
 

 

 

Abstract— In this study, the exergy efficiency performances of 

counter flow type Ranque-Hilsch vortex tube (RHVTs) were 

investigated for Square Cross Section Area (SCSA) of RHVT 

(=10x10 mm2) modeled with the Rule-Based Mamdani-Type Fuzzy 

(RBMTF). Flow was controlled with a valve on the hot outlet side, 

and the valve at the hot outlet side was changed from a nearly closed 

position from its nearly open position.  

The nozzle diameter is 0.004 m and number of nozzle is 4. The 

conical edges of the plugs were inclined at a 30º angle. Conical tip 

plugs having diameters of 5 mm were mounted right over the hot 

fluid exit of the vortex tube. Inlet pressure of RHVT was 400 kPa 

(absolute). Inlet parameters chosen for RBMTF model were L/a, the 

cold flow fraction (), the total outlet exergy and the total lost exergy 

while the exergy efficiency was the output parameter. When the 

RBMTF model and experimental results are evaluated together, it is 

found that as  increases, the mass flow rate on the cold outlet 

increases also. With this study, it was found that while the exergy 

efficiency is at minimum values at = 0.1, it shifts to maximum 

values at =0.9. The absolute fraction of variance (R2) for the 

training data and test data were found to be 99.86%. As a result, it 

was found that performances of exergy efficiency of the RHVTs 

presented with the RBMTF in this study comply well with the actual 

results and that the RBMTF can be recommended for other similar 

problems.      

 

Keywords— Ranque-Hilsch vortex tube, heating, cooling, Rule-

Based Mamdani-Type Fuzzy (RBMTF). 

 

a        the width of the vortex tube, (m) 

C        specific heat (kJ kg
-1

 K
-1

) 

d              diameter of the plug (m)   

dc                cold outlet diameter of vortex tube (m) 
 




E
  total exergy of a system (kW) 

CHE


  chemical exergy (kW) 
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KNE
  kinetic exergy (kW) 

PHE


  physical exergy (kW) 

PTE


   potential exergy (kW) 




iE
 total inlet exergy (kW) 

KNiE ,



 inlet kinetic exergy of the system (kW) 

PHiE ,



 inlet physical exergy (kW) 




ohotE
total exergy of hot outlet   (kW)               

KNohotE ,



 kinetic exergy of hot outlet (kW) 

PHohotE ,



 physical exergy of hot outlet (kW) 

PTohotE ,



 potential exergy of hot outlet  (kW) 




OE
  total outlet exergy (kW) 




ocoldE
total exergy of cold outlet (kW)    

KNocoldE ,



 kinetic exergy of cold outlet (kW) 

PHocoldE ,



 physical exergy of cold outlet (kW) 




ohotE
 total exergy of hot outlet (kW)           

KNohotE ,



  kinetic exergy of hot outlet (kW) 

PHohotE ,



     physical exergy of hot outlet (kW) 

PTohotE ,



     potential exergy of hot outlet  (kW) 




LostE
    total lost exergy (kW) 

g                  gravitational acceleration (ms
-2

) 

L               length of vortex tube (m)     

Lc                length of cold outlet (m)       

Lh                length of hot outlet (m)    
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m             mass flow rate (kg s
-1

)   

coldm


        mass flow rate of cold stream (kg s
-1

)   

hotm


        mass flow rate of hot stream (kg s
-1

)   

im


           mass flow rate of inlet stream (kg s
-1

) 

NCSA       nozzle cross-section areas = a1xb1 (mm
2
)  

Nn             number of nozzles  

P                pressure (kPa)  

P0                 reference environmental pressure (=100 kPa)  

Pi               pressure of inlet stream (kPa)  

Pcold            pressure of hot stream (kPa) 

Phot           pressure of hot stream (kPa) 


Q
           rate of heat transfer (kW) 

T               temperature (K) 

T0               reference environmental temperature (=293.15 K) 

Tcold                 temperature of cold stream (K) 

