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ABSTRACT 

In this study, the round jet flow behavior arose by the confinement was investigated experimentally and 

numerically. The confinement characteristics based on multi-scale characterizations in the atmospheric gas jet 

flow, which generated from a circular symmetrical subsonic nozzle and flowed into a confined round pipe, 

was used to studied. The studied region near the nozzle possess really short axial length (within 12d), 

providing initial conditions and boundaries that affected the flow behaviors in this region. A wide range of 

inlet velocities (0.98 m/s~84.72 m/s) and confined space sizes (1~20) were involved for simulated and 

quantitative discussions. The velocity profile evolution was recorded by simulations and characterized by a 

laser Doppler anemometer (LDA) with a resolution of 0.01 m/s. The confinement characteristics were 

systematically presented to elucidate the performance under the studied confined conditions with different 

metrics, such as centerline velocity decay (VR), entrainment rate (MR), pressure coefficient (Cp) and length of 

recirculation region (LR). The results indicated that the recirculation fluid action mainly contributed to the 

promoted initial velocity profile evolution with the introduction of the confined space. Theoretically, the 

confined space could reduce the maximum absolute entrainment mass flux, initiating a peak at the center of 

the recirculation region, which was controlled by the inlet velocity and the confined space size collectively. 

The remarkable effect of confined space size further contributes to the confinement characteristics of gas jet 

flow, representing a shortened flow distance despite similar process as that by reducing the diameter ratio 

(dR). In some cases, because of the miniaturization of confined space size, the dispersion of initial velocity 

profile evolution was not significant displayed throughout the variable inlet velocity range, especially when 

the dR was less than 2. This study gives a new insight in the performance of jet flow confined in round pipe, 

and such knowledge will be helpful to provide great potential and reference to applied fluid mechanics. 
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NOMENCLATURE 

C1, C2 in k-ɛ turbulence model 

Cp pressure coefficient 

Cu empirical constants appearing 

d exit diameter of contraction nozzle 

D entrance diameter of contraction nozzle 

dR diameter ratio of confined space 

H diameter of confined space 

K1, K2 constant parameter 

L length of confined space 

LR length of recirculation region 

LS length of contraction nozzle 

m0 jet exit mass flow rate 

me jet excess mass flow rate 

mj jet streamwise mass flow rate 

MR entrainment rate 

p
* 

0  reference total pressure 

p0 reference static pressure 

pW wall static pressure 

q0 gas flow flux at nozzle exit 

Q0 jet exit volume flow rate 

qi gas flow at different axial positions 

Qi jet streamwise volume flow rate 

u0 inlet velocity/centerline velocity at nozzle 

exit 

uc centerline velocity 

VR centerline velocity decay 

X streamwise coordinate 

Y vertical coordinate 

 
ν kinematic viscosity 

ρ density 
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1. INTRODUCTION 

Jet flow is a typical flow regime in turbulence and 

has been increasingly used to achieve the 

exchange of momentum, heat transfer and mass. 

Generating from a source and flowing to a 

quiescent environment, it can be classified into a 

free jet and confined jet, which depends on 

whether the downstream is surrounded by an 

infinite or a confined space (Schlichting 2000). 

The presence of confined walls induces a 

recirculation region in the confined space which 

promotes a more rapid evolution of the jet flow 

(Ahmed et al. 2000). Thus, the confined jet is 

usually treated as a kind of effective active flow 

controller based on the change of downstream 

confined space (Cattafesta et al. 2011), which has 

potential applications in measurement, industry, 

aerospace and other related fields, such as the 

measurement of gas flow in large-scale pipe 

(Zhang et al. 2019), the enhance cooling (Jiang et 

al. 2016) and jet pump (Sheha  et al. 2018; Chang 

et al. 2020).  

The initial velocity profile evolution of a confined 

jet would contribute much to the applications 

mentioned above. Particularly, some special 

behaviors of the initial velocity profile evolution 

occur within a confined jet in variable confined 

spaces, involving the length of potential flow, 

entrainment rate (MR), mixing performance, etc. 

Some theoretical formulas were proposed based on 

the regular and constant confined space in order to 

predict the MR (George et al. 1988; Hussein et al. 

1994). Yang et al. (2012) numerically studied a 

coaxial confined jet in a round pipe with an area 

ratio of 11.28, using high-temperature compressible 

flow of 130 ℃ as the working fluid. It indicated 

that the efficient mixing was improved by the 

special geometry of confined space and an 

increasing nozzle exit perimeter, induced by the 

enhanced mixing shear layer between the two 

coaxial flows. Deo et al. (2007) experimentally 

studied the centerline velocity decay (VR) of 

confined jet with sidewalls and found that the 

longer length of potential flow and the decreased 

decay were attributed to the presence of the 

confined sidewalls. In order to explore the 

underlying mechanisms for the special behaviors, 

many investigations about the initial velocity profile 

evolution of confined jet were conducted 

experimentally and numerically. 

