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The studies of the heat transfer of a finite size streamlined surface were conducted. The 

experimental results of the investigation of the large-scale formations development in complex 

currents (body wake) are shown. The general patterns (analogy) of such flows with a three-

dimensional free jet are finding. The distribution of velocity fields in vortices and vortex clusters in 

turbulent free three-dimensional jets had been identified as one of the varieties of complex jet 

streams. A comparison of varieties of complex jet streams is given. 
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Introduction 

At present, more in-depth studies of the parameters of the vortex structures of different types of 

flows are necessary because of changes in the approach to the nature of formation of turbulent flows 

[1-5]. Also, some phenomena were observed in the process of mixing and transfer of heat in three-

dimensional jets and wakes formed during installation of finite length cylinders streamwise, with no 

reasons given without studies of the vortex structure of these flows.  

After the spectral and correlation analysis, generalized data on the scales and intensities of the 

characteristic frequencies of the vortex structure were obtained. It was noted that degradation of the 

vortex structures, propagating along the nozzle's larger and smaller sides, has different intensity 

values in both cases. There was also a difference in flow rates observed. More detailed information 

on the dynamics of the development of vortex structures can be obtained by using the phase 

averaging technique in converting flow velocity and temperature signals. 

In this paper an attempt to understand the physics of the mentioned above effects is made by 

deeper investigation of vortex structures which are formed at the initial and transitional parts of the 

three-dimensional jet and wakes behind the cylinders of finite length.  

1. Experimental technique  

Experiments on the study of free turbulent jets were carried out on the apparatus shown in 

Fig.1. To measure the average speed and dynamic pressure, a Pitot 8 tube and MMN-240 micro-

manometer 12 are used, as well as the equipment, earlier developed by RIETP employees at al-

Farabi KazNU. It includes a two-channel thermo-anemometric system with a linearized output 

speed signal, a temperature transducer, an inductive pressure transducer and a phase-selector unit. 

The measurement of the pulsation characteristics of velocity is made using the above-

mentioned thermo-anemometric system using the phase selector. In the process of experiments, 

automatic recording of autocorrelation functions of velocity pulsation is performed using X6-4-type 

digital correlator, which is used in experiments. 

Adjustment of synchronous illumination phase is carried out using a phase sampler. The sensor 

position and illumination phase are adjusted so that the sensitive part of the sensor is on the motion 

line of the vortex centers. Then registration system and automatic recording of probability 
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distribution functions and correlation function is launched. Simultaneously, a memory oscilloscope 

is launched to record the oscillogram of the signal under study. 

Visualization of the flow for the purpose of observing the evolution of vortex clusters is carried 

out with the help of IAB-451 shadow device, in whose testing section the investigated region of the 

flow was located.  During the experiment using x-y recorder equipped with auxiliary devices, the 

dynamic and thermal characteristics are recorded in the form of spatial distributions. 

Displacement of the Pitot tube and the sensors along the three axis of nozzle symmetry is 

carried out with the help of a three-dimensional coordinate spacer. Since for a free jet the static 

pressure is almost absent, the experiment in its essence reduces to measuring the velocity head. To 

measure this pressure and velocity, two types of measuring nozzles are used. To determine mean 

velocity values  in a fixed point, starting from one gauge (x/b), total pressure Pitot tube with an inlet 

diameter of 0.8 mm is used. When determining the pressure profiles on the nozzle cross section, 

with regard to the boundary layer formed on the lateral inner nozzle surfaces, a microtube with a 

flat top made of a thin-walled tube is used by flattening the measuring end.  

 

 

 
 

Fig. 1. The scheme of experimental equipment: 

 

1-fan; 2-vibration damping junction; 3-stilling chamber; 4-field mesh; 5- heated grid; 6-nozzle; 7-

speaker (N = 50 W); 8-Pitot tube; 9-sensor; 10-photorecorder; 11-illuminator; 12- MMH-240 brand 

micromanometer; 13-inductive pressure transducer; 14-CTM-02-type block thermo-anemometric system; 

15-strobe; 16-BEV-03phase selection block; 17-GZ-34 sound generator; 18- CB-13 universal memory 

oscilloscope; 19-device for studying correlation characteristics of X6-4; 20-PDP4-002 two-coordinate 

potentiometer; 21- LATR type auto-type transformer; 22-end plates; 23- Tepler IAB-451 shadow device; 

24-differential amplifier. 

 

Such a nozzle design ensures high accuracy of local pressure measuring in the boundary layer 

with the smallest flow perturbations. The dimensions of the fore part of the microscope are 0.3 mm 

x 1.5 mm. Wall thickness  0.05 mm. A simple and fairly reliable method of measuring velocities 

and pressures with acoustic action is the counter Pitot tubes method. Practically the measuring 
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nozzle consists of two Pitot tubes fixed on a common assembly so that their spouts are directed 

towards each other and slightly apart. 

