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Abstract 
 

A multi-perforated tube indicates the existence of multiple holes in various shapes on the surface of long cylinder-type or rectangular 

tubes, and the hole installed on the surface is called an orifice as it is relatively small in size, compared with the surface area of the tubes. 

In this study, flowrate distribution features and changes in discharge angle according to the blockage ratio resulting from the changes in 

the number of orifices and the thickness of multi-perforated tubes were investigated by means of analysis and experiment, targeting the 

multi-perforated tubes where rectangular orifices are installed on the both sides of square tubes. In addition, contraction coefficient and 

flow coefficient between orifices were analytically investigated. The more increase in blockage ratio of multi-perforated tubes, the more 

uniform flowrate distribution between orifices. The discharge angle becomes more and more perpendicular in the longitudinal direction 

of multi-perforated tubes as it gets closer to the end of orifices, exhibiting big differences at the entrance if blockage ratio is small. The 

more increase in the thickness of multi-perforated tubes, the more uniform flowrate distribution between orifices become as contraction 

coefficient increases. The flow coefficient distribution of orifices using the pressure at the entrance of the orifices of multi-perforated 

tubes increases in the longitudinal direction of the multi-perforated tubes, exhibiting values ranging from 0.66 to 0.68 as to BR = 0.893 ~ 

0.979.   
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1. Introduction 

A multi-perforated tube means the existence of multiple 

holes in various shapes on the surface of long cylinder-type or 

rectangular tubes, and the hole installed on the surface is 

called an orifice as it is relatively small in size, compared with 

the surface area of the tubes. The multi-perforated tubes are 

widely being used throughout the entire industry as they can 

play the role of a flow divider capable of ejecting flow by 

dividing it as many as the number of orifices installed on the 

surface [1-16]. However, because of the features of multi-

perforated tubes of a long length, the flow between orifices is 

not even due to change in pressure in the longitudinal direc-

tion, and the discharge angle of the stream released from ori-

fices is known to be different from each location [4-7]. There-

fore, a number of studies have been conducted for the purpose 

of obtaining mathematical formulae capable of controlling and 

predicting the flow and discharge angle between the orifices 

installed in the longitudinal direction of multi-perforated tubes. 

Ahn [1] fixed the diameter of orifices in a one-dimensional 

channel flow in the low Reynolds numbers, and studied 

flowrate distribution characteristics as per the variables non-

dimensionalized by the size of inlets and outlets, and the Rey-

nolds numbers by means of analysis and experiment. Foust [2] 

investigated the velocity and the flow structures of multiple 

jets emitted after being passed through multi-perforated tubes 

with various diameters and pitches of orifices using PIV for 

Catheter-an intravascular syringe needle in medicine. Chen [3, 

4] performed an analytical and experimental research on the 

characteristics of flowrate distribution using multi-perforated 

tubes where rectangular orifices were installed. He discovered 

that the flowrate change between each orifice was very small 

at sufficiently fast speed inside tubes, verifying the discharge 

angle of stream gets closer to 90° in the longitudinal direction 

as it moves to the end of tubes. He also analytically investi-

gated that the flowrate distribution between orifices could be 

controlled by changing aspect ratio of orifices. Moueddeb [5, 

6] represented the flowrate distribution characteristics in 

multi-perforated tubes with orifices in various shapes as a one-

dimensional equation using the internal static pressure. In  
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addition, using a manometer, the discharge angle of the flow 

passing through orifices was measured, and using Cd and Cr 

(regain coefficient), a mathematical formula close to actual 

flow was induced, and then, through an experimental verifica-

tion, the validity of the mathematical formula was confirmed 

within 10.3% of error range. Singh [7] induced a simple one-

dimensional theoretical formula designing the pitch and size 

of orifices of multi-perforated tubes used for the systems for 

preventing hazardous materials and for solving safety-related 

problems in nuclear power plants.  

Such studies have been carried out with respect to the 

flowrate distribution of multi-perforated tubes where the in-

tervals between orifices were not considered, targeting multi-

perforated tubes where a single orifice is installed [8-17]. The 

studies on the multi-perforated tubes with orifices arrayed in 

more than two rows are rare, and such studies have been 

mainly limited to the low Reynolds numbers.  