The study on the recirculating fluid behaviors is 

the key to fully understand the initial velocity 

profile evolution of confined jet. The multi-scale 

recirculation region is the topical flow pattern in 

the confined jet resulted from the miniaturized 

downstream space, which could promote the 

evolution of confined jet. Morris et al. (1999) 

numerically studied the evolution of an impinging 

confined jet and found that the inlet velocity has a 

significant positive influence on the mixing 

interaction between the recirculation region and 

jet. Sheen et al. (1996) experimentally investigated 

the recirculation region behind the cylindrical bluff 

body of a coaxial confined swirling jet. They 

proposed that the recirculation region length 

increased linearly with a critical inlet velocity and 

then turned into a negative exponential 

relationship. The critical inlet velocity changed 

with the increasing swirl number, which revealed a 

dominant factor exactly lying in the effect of the 

confined space on the recirculation region (So et 

al. 1985). Fitzgerald et al. (1997) experimentally 

observed the center of the recirculation region 

moveing away from the nozzle with the increased 

inlet velocity. Razinsky and Brighton (1971) firstly 

explored the effect of confined space size on the 

mixing of coaxial confined jet utilizing the 

diameter ratio (dR) and it was emphasized that the 

initial velocity profile evolution of the confined jet 

generated from the near field and reach the fully 

developed region.  

The initial velocity profile evolution of a confined 

jet has a significant potential and referential on the 

achieved performance in variable applications, and 

the mixing process and entrainment behavior 

account for the main embodies of the evolution, 

which exhibits the characteristics corresponding to 

different downstream confined conditions. From the 

mentioned literatures above, most studies 

investigated the increased mixing process achieved 

by enhancing recirculation region in different 

confined jet. However, limited studies gave priority 

to the confined space as the dominant influencing 

factor wherein the diversity of the confined space 

structures also gives difficulties in proposing 

universal formulas.  

Moreover, due to the unique and stable velocity 

profile near the nozzle, the parameters of round 

confined jet play the key role in the velocity-area 

method when applied in the gas flow 

measurements (Mickan and Strunck 2014). 

Primarily in this procedure, the measured flow is 

obtained by integrating the velocity profile near the 

upstream nozzle, which further introduces 

differences between the measured value and the 

real value caused by the initial velocity profile 

evolution of the confined jet. Nevertheless, the 

confined evolution of the initial velocity profile 

still needs to be fully described compared to the 

studied mixing, which involved the VR and MR. 

What's more, from an unconfined state to a deeply 

confined state, the way by which the evolution 

gradually transforms is not fully understood as 

well, especially for the region near the nozzle. 

Therefore, to improve the achieved performance of 

the initial velocity profile evolution of a confined 

jet, an evolution mechanism and the effect of 

confined space size are required. 

In this work, the confined evolution of the initial 

velocity profile was studied from a circular 

symmetrical nozzle into a confined round pipe by 

multi-scale characterizations. Eliminating the effect 

of the space with variable cross-section on the 

confined evolution contributes to the understanding 

of the essential synergistic relationship among the 

confined evolution of initial velocity profile, 

recirculation region behavior, and confined space 
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size. In this study, the confined jet was 

experimentally studied by the jet flow standard 

facility in the Chinese National Institute of 

Metrology (NIM). The dR of confined space was 4 

and 1.73 and the inlet velocity was from 0.62 m/s to 

43.41 m/s. The confined jets flowed into multi 

confined spaces with different inlet velocities (0.98 

m/s-84.72 m/s) were analyzed in details based on 

numerical simulations. 

2. EXPERIMENTAL AND NUMERICAL 

SCHEMES 

2.1 Experimental Apparatus  

Figure 1 provides a schematic diagram of the jet 

flow standard facility used in this study within 

atmospheric air as the working fluid. The round jet 

was generated by the pressure difference when the 

jet flows through the contraction subsonic nozzle 

into a confined space. The nozzle has a smooth 

shrinkage in diameter from 200 mm (D) to 66.7 mm 

(d) and the specific geometric parameters of the 

confined space are described in section 2.2. The 

pressure difference was generated by an invariable 

frequency roots vacuum pump and the entire range 

of inlet velocity (0.62 m/s-43.41 m/s) matched with 

the sonic nozzle bank by controlling the opening of 

six sonic nozzles with different throat diameters. 

The confined jet investigated here with an enough 

inlet straight duct (2400 mm long with a 200 mm 

diameter bore) had a good approximation to an 

axisymmetric initial velocity profile (Hussein et al. 

1994). 

