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ABSTRACT: In this study, the Ranque-Hilsch vortex tube (RHVT) aided hybrid cooling - drying 

system was investigated by the energy analysis. In this aim, many systems were designed and 

evaluated with net present value (NPV) in the viewpoint of Life Cycle Cost (LCC). The RHVT 

experiments were performed for 9 different helical vortex generators, 3 different control valve angel 

(α=30
0
, 45

0
, 60

0
), 3 different vortex tube body, 5 different opening position of the control valve and 5 

different inlet flow pressure (201.325-601.325 kPa). The maximum energy efficiency of RHVT aided 

hybrid cooling - drying system was determined as 0.160 and 0.146 for the summer mode ( ambient 

temperature of 306.15 K) and winter mode ( ambient temperature of 289.15 K), respectively. NPV of 

this hybrid system was calculated as 816.08 €. The highest value of NPV was calculated as 35,784.39 

€ for the helical vortex generator of 0, control valve angle of 30
0
, and the 1

st
 type of RHVT body. 

Keywords: Economic analysis, Energy analysis, Hybrid of Cooling and drying, Vortex tube. 

 

1. Introduction 

As a result of the rapid increase of the population 

in our country and the world, the sustainability of the 

food supply and energy sources have gained 

importance. The drying was a regional method which 

was used for in long term storage of foods in our 

country. The cold storage of food was the other 

method which was used decades. The usage of these 

methods leads to higher energy consumption. The 

energy consumed in the food sector is used at the rate 

of 29 % of for the processes of heating, and at the rate 

of 16 % for the refrigeration and freezing process [1]. 

Therefore, the studies, aimed to improve the energy 

efficiency of the methods used in food preservation, 

have been important. 

Ranque-Hilsch vortex tube (RHVT) consists of a 

principal tube, which a high-pressure gas stream 

enters tangentially, and splits into hot and cold 

temperature streams [2-3]. In literature, the hot and 

cold streams of RHVT were analyzed by energy and 

exergy analysis [4-5]. Sommers and Jacobi studied to 

improve the heat transfer on the air side of the cooling 

evaporator used with vortex generator [6]. Aydın and 

Baki investigated the design parameters and 

performances of counterflow vortex tubes 

experimentally [7].  

The studies in the literature are focused on the 

cold outlet flow of RHVT. In this literature, this cold 

stream was focused on the usage of refrigeration 

systems. There is no investigation about the hot 

stream of RHVT. Also, the studies in the literature 

about the cooling performance of the studies just 

argue whether the cold stream is available or not.  

At this point of view, the design of refrigeration 

system is not available. In this study, the usage of both 

cold and hot streams was investigated in a hybrid 

cooling - drying system from the energy and 

economic point of view. R-143a was used as the 

refrigerant fluid in the vapor compression cooling 

system.   

2. Design of Ranque-Hilsch Vortex Tube 

The features of the helical generators and RHVT 

bodies were given in Table 1 and 2  which were used 
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in the experiments. The helical vortex generator was 

shown in Fig 1. Three different control valve angle 

were used (α=30
0
, 45

0
, 60

0
).  The pressure of the inlet 

flow of RHVT was changed between 201.325 kPa and 

601.325 kPa. The control valve opening position was 

changed (5 positions) which was adjusted the outlet 

flow rate of RHVT.   

Table 1. Features of helical vortex generators. 
Generator h 

(mm) 

w 

(mm) 

d 

(m

m) 

D 

(mm) 
0 2.0 4.5 6.15 12 

A 2.0 4.5 3.3 12 

B 2.0 4.5 5.1 12 

C 2.0 4.5 6.0 12 

D 2.0 4.5 7.1 12 

M 1.5 6.0 3.3 12 

N 1.5 6.0 5.1 12 

O 1.5 6.0 5.7 12 

J 1.5 6.0 7.1 12 

 

Table 2. Features of RHVT body. 

 

 

 

 

Figure 1. The helical generator (a), control valve (b) 

and RHVT body (c). 