For such a reason, this study investigated the influence over 

the flowrate distribution features and changes in discharge 

angle between orifices using the changes in the intervals be-

tween orifices and blockage ratio (BR) via the changes in the 

number of orifice, targeting multi-perforated tubes where rec-

tangular orifices are installed on the both sides of square tubes 

in relatively high Reynolds numbers. Also, the influence of 

thickness of orifices was investigated, and, ultimately, design 

variables affecting the flowrate distribution between orifices 

were pursued. 

 

2. Analysis methods  

2.1 Shape of multi-perforated tubes  

The shape of the multi-perforated tubes used for the analy-

sis and experiment is as follows, as shown in Fig. 1.  

The multi-perforated tubes were designed as a 2-

dimensional model, and, in order to create a fully-developed 

flow field, an entrance length equivalent to the fiftyfold di-

ameter of the entrance of multi-perforated tubes was installed. 

The point where the entrance length ends was set as the start-

ing point, and the longitudinal direction of the multi-

perforated tubes was set as an axial direction (flow direction, 

x-dir), and the direction perpendicular to the axial direction as 

a radial direction (r-dir). The end of the multi-perforated tube 

is blocked and the interval between the starting point and the 

first orifice and the distance from the end to the last orifice are 

the same.  

As for the multi-perforated tubes, the rectangular orifices 

with an aspect ratio of 0.4 were installed on the both sides of 

square tubes with an aspect ratio of 0.5. The aspect ratios of 

orifices were the same, and blockage ratio was adjusted by 

changing the number of orifices. The blockage ratio here can 

be defined as a value divided the difference between the area 

of the both sides of a square tube where orifices are installed 

and the area of an orifice by the area of the both sides of a 

square tube where orifices are installed. Now that the starting 

point and ending point of the orifices were fixed, the pitches 

between the orifices were automatically adjusted according to 

the changes in the number of the orifices. The number of ori-

fices had been changed from 9 to 40, and the changes in the 

pitch between orifices and the blockage ratio thereby were 

shown in Table 1. As for the number of orifices, the orifice 

closest to the starting point is defined as number 1, and the 

locations of orifices are displayed after their being non-

dimensionalized using L-the length from the starting point to 

the end of the orifices.  

 

2.2 Analysis conditions 

The analysis for investigating the flowrate distribution fea-

tures and changes in discharge angle of the stream between 

the orifices of multi-perforated tubes was performed in accor-

dance with the changes in the Reynolds numbers, as shown in 

Table 2, with respect to the geometrical conditions shown in 

Table 1. Analysis conditions.    (unit: mm) 
 

Case BR 
NO of 

orifice  
Pitch t W H L a b 

1 0.979  8  57.78 

2 0.968 12  36.92  

3 0.957 16  25.88 

4 0.946 20  19.05 

5 0.936 24  14.40  

6 0.893 40 4.87 

2 

or 

10 
50 25 600 10 4 

 
Table 2. Inlet boundary conditions. 
 

  Re (×104) 
water

m (kg/s) 
water

Q x10-3(m3/s) Inlet velocity (m/s) 

1 5  0.380 0.381 0.305 

2 7 0.532 0.534 0.427 

3 10  0.760 0.762 0.610 

4 20  1.521 1.524 1.220 

5 40 3.042 3.049 2.439 

 

 

 
 

Fig. 1. Schematics of multi-perforated tube and definitions of geomet-

ric parameter. 
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Table 1. At this point, the experimental verification of the 

analysis results was performed at Re = 7x10
4
. The analytical 

research was performed using a commercial software, Fluent 

V.6.3, widely being used in the area of flow analysis. The 

turbulence model applied to the analysis was the k-ε real 

model [3, 4], which is known to be able to perform relatively 

accurate calculation in the event of big changes in curvatures 

of streamlines, at the same time being suitable for rotation and 

the flow field of recirculation. The water density, a working 

fluid, of 998 kg/m
3
 at 20℃, and a viscosity coefficient of 

1.005x10
-3
 kg/m.s, were applied. The entrance pressure of an 

orifice is set as atmospheric pressure, and the flowrate distri-

bution passing through the orifice was allowed to be observed 

by setting a flow area at the entrance of the orifice.  