 

 
Fig. 1. Schematic diagram of the jet flow 

standard facility. 

 
A two-dimensional LDA (Dantec Firbe Flow P60) 

with a resolution of 0.01 m/s was utilized to 

measure the round jet in the confined space. The 

measurement volume was formed by interference 

of two homologous laser beams (532-nm 

wavelength pulsed laser) and a seeding generator 

(Dantec 10F03 with 5 μm particles seeding) was 

located before the inlet straight duct to provide 

enough tracing particles for it. The LDA was 

mounted on a automatic traversing system that 

allowed motion in three directions with 

resolutions of 0.01 mm in every direction. High 

precision pressure gauges with uncertainties of 

0.01% of the span were used to measure the 

differential pressure between the inlet and the 

outlet of nozzle and the absolute pressure in 

confined space. Temperature was measured with 

PT-100 platinum resistance with the total 

uncertainties of 0.02%. All measuring instruments 

in the study were calibrated by NIM and the 

uncertainty of measured jet velocity was about 

0.2% (Zhang et al. 2019). 

2.2 Confined Space  

The test section and the confined space are the core 

parts in the study, as shown in Fig. 2, which can be 

regarded as an essentially cylinder with coaxial 

confinement. One of the internal dimensions was 

319 mm × 267 mm (dR = 4) × 200 mm. Another was 

160 mm × 100 mm (dR = 1.73) × 100 mm. The glass 

windows on both sides of the confined space were 

designed to meet the requirements of optical 

measurements. The basic experiments were based 

on the above geometric model. In order to 

determine clear correlations corresponding to the 

effect of confined space on the near behavior of the 

confined jet, more confined structures with the 

same contraction nozzle but variable diameter were 

studied by CFD as shown in Table 1.  

 

 
(a): basic structure 

 

 
(b): specific parameters 

Fig. 2. A confined space (dR = 4) with glass 

optical windows within the confined jet flowing 

through. 

  
2.3  Modelling and Mesh  

Figure 2 presents the physical model of the test 

section in this study. The numerical models shared 

the same geometric parameters. In order to avoid 

backflow, the downstream of straight duct was  
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Table 1 Numerical simulation parameters for different confined spaces 

Contents Range 

H/d (VR) 1 1.2 1.5 2 2.5 4 5 8 10 20 

H/L 0.067 0.08 0.1 0.133 0.167 0.267 0.333 0.533 0.667 1.333 

Mesh number (×105) 6.469 4.196 4.256 4.319 4.566 5.922 5.933 5.993 6.086 8.021 

Mass flow flux (kg/s) 0.0045-0.3804 

inlet velocity (m/s) 0.98 - 84.72 

 

 

   
Fig. 3. (a) The geometry and mesh at VR = 4; (b) The grid independence verification at dR = 20. 

 

 

extended for L = 15d and the overall length of the 

model was about 2200 mm. The diameter of 

confined space changed according to the dR. Table 1 

presents the parameters applied in mesh generation. 

Three-dimensional structured grids were used and it 

meshed by ICEM. The base size was 2 mm. The 

prism layers were 5 and the ratio was 1.1. The grid 

from the nozzle entrance to the confined space was 

densified to improve the quality of the calculation. 

The grid independence behavior was used to verify 

the applicability of the selected grid parameter 

shown in Fig. 3. 

2.4 Numerical Scheme  

The numerical simulation was performed using the 

mature commercial simulation software package, 

FLUENT R19.2, with a solver based on pressure 

and steady time. The flow governing equations 

were set up based on the three-dimensional Navier-

Stokes equations for a viscous incompressible ideal 

gas, of which the density was calculated using the 

ideal gas state equation. The standard k-epsilon 

turbulence model and enhance wall treatment were 

adopted to calculate the steady state as its 

excellence predictive performance for coaxial 

confined jet (Yang et al. 2012). The turbulence 

model used the recommended empirical factors 

muC = 0.09, 1C -epsilon = 1.44 and 2C -epsilon = 

1.92. SIMPLE method was used for the coupling of 

fluid velocity and gas pressure. At the time, 

momentum turbulence kinetic energy and 

turbulence dissipation rate were second order 

upwind. 

The boundary conditions were confirmed according 

to the experimental conditions to ensure that the 

numerical model was reasonable and approximate 

to the actual situations. The confined space 

possessed a solid wall of aluminum, which provided 

an adiabatic and non-slip boundary, within the air 

acted as the fluid flowing through it. Therein the 

inlet pressure, as the entrance condition, and the 

outlet pressure, as the exit condition, were close to 

the working pressure of vacuum pump. The fluid 

temperature was 291.15 K and turbulence intensity 

was determined as 0.3%.  