Thot                 temperature of hot stream (K) 

Ti            temperature of inlet stream (K) 

T             difference between the temperatures of output 

streams (=(Thot-Tcold), K) 

v               velocity of the flow  (m s
-1

) 

vi                     velocity of inlet stream (m s
-1

) 

vcold               velocity of hot stream (m s
-1

) 

vhot               velocity of hot stream (m s
-1

) 

hotz
           height difference between the hot outlet and the 

inlet (m)  

 

Greek letters 

 fraction of cold flow (= cm


im


-1
)  

      tip angle of the plug 

               exergy efficiency (dimensionless) 

 

 

Subscripts 

 

cold outlet 

hot  outlet 

i  inlet 

o  outlet 

I. INTRODUCTION 

 Vortex tubes are classified into two groups according to 

their flow characteristics: counter flow RHVT (Fig. 1) and 

parallel flow RHVT (Fig. 2). Working principle of the counter 

flow RHVT can be defined as follows. Compressible fluid, 

which is tangentially introduced into the vortex tube from 

nozzles, starts to make a circular movement inside the vortex 

tube at high speeds, because of the cylindrical structure of the 

tube, depending on its inlet pressure and speed. As a result of 

this, pressure difference occurs between tube wall and tube 

center because of the friction of the fluid circling at high 

speeds. Speed of the fluid near the tube wall is lower than the 

speed at the tube center, because of the effects of wall friction. 

As a result, fluid in the center region transfers energy to the 

fluid at the tube wall, depending on the geometric structure of 

the vortex tube. The cooled fluid leaves the vortex tube from 

the cold output side, by moving towards an opposite direction, 

compared to the main flow direction, after a stagnation point. 

Whereas, the heated fluid leaves the tube in the main flow 

direction from the other end of the tube. Both hot and cold 

flows in parallel flow RHVTs leave the vortex tube in the 

same direction. It is not possible for cold flow to turn back 

after a stagnation point. In order to separate the flow in the 

center of the tube from the flow at the wall, an apparatus 

which has a hole in the center is used. The temperature of hot 

and cold flows can be changed by back and forth movement of 

this apparatus. In parallel flow RHVTs, hot and cold flows 

mix with each other. Parallel flow RHVTs are generally not 

preferred. The efficiency of parallel flow RHVT is low [1,2]. 

 

 
Fig. 1 The Schematic Representation Of A Counter Flow Ranque-

Hilsch Vortex Tube Principle [3] 

 

 
Fig. 2 The Schematic Representation Of A Parallel Flow Vortex 

Tube Principle [3] 
 

 Exergy measures the useful work obtainable from the 
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energy source or material, and is based on the chemical energy 

embodied in the material or energy based on its physical 

organization relative to a reference state. Thus, exergy 

measures the degree to which a material is organized relative 

to a random assemblage of material found at an average 

concentration in the crust, ocean or atmosphere. The higher 

the degree of concentration, the higher the exergy content. 

The physical units for exergy are the same as for energy or 

heat, namely kilocalories, joules, BTUs, etc. For fossil fuels, 

exergy is nearly equivalent to the standard heat of combustion; 

for other materials’ specific calculations are needed that 

depend on the details of the assumed conversion process. 

Exergy has a number of useful attributes for aggregating 

heterogeneous energy and materials. Exergy is a property of 

all energy and materials and in principle can be calculated 

using the relevant thermodynamic relations [4, 5].  

Kirmaci (2009) studied exergy analysis of a counter flow 

Ranque-Hilsch vortex tube having various nozzle numbers at 

different inlet pressures of oxygen and air [6]. Saidi and Yazdi 

(1999) exergy analysis examined a thermodynamic model was 

been used to investigate vortex tube energy separation and an 

equation was derived for the rate of entropy generation [7]. 