 

3. Results and discussion 

3.1 Internal or external flow characteristics of multi-

perforated tubes 

Fig. 2 indicates the streamlines of internal and external flow 

fields of multi-perforated tubes when BR = 0.957 and Re = 

7x10
4
, and velocity is expressed in colors. The internal flow 

inside multi-perforated tubes produced big changes, affected 

by the orifices installed in the longitudinal direction of the 

tubes, displaying drastic changes in the streamlines near the 

entrance of the orifices. Also, highly complicated flow charac-

teristics are shown at the end of the tubes including re-

circulation areas. Such complicated internal flow characteris-

tics are resulted from the changes in velocity, momentum, 

pressure, etc. as a consequence of the emission coming 

through orifices as fluid runs in the direction of the longitudi-

nal direction of tubes. 

The flow field at the exit of orifices, formed outside the 

multi-perforated tubes, is directly affected by the internal flow 

characteristics. The velocity distribution between orifices be-

comes more uniform as it moves closer to the end of tubes; 

consequently, it can be seen that the amount of flowrate is 

bigger at the end of tubes than at the entrance. The discharge 

angle passing through orifices becomes more and more per-

pendicular to the surface of the entrance as it gets closer to the 

end of multi-perforated tubes.  

Based on such results, it can be said that the internal and ex-

ternal flow characteristics of multi-perforated tubes are af-

fected by the geometrical variables as the number of orifices 

(that is, the blockage ratio), which affects change in pressure 

inside the tubes or the intervals between orifices, etc., and the 

characteristics of such variables should be expressed as func-

tions in the longitudinal direction of multi-perforated tubes. 

Fig. 3 is an image of the working fluid stream passing 

through orifices when BR = 0.957 and Re = 7x10
4
, which is 

the same condition as the analysis result shown in Fig. 2. 

Compared with the analysis result shown in Fig. 2, it can be 

seen that the macroscopic features including flow direction 

look similar. For a quantitative investigation, the discharged 

flowrate between orifices was measured and compared with 

the analysis result. The measurement of the discharged 

flowrate was carried out over the period of time sufficiently 

long enough to ignore time variation effects, and the experi-

mental errors were minimized by iterating the experiment. 

Fig. 4 is a comparison of the measurement results of the dis-

charged flowrate between orifices obtained from the same 

condition, as shown in Fig. 3, with the analysis results. Tough 

the analysis results were slightly high at the entrance of multi-

perforated tubes and slightly low at the end, it can be seen that 

they are relatively consistent in the entire longitudinal direc-

tion. The standard deviation of the analysis result with respect 

to the experimental values in the entire longitudinal direction 

of the multi-perforated tubes was 0.0224, which is a reason-

able value for investigating the flow characteristics of multi-

perforated tubes.  

 

3.2 Characteristics of flowrate distribution between orifices 

of multi-perforated tubes 

Fig. 5 illustrates the flowrate distribution between orifices 

when BR has been changed from 0.893 to 0.978 at Re = 7x10
4
. 

 
 

Fig. 2. Velocity vector plots and streamlines around orifice exit.  

 

 
 

Fig. 3. Photo of orifice arrange along the tube and discharged flow 

through orifices. 
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Fig. 4. Volume flowrate distributions with axial distance. 
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Even if the orifices area installed discontinuously, they are 

expressed in a continuous manner in order to understand the 

flowrate distribution features in the longitudinal direction of 

multi-perforated tubes. The x/L = 0 on the graph represents 

the entrance of a multi-perforated tube, and x/L = 1 its end. 

The flowrate distribution between orifices in the longitudinal 

direction of multi-perforated tubes exhibits a relatively linear 

distribution, showing the biggest difference in flowrate distri-

bution between the entrance of tubes and the end when big 

discharging areas resulting from the large number of installa-

tion of orifices of BR = 0.893. It can be seen that the flowrate 

distribution between orifices in the longitudinal direction of 

tubes becomes more and more uniform because a decrease in 

the number of installed orifices leads to the decrease in size of 

the discharging area. 