2.5 Numerical Simulation Validated by 

Experiments  

Figure 4 shows the validation results of numerical 

simulation by experiments at two jet exit 

velocities. The numerical simulation was carried 

out for the confined space with dR = 4, which was 

nearly consistent with the size of the confined 

structure used in the experiment. It showed that 

the top-hat profiles distribute with the saddle back 

in core flow part wherein the difficulty of 

numerical simulation lied in the boundary layer 

flow. The numerical code was properly validated 

for low velocity below 43 m/s due to the 

systematic limitation. Note that the influence of 

boundary layer flow would decrease with the 

increase of velocity, and this design was enough 

for validating that of high velocities. 

During testing, the discrepancy originated from the 

inaccurate discharge coefficient of sonic nozzle 

induced a certain but limited deviation between 

ideal and real mass flow. Thus, at the inlet velocity 

of 43 m/s, the difference in average velocity would 

directly cause a slightly lower calculated inlet mass 

flux than the reality. In general, the simulation 

results showed good agreement with that of the 

experiments.  
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(a) uc ≈ 43 m/s 

 

 
(b) uc ≈ 2 m/s 

Fig. 4. Comparison of the normal top-hat 

velocity profile near nozzle between numerical 

and experimental results for the confined space 

with dR = 4. 

 

3. RESULTS AND DISCUSSIONS  

In order to quantitatively analyze the round jet flow 

behaviors confined in the round pipe, originating 

from published papers (Hussein et al. 1994; 

Schlichting 2000; Zhang et al. 2019) and 

considering the specialty in this work, two non-

dimensional parameters referring to the VR and MR 

were defined as: 

c

R

0

u
V

u
=                                                                (1) 

0 0 0= / / / -1R e j j jM m m m m m Q Q= − =（ ）           (2) 

where uc is the local centerline velocity and u0 is the 

centerline velocity at nozzle exit; me is the excess 

mass flow rate of the jet; mj, Qj are the streamwise 

mass flow rate and streamwise volume flow rate of 

the jet respectively; m0, Q0 are the jet exit mass flow 

rate and jet exit volume flow rate respectively; The 

VR and MR represent the length of potential flow 

and the evolution speed of initial velocity profile, 

respectively, which are deeply associated with the 

inlet velocity uc. 

On this basis, the effect of the confined space size 

on the confinement characteristics of studied 

confined jet was discussed in details. The confined 

space size was also characterized by a non-

dimensional parameter dR, named as the diameter 

ratio of the test confined pipe. It was defined as 

(Razinsky and Brighton 1971): 

R

H
d

d
=                                                                (3) 

The studied region (with an axial length of 12d) 

located in the near field or intermediate field of jet 

flow, simplified, seems not sufficient to adapt to a 

full development. Nevertheless, in fact, the flow 

behaviors were indeed closely affected by the initial 

conditions and boundaries of the near field and 

intermediate field, providing higher referential 

significance to different engineering applications 

(Ball et al. 2012). In addition, the specific length of 

the studied region was actually related to the dR of 

confined space and all was located upstream far 

field. So, the research emphases lied in the studied 

region with small axial lengths. 

With the aim of elucidating the effect of inlet 

velocity uc and confined space dR on the parameters 

mentioned above, the following discussion were 

addressed. 

3.1 The Jet Flow Performance Confined in 

Round Pipe 

Previous studies implied that the addition of 

confined space could influence the round jet 

behaviors in the near field, hence the difference 

between them was discussed (Ball et al. 2012). The 

studied round jet was confined in a constant 

downstream space with dR = 4 in this section. The 

constant dR made it possible to simply study the 

initial velocity profile evolution of confined jet at 

different inlet velocities without the noise from 

variable confined space. As a common confined 

condition in previous literatures, the constant dR 

was also a suitable value to describe both the 

unconfined state and the deeply confined state in 

this research. 

Several results of VR corresponding to different 

confined conditions in some well-established 

publications were shown in Fig. 5 (Abdel-Rahman 

et al. 1996; Kwon et al. 2005; Suresh et al. 2008). 

For the round jet, the VR increased more 

significantly in the confined space, indicating a 

promotion of the VR caused by the confined space. 

For the confined jet, VR was found to be closely 

related to the special confined structure. In round 

free jet, the VR depended directly on the flow 

pattern of vortex structure in the mixing region, 

which possessed a process including formation, 

advection and diffusion corresponding to the 

duration of transition from laminar to turbulence by 

changing initial velocity. Differently, the 

recirculation region in confined space which 

originated from the presence of confined structure 

can also influence it. Therefore, the coupling effect 

of confined space and inlet velocity on round jet 
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behavior is worthy of further discussion. 

 

 

Fig. 5. Comparison of centerline velocity decay 

(VR) between the present results and the 

previous literatures. 