They noted that the temperature differences increase with 

increasing inlet air pressure. Exergy destruction decreases 

while increasing Pi. Increasing vortex tube length, temperature 

differences increase and exergy destruction decreases 

significantly. The exergy destruction is minimized at about 

=0.7 which means the efficient working point of this vortex-

tube is at =0.7. Using materials with more smooth surfaces 

and lower thermal conductivities have better second law 

efficiency. The second law efficiency improves and exergy 

destruction decreases with increasing nozzle diameter. 

In this study, the exergy performances of  RHVT were 

investigated and modeled by using the exergy analysis and 

performances of RHVTs with various L/a were determined 

under inlet pressures (Pi) of 400 kPa (absolute) presurized air. 

Firstly, experimental study were presented. Afterwards, the 

empirical procedures were defined. The total inlet exergy 

(


iE
), the total outlet exergy (



OE
), the total lost 

exergy        (


LostE
) and the exergy efficiency () were 

calculated. The exergy efficiency strongly depends on the 

level of  and vcold . Variation of the exergy efficiency 

decreased with decreasing  , vcold  and the highest and lowest 

exergy efficiencies were found when the values of  , vcold  

reached maximum and minimum levels, respectively. Then the 

exergy efficiency of RHVT was modeled with Rule-Based 

Mamdani-Type Fuzzy modeling. Consequently, it has been 

proved with this study that RBMTF model can be reliably 

used in determination of exergy efficiency of the RHVT. 

II. EXPERIMENTAL STUDY 

In this study, counter flow RHVT was used (Fig. 3). The 

square cross section area of vortex tube was axa=100 mm
2
.
  

The width of the vortex tube (a) was 0.01 m. Length of vortex 

tubes varied between L=10a, 12a, 14a, 16a and 18a. The 

nozzle diameter is 0.004 m and number of nozzle is 4. Conical 

tip plugs having diameters of 5 mm were mounted right over 

the hot fluid exit of the vortex tube. Compressed air has been 

provided from a rotary screw compressor. Air coming from 

the compressor was introduced to the vortex tube via the 

nozzles. Inlet pressure of RHVT was 400 kPa (absolute). The 

temperatures of the inlet flow, cold outlet flow and hot outlet 

flow were measured with 24-gauge copper-constantan 

thermocouples. The conical edges of the plugs were inclined 

at a 30º angle.
 

 
Fig. 3. Schematic Diagram Of The RHVT Experimental Setup 

1: Compressor, 2: pressure tank, 3: valve, 4: pressure gauge,  

5: thermocouple, 6: nozzle, 7: Ranque-Hilsch vortex tube, 8: plug,  

9: rotameter, 10: cold output, 11: hot output 
 

During the tests, the valve on the cold stream exit side was set at 

full throttle whereas that on the hot exit was gradually, set to a nearly 

closed position from full throttle, thereby the system pressure, 

temperature and volumetric flow rates were measured and used for 

calculations. 

III. DEVELOPED RULE-BASED MAMDANI-TYPE FUZZY FOR 

PERFORMANCES OF EXERGY OF  COUNTER FLOW RANQUE-

HILSCH VORTEX TUBES WITH SQUARE CROSS SECTION AREA 

  The total inlet exergy 


iE  in the RHVT is given as 

follows, 

                  

(1)                       

 

 

where, im


 is the mass flow rate of inlet stream, Ti is the inlet 

temperature, Pi is the inlet pressure and vi is the inlet velocity. 

The total exergy outlet of RHVT system 


OE can be 

divided into two components, namely the total exergy of hot 

outlet 


ohotE  and the total exergy of cold 
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outlet


ocoldE . The total exergy outlet of RHVT system 

may be written as follows [8] 

 

                                        

                                 (2) 

 

   

   

  

     (3) 

   

   

   

   

     

 

         

(4)        

 

 

 

 