Fig. 6 displays the linear slope values of the flowrate distri-

bution between orifices in the longitudinal direction of multi-

perforated tubes shown in Fig. 5 according to the changes in 

BR as to the various changes in the Reynolds numbers. The 

Reynolds number had changed within the range of 5~40x10
4
, 

and 20~40x10
4
 are relatively high Reynolds numbers. The 

slope of flowrate distribution between orifices resulting from 

changes in the Reynolds number does not exhibit big differ-

ences with respect to the equivalent BR, showing a similar 

tendency over the entire BR that had been investigated. When 

it comes to changes in BR, the more increase in BR, in other 

words, the more discharging area decreases as a result of the 

decrease in the number of orifices, the more slope decreases 

almost linearly in the investigated Reynolds numbers. Such 

results mean a growing uniformity of flowrate distribution 

between orifices as a consequence of a decrease in discharging 

area of multi-perforated tubes, while being able to be ex-

pressed by the following equation: 

 

Gradient(deg) 839.45BR 829.74 .= − +   (1) 

 

Fig. 7 displays the changes in the static pressure at the en-

trance of multi-perforated tubes according to BR with respect 

to multiple Reynolds numbers. As the BR increases, the pres-

sure tends to increase as expected, especially showing a dras-

tic increase after BR = 0.97.  

 

3.3 Changes in discharge angle between orifices 

Fig. 8 is a magnified image of around orifices for measuring 

the discharge angle of the stream that changes in the longitu-

dinal direction of multi-perforated tubes, as shown in Figs. 2 

and 3. It can be seen that the stream discharged from the ori-

fices is being spread after creating a minimum area as it fails 

to have a structure of the same shape as orifice, becoming 

more and more contracted by inertia. The point where the 

minimum sectional area is formed may vary between orifices, 

but, on average, it exists near the point of 4 mm. The dis-

charge angle was defined as an angle between the line con-

necting the minimal sectional area where geometrical center 

and contraction phenomenon occur at the entrance of orifices 

and the axial direction (x-dir). 
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Fig. 5. Volume flowrate distribution along the tube with BR in Re = 

7x104. 
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Fig. 6. Gradient of flowrate distribution with the Reynolds number. 
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Fig. 7. Static pressure distribution with the Reynolds number. 

 

 

 
 

Fig. 8. Photo of water jet structure and definition of discharged angle

(θ). 
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Furthermore, a calculation of discharge angle using the 

analysis results was performed using the size of the velocity 

component (Va) in the axial direction and velocity component 

(Vr) in the radial direction of the calculation point, and then 

expressed by the average value of the entire sectional area of 

the entrance, which can be expressed by the formula shown in 

Eq. (2). 
 

n
1 r

i 1 a

r

V
tan

V
(deg) ,(V 0)

n

−

=

 
 
 θ = >

∑
  (2) 

 

Fig. 9 is a comparison of the discharge angle obtained from 

the experiment when BR = 0.957 and Re = 7x10
4
 with the 

analysis results. The analysis results exhibit a slightly low 

discharge angle at the entrance of multi-perforated tubes, 

showing a tendency in agreement with experimental results, 

with it getting closer to the end via the center of multi-

perforated tubes. The standard deviation of the analysis results 

as to the experimental values in the entire longitudinal direc-

tion of multi-perforated tubes is 1.55. Such a result corre-

sponds to 7.7% of the difference in discharge angle between 

the inlet and outlet of multi-perforated tubes, which is ap-

proximately 20°, and the discharge angle in the stream was 

investigated using the analysis results within such an error 

range.  

Fig. 10 indicates changes in the discharge angle of a stream 

passing orifices at Re = 7x10
4
 with respect to the BR in the 

longitudinal direction of multi-perforated tubes. 

The changes in the discharge angles, resulting from a BR, is 

the biggest at the entrance of multi-perforated tubes, exhibit-

ing a difference of maximum 20° between 0.98 where the BR 

is the biggest and 0.936 where the BR is the smallest. The 

changes in discharge angle in the longitudinal direction of 

multi-perforated tubes indicate low discharge angles at the 

entrance, and the closer the end is, the closer the angle to 90°. 

The difference between the entrance where the BR is the 

smallest (0.936) and the end is about 40°. Also, the changes in 

discharge angle in the longitudinal direction of multi-

perforated tubes tend to be almost linear as BR increases.  