 

The VR and MR in the work resulted from the 

studied confined jet at wider range of inlet 

velocities are shown in Fig. 6. The range of the inlet 

velocity was from 0.62 m/s to 84.72 m/s, therein the 

range from 0.62 m/s to 41.24 m/s was verified by 

experiments. The expanded inlet velocity range 

corresponded to the gas flow range of about 10 m3/h 

-1000 m3/h under the constant nozzle exit diameter, 

which was basically held responsible for the 

measurement capacity of different flowmeters 

below Dn 200.  

Along the flow direction, the VR exhibited a sharp 

increase at the beginning, illustrating as a value of 

VR decreased rapidly below 1 in Fig. 6 (a). Then the 

increasing rate turned to be smooth after 0.5d for a 

certain distance, following by a gradually decrease 

of the centerline velocity. This indicated that the 

evolution of initial velocity profile near the nozzle 

was mainly driven by the recirculation region as 

well as the expansion effect. The acceleration of the 

decrease of expansion effect induced by the positive 

pressure gradient and the obvious interaction with 

the surrounding gas occurred simultaneously, which 

indicated that the onset of the VR occurred after the 

value of VR was greater than 1. The experimental 

data was slightly higher than the simulation results 

in absolute value of the ratio, since the starting 

point of the measurement was only close to the exit. 

The measured value u0 was increased by the 

expansion effect, while it was unrelated to the 

curves of experiments and simulations which shared 

a similar evolution trend. The local performance of 

VR depended on the recirculation region behavior, 

which varied with inlet velocity and continued until 

the width of confined jet reached the confined space 

wall with the disappearance of recirculation region. 

The confined jet was fully confined by the space 

wall in its radial direction at that moment, hereafter 

the fluid restored to pipeline flow. In addition, it 

should be noted that there was a coupling effect 

between the time average feature mentioned above 

and instantaneous vortex shedding behind the bluff 

body of vertical confined space wall during VR 

process near the nozzle. With the coincidence of the 

acceleration of the decay started and the increase of 

inlet velocity, the curves were slowly independent 

to the inlet velocity. This coupling variations 

between two confined evolution parameters 

persisted until the inlet velocity was fully higher 

than a critical value which was related to the special 

confined condition. 

 

 
(a) Centerline velocity decay (VR) 

 

 
(b) Entrainment rate (MR) 

Fig. 6. Variations of confined flow characteristics 

evolution of confined jet in constant confined 

space dR = 4. 

 

The variation features of MR in the constant 

confined space could further expose the evolution 

speed of initial velocity profile of confined jet. The 

MR increased rapidly and reached a peak at around 

the middle of flow distance, then turned to a 

subsequent decrease, which distributed as an 

inverted V-shape in the whole process showed in 

Fig. 6 (b). This was different from the linear growth 

in round free jet (Ball et al. 2012). The inverted V-

shape distribution of the confined jet also implied 

that the evolution of the initial velocity profile in 

the whole process was mainly attributed to the 

recirculation region. Some surrounding gas was 

used to preserve the recirculation region driven by 

the adverse pressure gradient, and the other was 

drawn into the confined jet, which enhanced the 

momentum loss and accelerated the evolution of 

initial velocity profile. The reinforcement of the 
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recirculation region raised firstly and followed by a 

decrease along the flow direction, of which the 

maximum adverse pressure gradient appeared at the 

center of recirculation region. Note that the peak of 

MR directly referred to the center of recirculation 

region and the location of the peak moved upstream 

as decreasing of inlet velocity, which was special 

for the corresponding recirculation region. The 

experimental results were also slightly higher than 

that of the simulations due to the lower calculated 

inlet mass flux, which was used as the Q0 for the 

experiments. Furthermore, the coupling effect 

between the time average feature and instantaneous 

vortex shedding mentioned above was more 

obvious in the MR evolution of confined jet, which 

indicated that the faster MR measured by 

experiments at the lowest inlet velocity after 0.5d.  

 

 

(a) uc = 2.08 m/s 

 

 

(b) uc = 19.52 m/s 

 

 

(b) uc = 84.72 m/s 

Fig. 7. Development of recirculation regions in 

confined jet with increasing inlet velocity (dR = 4). 

 

Thus, the initial velocity profile evolution of 

confined jet involved remarkable role of 

recirculation region in the process. In order to 

discuss the recirculation region in details, the non-

dimensional parameter pressure coefficient (Cp) 

based on the previous literature (Ötügen 1991) was 

re-defined as: 

*

0

w 0

p

0

p p
C

p p

−
=

−
                                                (4) 

where p
* 

0 , p0 are the reference total pressure and 

static pressure, which are obtained at y = -d/2; Pw is 

the wall static pressure obtained at y = -D/2, a 

baseline chosen from downstream step to exclude 

the possible effect of the special confine space. Cp 

represents the relative pressure gradient between the 

confined jet and surrounding gas at the same axial 

location, and the negative value indicates that the 

recirculating fluid is more likely to occur. The step-

side wall static pressures were obtained for various 

inlet velocities. The resulting Cp was shown in Fig. 