The recording of pressure and velocity is made using a MMN-240 type micromanometer or an 

inductive pressure transducer, the flow diagram of which has been developed. The diagram contains 

the following components: a measuring bridge, a G3-34 sound generator, an amplifier, an SV-13 

oscillograph, two-coordinate recorder PDP4-002, a power supply unit. In the process of 

experiments, the data will be adjusted by plotting a calibration curve to calculate the temperature 

values (displacement of the recorder along y coordinate will be calibrated based on the mercury 

thermometer readings). 

In the experiments on the investigation of a finite size body wake, the working bodies, which 

represent short cylinders with flat ends with different elongations, will be used. To measure 

pressure distribution along the bodies’ surface, there are drainage holes drilled at equal distances 

along the generating cylindrical part. By successively opening each hole, a complete picture of 

pressure distribution across the cylinder surface can be obtained in longitudinal and transverse 

streamlining. 

The velocity field in the wake behind the cylinder is measured with a T-shaped nozzle. A 

visual investigation of the flow past a short cylinder was carried out on the basis of the IAB-451 

type device. The correlation properties of the vortex breakdown were measured using a digital BK-

OZU type correlator.  

The diagram of experimental apparatus for measuring the distribution of temperature 

comprises the following: copper-to-constantan thermocouple, digital voltmeter universal B7-21, x-

y- recorder PDP4-002. The circuit of the experimental apparatus for measuring the distribution of 

temperature is the following constituent parts: copper-constant thermocouple, digital voltmeter 

universal B7-21, two-coordinate recorder PDP4-002. 

To measure temperature distribution of the jet, copper-constant thermocouple is used, the "hot" 

junction of which is placed in the flow, and the other, the so-called "cold" junction, is at room 

temperature. EMF thermocouples are measured with a digital voltmeter B7-21. The signal from the 

thermocouple is also fed to PDP4-002 x-y recorder, where continuous records of temperature 

changes along the axis of the string and in the cross sections are produced. 

To measure the average heat exchange factor, copper cylinders with the same parameters as 

in the flow aerodynamics study will be used. Heat transfer factors of the cylinders are determined 

by the method of steady state of the first kind. Body temperature was measured by a copper-

constantan thermocouple, one of which is caulked into a cylinder, and the other one is blown over 

by an airflow. The thermocouple voltage is measured by a digital B7-21 milivoltmeter. 

When conducting experimental tests on free jets, nozzles with a quadrangular cross section of 

the outlet with side proportions were used: λ = 1.65; 2.77; 5.07; 7.61; 11.0; 16.0; 25.2 and a round 

nozzle (diameter = 22.5 mm). The values of the outlet cross section of all the nozzles were 

approximately equal. In the study of flow past cylindrical bodies, working bodies were used, which 

were short cylinders with flat and spherical ends with l/d elongation from 0.2 to 20.0. 

2. Discussion of results 

Using the available equipment, it was possible to trace and photograph the shadow image of 

the flow by means of a pulsed flash of light synchronized with the vortex frequencies that are 

formed in the initial and transition zones of the jet. The thermoelectric anemometer system was 

used to determine arithmetic and pulsation characteristics of the flow velocity. A complete set of the 

system was used, including electronic micromanometer and a phase averaging device, which made 

it possible to measure the averaged periodic and chaotic components of the rapid pulsation. 

A visual examination of the wake behind cylinders of different lengths in the thickening 

section in the working part of the device with a shadow pointer and during the experiments on 

determining the length was also carried out. For a more in-depth study of the relationship between 
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mixing processes and the dynamics of the development of vortex structures, the existing 

experimental apparatus was modernized so that it was possible to synchronize the frequencies of 

formation of the vortex structures and visualize the impulse flash in the investigated flow zone. 

The results of measuring axial flow velocities in the jets leaving the nozzles with different 

lateral sides in the output cross-section are shown in Fig. 2. 

Data analysis indicates a zone of gradually decreasing flow velocity. This zone was detected in 

front of the main zone, where the flow velocity drops to about ~x
-1

. The lower the value of λ 

becomes, the closer this zone is to the point of outflow. This dependence can be more accurately 

tracked when the results are put out in the following form: Umi = f (λ) (Figure 3). Here, Umi is the 

selected flow rate level. 

 

Fig. 2. The nature of the change in the axial flow rate at various values:  

λ = a/b, Uo = 20 m/s, where Uo is the axial flow velocity. 

  

 

Fig. 3. The length of the section with equal flow velocity levels is shown 

as a function of the parameter λ = a/b, with Uo = 20m/s. 
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Since the above-described zone has already been determined, it can be called the zone of 

deformation termination of a three-dimensional jet, i.e. this zone is in front of the main zone, in 

which there is no deformation of the jet, this zone extends further along the free and axially 

symmetric scheme. Determining the autocorrelation functions of the longitudinal axial pulsations of 

flow velocity in the investigated region, where deformation process is completed, proved the 

existence of a negative maximum. The results of determining the Ri value in the jet at λ = 2.27 are 

shown in Fig.4. The time corresponding to the value of the negative R maximum can be called the 

half-period of the typical frequency nchar=1/ηchar of this periodically repeating process. In the above-

described case, this time equals 5.6×10
-3

, and this value corresponds to a frequency of 89 Hz.  