 

3.4 Effect of the thickness of multi-perforated tubes 

Fig. 11 illustrates the effect of the thickness of multi-

perforated tubes on the flowrate distribution characteristics 

between orifices. Generally, the thickness of commercial-

purpose tubes used for manufacturing multi-perforated tubes 

ranges from minimum 2 mm to maximum 15 mm [18]. This 

study investigated the effect of thickness of multi-perforated 

tubes after selecting thickness of 2 mm and of 10 mm. The 

BRs applied here were 0.957 and 0.938, and the Reynolds 

number was 7x10
4
. The changes in thickness of multi-

perforated tubes shall lead to an increase in the length of ori-

fices, affecting the flow loss and flow direction of the stream 
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Fig. 11. Flow gradient of a compare with thickness. 
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Fig. 12. Gradient of volume flowrate distribution with tube thickness. 
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Fig. 9. discharge angle at BR = 0.957, Re = 7x104. 
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Fig. 10. Discharge angle with BR in Re = 7x104. 
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passing through orifices. A multi-perforated tube of thickness 

of 10 mm results in a higher flowrate distribution at the en-

trance of the tube than the case of 2 mm, consequently exhibit-

ing a tendency of more uniform flowrate distribution between 

orifices. 

Fig. 12 shows the changes in the slope of flowrate distribu-

tion between orifices when t = 2 mm, along with the case 

when t = 10 mm. When t = 10 mm, the slope of flowrate dis-

tribution between orifices according to the changes in the Rey-

nolds numbers shows a similar result as to the same BR as in 

the case of t = 2 mm. Also, it can be seen that the slope within 

the range of the investigated Reynolds numbers decreases 

almost linearly as the BR increases. However, when t = 10 

mm, the slope is smaller, showing a small value at a degree of 

about 10° at BR = 0.936. Such results allow to predict the fact 

that the more increase in thickness of multi-perforated tubes 

shall lead to changes in an overall discharge flowrate by af-

fecting the flow coefficients of orifices.  

 

3.5 Distribution of flow coefficient 

Fig. 13 shows the changes in contraction coefficient as per 

the BR at t = 2 mm and Re = 7x10
4
 in the longitudinal direc-

tion of multi-perforated tubes. The contraction coefficient here 

was defined as a ratio of geometrical sectional area of an ori-

fice to actual discharge area, and the actual discharge area was 

defined as an area representing the positive (+) velocity in the 

radial direction at the calculation point. The changes in con-

traction coefficient in the longitudinal direction of multi-

perforated tubes indicate low values along with the big 

changes at the entrance of multi-perforated tubes, and the 

closer to the end, the closer to 1. The smaller a BR is, that is, if 

a discharge area is relatively big due to a large number of ori-

fices, the lower contraction coefficient distribution gets. In 

particular, in case of the smallest BR (0.893), about 70% of 

discharging area at the entrance of tubes is shown. It can be 

seen that such a change in contraction coefficient is one of the 

reasons that result in changes in flowrate distribution and dis-

charge angle between orifices, as shown in Figs. 5 and 10. 

Fig. 14 illustrates the distribution of contraction coefficient 

in the longitudinal direction of multi-perforated tubes when 

BR = 0.957 and Re = 7x10
4
 with respect to the case of 2 mm 

and 10 mm. When the thickness of a multi-perforated tube is 

10 mm, changes occur at the entrance of the tube along with 

low contraction coefficient, but 1 is maintained after x/L = 

0.35. On the other hand, in case of 2 mm, a low value less than 

1 is shown in the overall longitudinal direction of the tube. 

Such a result is in agreement with the relatively uniform ten-

dency when thickness increases in the flowrate distribution 

between orifices, as shown in Figs. 11 and 12. 

Fig. 15 indicates the pressure coefficient as to the changes 

in the BR when t = 2 mm and 10 mm as to the changes in the 

Reynolds numbers. The definition of pressure coefficient can 

be expressed by Eq. (3), and POP and mean pressure at the 

starting point and velocity, respectively. 

 

static OP atm

P
2dynamic

P P P
C

1P
v

2

−
= =

ρ
  (3) 

 

It can be seen that the more increase in BR tends to lead to 

the more increase in pressure coefficient, exhibiting a pattern 

similar to the static pressure distribution, as shown in Fig. 7. 

