
nificant to present the data of probability density function 
in the interacting two-plane parallel jets. The representa- 
tive probability density functions are shown in Figure 25a. 
The functions for the most part of the two jets were 
Gaussian shape which is typical of homogeneous and iso- 
tropic turbulence. However, the functions in the shaded 
portion of Figure 25b, where there is a boundary region 
between inner and outer flow regions of the two jets, de- 
parted from Gaussian shape. The departure indicates 
the presence of strong shear flow. This corresponds to the 
results in Figure 18. 
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NOTATION 

b 

D = nozzle width 
E,, E,, E ,  = one-dimensional energy spectra whose inte- 

kl 
kd 
ke = wave number of averaged energy containing 

L = distance between the center lines of the two 

2 = nozde length 

AlChE Journal (Vol. 25, No. 4) 

= jet half width (half distance between the outer 
points of U/U, = 0.5 as shown in Figure 8) 

grals are d2, ui2, and w’2, respectively 
= wave number = 2 m / U  
= wave number of main dissipation = 1 / ~  

eddy 

nozzles 

2, 
n = frequency 
P 

Rex = turbulent Reynolds number = q z A , / v  
Riji,j = Eulerian autocorrelation coefficient, Rll = R,, 

Riji,j = Eulerian cross-correlation coefficient, RI2 = R,, 
TEi = Eulerian integral time scale 
U = longitudinal time averaged velocity component 
U ,  = issuing time averaged velocity at jet exit 
U ,  = maximum time averaged velocity or time aver- 

aged jet center-line velocity 
U,=O = longitudinal time averaged velocity on the x axis 
u’, o’, w’ = longitudinal, lateral and transverse compo- 

nent of fluctuating velocity, respectively 
V 
x, y, z = coordinates - = time averaged quantity 
( - ) = nondimensional coordinates 

Greek Letters 

t) = Kolmogoroff length scale 
A,, hy, A, = longitudinal, lateral and transverse Eulerian 

k,, A,, A, = longitudinal, lateral and transverse Eulerian 

v = kinematic viscosity 
7 = delaytime 
T~ 

= hot wire, probe element length 

= probability density function of fluctuating ve- 
locity 

R 2 2  = R,,, R33 = R,, 

= lateral time averaged velocity component 

= dissipation rate 

integral length scales 

dissipation scales 

= Eulerian dissipation time scale 
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