 

Fig. 4. Values of autocorrelation functions of speed oscillations flow along the jet axis at different 

values of disturbance frequencies at Uo = 6.03 m/s; λ = 2.77; x/b = 10: 

 1 - in the undisturbed state; 2 - beginning of disturbance at a frequency of 50 Hz; 3 - 63; 4 - 70; 5 - 80;  

6 - 89; 7 to 100; 8 - 120. The index e is an effective. 
 

Obviously, disturbances frequency of 89 Hz corresponding to the ηchar period, because the 

growth and decrease in frequency with respect to a given value with equal degrees of perturbation 

leads to a decrease in Rt (Ume/Um) value (see Figure 4). This explains the presence of variability of 

the flow velocity under the influence of perturbation and makes it possible to estimate perturbation 

result. It should be taken into account that the change in the degree of the disturbance frequency and 

the corresponding de / Uo ×ηchar value in the range of 0.25 – 0.36 results in a change of the result of 

the action by only 10%. Here we have de = 2 (ab/π)
0.5

, (a is the long side of the nozzle, b is the short 

side of the nozzle, and de is the effective diameter). Therefore, it is recommended to take this 

measurement interval as the area with the most pronounced disturbance. 

Figure 5 shows the shadow photographs of the flow made from the small and large sides of the 

nozzle in various stages of development, when the signal of the disturbance frequency turned out to 

be in the visible spectrum. The shape of the vortex perturbation formed near the tip of the nozzle is 

clearly seen in the images. It is also easy to see the initial phase of the vortex perturbation from the 

larger side of the nozzle. This process continues until a vortex is formed in a 3D format, both sides 

of which are at different cross sections of the jet. 

The average instantaneous profiles of periodic and random components of flow velocity 

fluctuations U" value, which could be detected using the phase averaging technique, prove the 

existence of different levels of these quantities corresponding to the larger and smaller sides of the 

nozzle. This difference for the U' value is shown in Figure 6. These data were obtained at two 

different stages of vortex development. The upper lines correspond to the moment when the 

measuring device passed through the center of the vortices, and the lower lines correspond to the 

measurements between eddies. 
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For a comparative analysis with a three-dimensional jet, experimental investigations of the 

flow past cylindrical bodies were conducted. 

 

 

Fig. 5. Shadow images of the flow in a 3-dimensional jet format with perturbation frequency 

corresponding to S = 0,27: Uo = 4,3 m/s; n = 60 Hz; 

A, B - view from the small side of the nozzle; C, D - view from the larger side of the nozzle. 

 

Fig. 6. Velocity pulsations wave component distribution diagram in disturbance:  

Uo = 4.27m/c; n = 60Hz; S = 0.27;  

1, 2 - dimensions of the cross-section in the center of the eddy; 3, 4 - between vortices 

 

The values of correlation factors were determined at the time when the cylinder wake was 

investigated. These measurements were taken using two devices placed at the two ends of the 

cylinder near the section where the flow is detached from the surface. The obtained data are shown 

in Fig.7. The positive value of the correlation factor in the range of 0<l/d< 12 proves the 

symmetrical separation of eddies as they move away from the cylinder surface. The sign of the 

correlation factor varies with the ratio l/d> 12. 

The absolute value of the factor increases as the ratio l/d = 07, is reached, at least, when two 

limiting walls are established at both ends in the presence of large l/d ratios.  A negative R value 

indicates the presence of an antisymmetric separation of eddies (T. Karman vortices table). 
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A shadow photograph of the flow with insignificantly heated cylinders, obtained using an 

impulse flash, confirms the conclusion that is based on determination of correlation factors’ values. 

 

 

Fig. 7. Factor of velocity fluctuation correlation expressed as the l/d function  

It was mentioned above that have been discovered that some phenomena were observed in the 

process of mixing and transfer of heat in three-dimensional jets and wakes formed during 

installation of finite length cylinders streamwise, with no reasons given without studies of the 

vortex structure of these flows. 

 One of the proofs of existence of such phenomena is the presence of a maximum in the 

dependence of the length of the reciprocating flow zone on the aspect ratio parameter λ=l/d.  This 

dependence, resulting from the transformation, it is shown in Figure 8. 

 

Fig. 8. Length of reciprocating flow zone in the wake of the cylinder, depicted as a λ= l/d parameter  

 

 A similar process of increasing the length of the original and transition zones with a certain 

proportion between lengths of the lateral sides of the output cross-section is marked on three-

dimensional jets (analogy). 

Conclusion 

After the spectral and correlation analysis, generalized data on the scales and intensities of the 

characteristic frequencies of the vortex structure were obtained. It was noted that degradation of the 

vortex structures, propagating along the nozzle's larger and smaller sides, has different intensity 

values in both cases. There was also a difference in flow rates observed. More detailed information 

on the dynamics of the development of vortex structures can be obtained by using the phase 

averaging technique in converting flow velocity and temperature signals. 
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Therefore, the presence of a maximum in the L/d = f (l/d) relation is directly linked to the 

transformation of vortex separation and the processes of vortex formation, starting with a symmetric 

vortex corresponding to the flow around the sphere and ending with a two-dimensional vortex 

corresponding to the flow around the infinite length cylinder. 
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