7. The larger-scale recirculation region resulted 

from the continuous negative pressure coefficient 

was found in the downstream confined space. 

 

 
Fig. 8. Variations of Cp in the confined jet  

(dR = 4). 

 

As can be seen in Fig. 8, the steep drop of Cp near 

the nozzle exit indicated the beginning of initial 

velocity profile evolution of confined jet. This flow 

separation at the nozzle outlet resulted in the 

suddenly increased static pressure p0 without nozzle 

walls and then decreased, leading to a peak of 

pressure. Meanwhile, the outside fluid velocity of 

the confined jet suddenly increased at first, then 

turned to be slowly wherein the initial velocity 

profile gradually evolved from the outside to the 

centerline along flow direction. Another trend 

evident in the Cp results was that the higher inlet 

velocity led to the faster development of pressure 

with shorter distances from the separation position 

to the location of minimum Cp. The disappearance 

of nozzle wall caused increased viscous shear force 

which related to the strongly interaction between 

surrounding gas and the formed jet. This was 

coupled with expansion effect to induce the faster 

development of pressure, indicating the fastest 

evolution of VR and MR near the nozzle. Due to the 

expansion effect, the Cp recovered and fluctuated 

until it dropped again. This was reflected before 2d 

in Fig. 8, which also referred to the slow growth 

stage of VR mentioned above. Therefore, Cp was the 

dominate factor for the recirculation region which 

reinforced the initial velocity profile evolution. The 

expansion effect promoted the special trend of Cp, 

which varied with inlet velocities in a constant 

confined space. 

It should be noted that the second peak in Fig. 8 

was a special characteristic of the studied confined 

space with the downstream step. The diameter of 

the confined space suddenly reduced and the wall 

static pressure increased faster under the role of the 

viscous force, which caused the Cp increased from 

negative to positive. This also strongly illustrated 
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that the confined space size had a significant 

influence on Cp compared to the inlet velocity. It 

was also worthy to note that the zero point of Cp 

after the second peak moved downstream with the 

increasing inlet velocity, indicating a moved center 

of recirculation region, since a longer development 

distance was needed when the reversal point formed 

a recirculation region.  

Cp after processing was more representative to the 

evolution of initial velocity profile and more 

effective to get the recirculation region behaviors. 

According to the Cp results as shown in Fig. 8, Cp 

developed asymptotic to a similar distribution with 

the increase of inlet velocity. The region was 

located at the downstream of the nozzle more than 

ten times the diameter which was far less than 70d. 

This showed that the addition of the confined space 

can effectively shorten the length of near field. The 

effect of the inlet velocity on the round confined jet 

becomes weaker as it increased, and the confined jet 

was independent of the inlet velocity above 42.56 

m/s under the studied conditions, which was related 

to the recirculation region in the confined space.  

As a whole, present results indicated that the 

adverse pressure gradient in the additional confined 

space acted as the main reason for the formation of 

the recirculation region, and interacted with the 

expansion effect to enhance the initial velocity 

profile evolution of the confined jet, both in VR and 

MR. The increase of the inlet velocity could improve 

the uniformity of Cp in the confined space, 

promoting the recirculation region performance and 

the initial velocity profile evolution. On the other 

hand, the reduction of the confined space size could 

affect the recirculation region performance and it 

will be discussed in detail later. These aspects 

corresponding to the addition of the confined space 

made the confined jet attractive candidates for near 

field applications which was applicable to the 

requirements of gas flow measurements. 

3.2 The Effect of Confined Space Size  

The initial velocity profile evolution of the confined 

jet was related to not only the inlet velocity but also 

the size of confined space, which was attributed to 

the recirculation region performance and expansion 

effect. The initial velocity profile evolution of 

confined jet was studied at different downstream 

confined conditions by changing dR. The studied 

range of dR was from 1.2 to 20, and dR = 1.73 as 

well as 4 was verified by experiments. The 

expanded dR range corresponds to the inlet velocity 

range was basically held responsible for the 

application requirements of gas flow measurement 

based on the velocity-area method. The variations 

of local performance of recirculation region at 

different confined conditions during evolution 

processes were shown in Fig. 9. 