 

here 



hotm
is the mass flow rate at the hot outlet of the vortex 

tube, hotT
 is the temperature at the hot outlet of the vortex 

tube, hotP
 is the pressure at the hot outlet of the vortex tube, 

hotv
 is the velocity at the hot outlet of the vortex tube and 

hotz
 is defined as the height difference between the hot outlet 

and the inlet. Where, 



coldm
is the mass flow rate at the cold 

outlet of the vortex tube, coldT
 is the temperature at the cold 

outlet of the vortex tube, coldP
 is the pressure at the cold 

outlet of the vortex tube, coldv  is the velocity at the cold outlet 

of the vortex tube. In this case, the total lost exergy at the 

outlet (


LostE ) may be written as [9] 

 

                                                                                                                                                    

(5) 

 

The exergy efficiency based on exergy analysis can be 

determined using several ways for exergy conversion systems. 

In this study the ratio of the total exergy outlet to the total inlet 

exergy is used as the exergy efficiency ( II ) and it is written 

as follows [10] 

 

                                        

 

(6)    

 

 

The following assumptions are made for the energy analysis in 

the RHVT system;  

(i)  The flow inside the RHVT is in steady state 

conditions.  

(ii)  No friction effect is considered in the RHVT 

system. 

(iii)  RHVTs do not exchange heat with the surroundings. The 

conditions of flow in a vortex tube can be assumed adiabatic. 

(iv)  Inlet and outlet gases were considered as ideal gases. 

(v)  The reference environmental temperature and pressure are 

considered as T0 =293.15 K and P0 =100 kPa, reflectively.   

(vi)  Since no chemical event occurs in the RHVT system, 

chemical exergy is not taken into considiration. 
 

 In this study, the exergy efficiency performances of counter 

flow type Ranque-Hilsch vortex tubes were investigated for 

SCSA of RHVT modeled with the Rule-Based Mamdani-Type 

Fuzzy RBMTF. MATLAB fuzzy logic toolbox were used for 

RBMTF modelling of exergy efficiency performances of 

counter flow Ranque-Hilsch vortex tubes. The quantity of the 

total inlet exergy, the total outlet exergy, the total exergy 

losses and the exergy efficiency are calculated from Eqs. (1), 

Eq. (2), Eq. (5) and Eq. (6) respectivly. The inlet parameters 

for the developed RHVT model were length to width ratio 

(L/a), , total outlet exergy and total lost exergy, while the 

exergy efficiency was the output parameter. General structure 

of the developed RBMTF is shown in Fig. 4. Numerical 

parameters of input and output variables were fuzzificated as 

linguistic variables: Very Very Low (L1), Very Low (L2), Low 

(L3), Negative Medium (L4), Medium (L5), Positive Medium 

(L6), High (L7), Very High (L8) and Very Very High (L9) 

linguistic classes. With the linguistic variables used, 81 rules 

were obtained for this system. 

 

 
Fig. 4. Designed Fuzzy Modeling Structure For RBMTF Modelling 

Of Exergy Performance Of Counter Flow RHVT With Square Cross 

Section Area 

IV. RESULT AND DISCUSSION 

  A fuzzy model expresses a complex system in the form of 

fuzzy implications. Mamdani model can be built by using 

these implications (linguistic relationships) and observed data. 

The Mamdani-based fuzzy models use excessive number of 

rules for system modelling. Let X be input (regression) matrix 

and g an output vector defined as follows:  
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where upper script T denotes the transpose. In the Mamdani 

fuzzy model, both the antecedent and consequent are fuzzy 

propositions. A general form of linguistic fuzzy if-then rule is 

given as follows: 

 

          Ri : if x is Ai then y is Bi, i = 1, 2,. . . , K             (8) 
 
 

Where Ri is the rule number, Ai and Bi are the fuzzy sets, x 

is the antecedent variable representing the input in the fuzzy 

system, and y is the consequent variable related to the output 

of the fuzzy system. The triangular membership function for 

Fig. 5 can be shown he membership function, μa(x) is defined 

as the fuzzy subset as (Eq. 8). T a in the universe of discourse, 

x. The triangular fuzzy membership functions is defined by (a, 

b, and c), where a and c represent the minimum and maximum 

values, respectively, and b represents the most likely value 

[11, 12]. 