As for the influence caused by thickness, the case of t = 10 

mm yields a relatively low pressure coefficient. It is assumed 

that such a result means that the increase in discharge area 
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Fig. 13. Contraction coefficient along axial distance for two tube thick-

ness at BR = 0.975, Re = 7x104.  
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Fig. 14. Contraction coefficient along axial distance with various BR at 

Re = 7x104. 
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Fig. 15. Pressure coefficient with BR for two tube thickness. 
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verified in Fig. 14 may have lowered internal static pressure, 

while decreasing pressure coefficient. 

Fig. 16 displays iso-pressure contours inside a multi-

perforated tube and the static pressure distribution on the cen-

ter line. The closer to the end of a multi-perforated tube, the 

more increase in static pressure, and a big pressure change is 

shown as a result of the loss of momentum due to the leakage 

of working fluid between orifices. The reason that the internal 

pressure of a tube is not uniform, changing in the longitudinal 

direction, can be understood that the blockage at the end of the 

tube converts dynamic pressure into static pressure as working 

fluid moves closer to the end of the tube. Such an ununiform 

internal pressure distribution has a huge impact on the 

flowrate distribution between orifices, and, ultimately, can be 

quantified as a flow coefficient of orifices. 

Fig. 17 indicates a flow coefficient according to the change 

in BR when Re = 7x10
4
 as to t = 2mm and 10 mm. For the 

calculation of the flow coefficient, Eq. (4) was used. 
 

d

m
C

A 2 P
=

ρ∆
 (4) 

 

The pressure used here is the pressure at the meeting point 

of the center lines of the multi-perforated tube and orifice, as 

shown in Fig. 16. Therefore, the flow coefficient means a 

value for each orifice. The flow coefficient exhibits a low 

value at the entrance of multi-perforated tubes, as shown in 

the contraction coefficient in Fig. 13 and the flowrate distribu-

tion characteristics between orifices, as shown in Fig. 5, con-

verging to a certain value as it gets closer to the end, espe-

cially showing big differences as per the changes in the BR at 

the entrance, and, generally, exhibiting a high Cd value when t 

= 10 mm. The Cd value at the end of the orifice ranges from 

0.66 to 0.68, and such a result is akin to 0.65 suggested by 

Moueddeb [5, 6] et al. 

 

4. Conclusion 

Targeting multi-perforated tubes where rectangular orifices 

are installed on the both sides of square tubes, the flowrate 

distribution characteristics and influence on changes in dis-

charge angle between orifices were investigated using block-

age ratio (BR) and changes in thickness as per the changes in 

the number of orifices. From an analytical and experimental 

research, the following conclusions were obtained. 

(1) The more increase in BR of multi-perforated tubes, the 

more uniform flowrate distribution between orifices, and it 

was understood that the linear slope of flowrate distribution in 

the longitudinal direction of multi-perforated tubes between 

BR = 0.893~0.979 can be expressed as Grad. (deg) = -

839.45BR + 829.74. 

(2) The discharge angle between orifices of multi-perforated 

tubes becomes perpendicular in the longitudinal direction of 

multi-perforated tubes as it gets closer to the end of orifices, 

and it was verified that big differences were shown at the en-

trance if BR was small.  

(3) The more increase in the thickness of multi-perforated 

tubes, the more the flowrate distribution between orifices 

tends to be uniform, at the same time exhibiting an increase in 

the contraction coefficient of orifices.  

(4) The flow coefficient distribution of orifices using the 

pressure at the entrance of the orifices of multi-perforated 

tubes increase in the longitudinal direction, exhibiting values 

ranging from 0.66 to 0.68 at the end as to BR = 0.893~0.979. 

Purpose of this paper is to obtain uniform flowrate distribu-

tion, Re, BR, and with a change of T was able to get uniform 

flowrate distribution. Studies conducted in the range of opti-

mal flowrate distribution gradient, Re = 20x10
4
, T = 10 mm 

and BR = 0.979 when it was. 

 

Nomenclature------------------------------------------------------------------------ 

BR : Blockage ratio 

AR : Aspect ratio 

Re : Reynolds number 

Vr  : Radial velocity (m/s) 

Va : Axial velocity (m/s) 

CP : Pressure coefficient 

Qaver : Averaged volume flowrate through all orifices 
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