As can be seen in Fig. 9, larger dR led to the slightly 

increased the length of recirculation region (LR) and 

the distance to nozzle exit, resulting in the change of 

initial velocity profile evolution of confined jet at 

different confined conditions. It could be attributed to 

the enlarged dR promoting the continuous distribution 

of negative pressure coefficient, which was more 

conducive to the emergence and development of the 

recirculation region. Similar to the effect of the inlet 

velocity, the behavior of recirculation region was 

gradually independent on the increasing dR, 

indicating that there was a critical confined condition 

for the initial velocity profile evolution of the 

confined jet. However, compared with the confined 

jet of dR = 4, the confined jet of dR = 8 revealed 

different rules. It was evident that downstream step 

resulted from a limited length of the confined space 

could lead to the slightly shorter normalized length 

and distance of recirculation region. Increasing dR 

with limited length of the confined space caused the 

pressure at the step point which could produce the 

recirculation region but was lower than the pressure 

at the enlarged confined space wall. The recirculation 

region could be separated into two small-scale 

recirculation regions, and the scale near the centerline 

was larger, which undoubtedly affected the local 

performance of the recirculation region. 

 

 
Fig. 9. Variations of the shape parameters of 

recirculation region during round jet developing 

in confined spaces. 

 

Considering the determinative of the analytical 

results to the pure annular confined jet without 

swirl, LR and related formula in a constant confined 

condition was given (Sheen et al. 1996), which 

gave a reference to compare the local performance, 

expressed as: 

1 c/ /RL d K u d =                                          (5) 

2 1 c/ + /RL d K K u d=                                (6) 

Where K1 and K2 are the constant parameter. The 

former is used at Reynolds numbers less than 300 

and the latter is used at higher Reynolds numbers. It 

was apparent that the inlet velocity contributed to 

the recirculation region at constant confined 

condition. However, the size of the confined space 

is the dominate factor compared to the inlet 

velocity, as K1 and K2 are sensitive to the confined 

conditions. It was noticed that LR increased 

nonlinearly with the increasing inlet velocity, which 

was related to the unsteady vortex-shedding. This 

was consistent with the findings in this research, 

wherein the round confined jet was in a 
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confinement state with recirculation region. 

Therefore, more detailed discussions about the 

effect of confined space size would be carried out 

for the evolution referring to VR and MR 

corresponding to the recirculation region 

performance. 

 

 
(a) Centerline velocity decay (VR) 

 

 
(b) Entrainment rate (MR)    

Fig. 10. Variations of confined evolution of 

round jet confined in different spaces. 

 

The variations of VR with different confined spaces 

at uc = 57.54 m/s are shown in Fig. 10 (a). 

Comparing the VR of the confined jet in different 

confined spaces, the onset of VR advanced and 

enhanced with the decease of confined space size at 

a same inlet velocity. When dR > 5, there was no 

obvious confinement effect of confined space on 

VR, which was different from VR in smaller confined 

space at the same inlet velocity condition. The 

distance of recirculation region to nozzle exit and 

the length of it were almost independent from the 

enlarged dR with the increase of inlet velocity 

compared to smaller confined space. When 1< dR < 

5, the recirculation region was pushed to the nozzle 

exit timely with the decreased dR, leading to the 

advance of the velocity decay. The velocity decay 

occurred at x = 0.2d when the dR decreased to dR = 

1.2, and the expansion effect region near the nozzle 

exit as well as the developing region of confined jet 

in the confined space was relatively short. When the 

dR decreased to 1 without the confined jet, the 

confinement characteristics in it cannot occur.  

Figure 10 (b) shows the variations of MR with 

different confined spaces. All of the results 

indicated that the confined evolutions of the initial 

velocity profile gone through the process from jet 

flow to pipe flow, as mentioned above. The 

difference was that reducing the dR could 

significantly advance and limit the stable degraded 

process from the peak value as well as the effect of 

inlet velocity on the degradation. In addition, the 

variations of the peaks at different inlet velocities 

enlarged with the increase of dR. The entrainment 

behavior was strongly dominated by the 

recirculation region, which was the same as the VR. 

When the dR decreased, the recirculation region 

moved upstream timely with the enlarged space, 

reducing the dispersion of entrainment curves. 

Comparing the entrainment curves in different 

confined spaces, the proportion of MR confined 

growth in its total growth period decreased with the 

smaller confined space. The confined peak appeared 

lately in relatively large confined space in which the 

recirculation region could be more easily enlarged 

than in the small confined space. As the special 

behavior near the nozzle in the constant space, the 

effect of the confined space on the initial velocity 

profile evolution of the confined jet in the region 

was concerned. 
 

 
Fig. 11. Variations of MR in the very near region 

of confined jet. 
 