 
Fig. 5. Construction Of Membership Function [12] 

 
Fuzzy membership functions in analytical form are expressed 

in Eqs. 10-12 for . 

 
     In this study the counter flow RHVT was used. Flow was 

controlled by a valve on the hot outlet side, and the valve at 

the hot outlet side was changed from a nearly closed position 

from its nearly open position. In the counter flow RHVT, the 

cold flow fraction () is an important parameter. The cold 

flow fraction is defined as the ratio of the mass flow rate of 

the cold stream ( coldm


) to the mass flow rate of the inlet 

stream ( im


). The cold flow fraction () is given as follow. 

 

 

 
In this case, =0.1-0.9 was determined. This study 

investigates usage of  with RBMTF computer program, 

performed under the MATLAB fuzzy logic toolbox. In the 

modelled RBMTF, L/a, , 


OE and 


LostE  were used 

as input parameters whereas the  was the output parameter. 

In this study, structure of the fuzzy model of rule-based 

mamdani-type fuzzy modelling of performance of counter 

flow Ranque-Hilsch vortex tubes with square cross section 

area is illustrates in Fig. 6. 

International Journal of Mining, Metallurgy & Mechanical Engineering (IJMMME) Volume 3, Issue 3 (2015) ISSN 2320–4060 (Online)

139



 

 

 
Fig. 6. Structure of The Fuzzy Model Of RBMTF Modelling of  

Exergy Efficiency Performances Of Counter Flow Ranque-Hilsch 

Vortex Tubes With Square Cross Section Area   
 

       In this study, the exergy efficiency performances of 

vortex tubes with L/D=10, 12, 14, 16 and 18 have been 

analyzed for increasing vortex tube . Fig. 7 shows variation 

of   with square cross section area for experimental data and 

RBMTF data (L/a=10, 12, 14, 16 and 18; Pi= 400 kPa). When 

the RBMTF model and experimental results are evaluated 

together, it is found that as  increases, the mass flow rate on 

the cold outlet increases also. With this study, it was found 

that while the exergy efficiency is at minimum values at = 

0.1, it shifts to maximum values at =0.9 (Fig. 7). 

 

Fig. 7. Comparison of Actual Data With RBMTF For The Variation 

of L/A With Ξ Of The Exergy Efficiency of RHVT 

The error during the learning session is called the root-mean-

squared (RMS) value and is defined as follows  [14]: 
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In addition, absolute fraction of variance (R
2
) and mean 

absolute percentage error (MAPE) are defined as follows, 

respectively [15]: 
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Where t is target value, o is output value, and p is pattern 

[14].  The statistical values such as RMS, R
2
, MAPE, 

maximum error and minimum error given in Tables 1 and 2 

for training and test values. R
2
 for the training data is 99.86 % 

and R
2
 for the test data is 99.86 %. When Tables 1-2 are 

studied, it is found that actual values and the values from 

fuzzy technique are very close to each other. 
 

TABLE I 

THE STATISTICAL ERROR VALUES FOR  FOR TRAINING 

RMS R2(%) MAPE(%) 
Min error 

(%) 

Max error 

(%) 

  0.92   99.86    0.074       0.03      7.06 

     

 

TABLE II 

THE STATISTICAL ERROR VALUES FOR  FOR TEST 

RMS R2(%) MAPE(%) 
Min error 

(%) 

Max error 

(%) 

  0.93   99.86    0.072       0.02      7.05 
     

V. CONCLUSIONS 

In this study, the exergy efficiency performances of counter 

flow Ranque-Hilsch  vortex tubes with square cross section 

area were experimentally investigated and modeled with the 

RBMTF technique. The actual values and RBMTF results 

indicated that RBMTF can be successfully used for the 

analysis of exergy efficiency performances of counter-flow 

Ranque-Hilsch vortex tubes with square cross section area. 
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