Figure 11 shows the variations of MR with different 

confined spaces at variable inlet velocities near the 

nozzle. The distance was from the exit to 0.5d and 

the dR was from 1.2 to 2. In very near region, all of 

the results increased rapidly at first and then tend to 

be gradual. At dR = 2, there was obvious difference 

about 1% during the increasing inlet velocity, which 

was different from the other confined jet with 

smaller dR at the same inlet velocity. As the dR 

decreased below 1.5 with a difference less than 

0.2%, which was corresponding with the limited 

action of recirculation region as shown in Fig. 9. As 

mentioned above, MR was influenced by the jointly 

effect of recirculation region, vortex shedding and 

expansion effect to a more complicated extent, 

comparing with that in the further region. Reducing 

the dR of the confined space not only constrained 

the recirculation region performance, but also 

needed to determine its influence on the vortex 

behavior. The time-average vorticity could be used  
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(a) uc = 0.98 m/s                 (b) uc = 4.99 m/s               (c) uc = 20.05 m/s            (d) uc = 49.01 m/s 

Fig. 12. Variations of vorticity contours of confined jet near nozzle exit (dR = 1.2 and dR = 5). 

 

 

  
(a) dR = 1.73                                                             (b) dR = 4 

Fig. 13. Experimental verification of MR affected by confined spaces. 

 

 

to analyze the vortex intensity (Sheen et al. 1996), 

as shown in Fig. 12. It was evident that the vortex 

intensity was not strongly related to the reduction of 

confined space and the interaction between the 

vortex and surrounding gas was significant limited. 

The vortex was mainly in the mixing layer of the 

confined jet and the intensity increased with the 

increasing inlet velocity. Surrounding fluid on both 

sides of vortex region enlarged at high dR of 

confined space, which brought higher entrainment 

compared with that at lower dR. The dispersion of 

entrainment with different inlet velocities enlarged 

at the lager confined space.  

On this basis, experimental verification of MR 

affected by confined space was conducted by two 

confined jets applied in gas flow measurement. The 

different results of the deviation (qi was measured 

volume flux at different axial positions and q0 was 

at the nozzle exit) (Mickan and Strunck 2014) are 

shown in Fig. 13. At dR = 1.73, the observed 

dispersion was about 3.9% within 0.1d, which was 

about 7% lower than in the confined space with dR = 

4 at a similar inlet velocity. Based on the improving 

consistency of measurement objects, reducing 

absolute variation could be achieved by a 

decreasing confined space. At dR = 4, the deviation 

was closer to zero at higher inlet velocity within 

0.5d from the distance to nozzle exit compared to 

other lower initial velocity. The experimental 

results further verified the above analysis that 

reducing dR could limited the initial velocity profile 
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evolution of confined jet. 

Thus, the initial velocity profile evolution of the 

confined jet was mainly attributed to the dR of the 

confined space compared with the inlet velocity. 

Reducing the dR could restrain the appearance and 

performance of recirculation region and relax the 

interaction between the confined jet and the 

surrounding gas, so as to promote the consistency of 

MR at different inlet velocities. Nevertheless, it 

would also enhance the VR and shorten the length of 

the core flow. Note that the critical value of the dR 

was 2, by which the initial velocity profile evolution 

of confined jet was obviously independent of the 

inlet velocity in a smaller confined space. 

5. CONCLUSIONS 

In this work, the round jet flow performance due to 

the confinement of round pipe was investigated 

experimentally and numerically. A wide range of 

inlet velocities (uc) from 0.98 m/s to 84.72 m/s and 

the diameter ratios (dR) of studied confined space 

from 1 to 20 were simulated and quantitatively 

discussed. The axial length of the studied region 

was within 12d, which was closely affected by the 

initial conditions and boundaries. Centerline 

velocity decay (VR) and entrainment rate (MR) 

resulted from the evolution of initial velocity profile 

are important for the confined jet, which is deeply 

related to recirculation region behavior in the 

confined space. All of the different metrics are 

associated with the downstream confined conditions 

including uc and dR. The following specific 

conclusions can be drawn based on the present 

study: 

(1) The addition of the confined space can 

significantly promote the initial velocity profile 

evolution by the formation of recirculation 

region, but it reduces the maximum absolute 

entrainment mass flux. The increased inlet 

velocity can change the initial velocity profile 

evolution, significantly influencing the pressure 

coefficient (Cp) in confined space and the local 

performance of recirculation region, which 

become more striking for the inlet velocity 

above 42.56 m/s under the studied conditions. 

(2) The remarkable effect of downstream confined 

space mainly further contributes to the 

confinement characteristics of gas jet flow, 

representing a shortened flow distance despite 

similar process by reducing the dR. It owes to 

the weaker recirculation region induced by the 

change of Cp distribution in the confined space. 

Moreover, reducing confined space can also 

eliminate the dispersion of initial velocity 

profile evolution at different inlet velocities, 

especially when the dR is less than 2. 
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