 

3. The RHVT Aided Hybrid Cooling and 

Drying System (RHVTHCD) 

RHVTHCD flow diagram was shown in Fig 2. 

The cold stream of RHVT was integrated into the 

refrigeration cycle with the heat exchanger after the 

evaporator. The cold stream works as a cooling fluid. 

The compressed refrigerant enters to the condenser at 

point 2. The refrigerant enters to the heat exchanger at 

point 3 and the cold stream of RHVT takes the heat of 

refrigerant and leaves the heat exchanger at point 7. 

The refrigerant pressure is decreased to the inlet 

pressure of the compressor at the exit of the throttling 

valve (5). After the ambient air is compressed then 

inlets to RHVT (8). The hot exit of RHVT (9) was 

integrated into the drying system before the electrical 

heater. The heated drying air (10) inlets to the dryer 

and takes the moisture of the fresh tomatoes and then 

leaves the dryer (11). The fresh tomatoes enter to the 

dryer point 12 and the dried tomatoes leave the dryer 

point 13. 

   

Figure 2. The flow diagram of the RHVTHCD. 

The cooling stage of the hybrid system was 

designed for different compressor discharge pressure 

and suitable evaporator temperatures of cooling 

tomatoes (T1= 275.15K, 276.15K 277.5 K). 

Table 3. The inlet and outlet air temperatures of the 

dryer and dried product temperature. 

Design No T10 (K) T11 (K) T13 (K) 

1 328.15 326.15 326.15 

2 328.15 323.15 323.15 

3 328.15 318.15 318.15 

4 328.15 313.15 313.15 

5 328.15 308.15 308.15 

6 333.15 331.15 331.15 

7 333.15 328.15 328.15 

8 333.15 323.15 323.15 

9 333.15 318.15 318.15 

10 333.15 313.15 313.15 

11 338.15 336.15 336.15 

12 338.15 333.15 333.15 

13 338.15 328.15 328.15 

14 338.15 323.15 323.15 

15 338.15 318.15 318.15 

16 343.15 341.15 341.15 

17 343.15 338.15 338.15 

18 343.15 333.15 333.15 

19 343.15 328.15 328.15 

20 343.15 323.15 323.15 

RHVT Body No L (mm) D (mm) L/D 

1 480 12 40 

2 350 12 29.17 

3 210 12 17.5 
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The thermodynamic properties of refrigerant 

were determined by REFPROP. The efficiency of the 

electrical heater was determined by the experiments 

which were made with resistance. The dryer inlet and 

outlet air temperatures and drying periods were 

identified with Page drying model for tomatoes. The 

inlet and outlet air temperatures of the dryer and dried 

product temperature (T13) were given Table 3. The 

fresh product inlet temperature (T12) was taken equal 

to the ambient temperature of 306.15 K for summer 

period (5 months) and 289.15 K for winter period (7 

months). 

 

4. Energy Analysis 

The following assumptions were handled in the 

energy analysis; 

1) Potential and kinetic energy effects are negligible, 

2) The compressor has an electrical (𝜂𝑒𝑙) and 

mechanical efficiencies (𝜂𝑚𝑒𝑐) of 90%, 

3) The compressor has an isentropic efficiency 70%, 

4) The heat exchanger has an efficiency 70%, 

5) The electrical heater has an electrical efficiency 

(𝜂𝑒,ℎ) 27%, 

6) The RHTV outlet stream flows pressure equals to 

environment pressure (101.325kPa), 

7) The reference state is 101.325kPa and 293.15K. 

Under these assumptions, the governing energy 

equations of the RHVTCT were obtained as 

following. 

Evaporator; 

𝑄̇𝑐𝑜𝑛 = 𝑚̇𝑠𝑎 ∙ (ℎ1 − ℎ4𝑎)                                    (1) 

Condenser; 

𝑄̇𝑒𝑣𝑎 = 𝑚̇𝑅−143𝑎 ∙ (ℎ3 − ℎ2)                             (2)        

Heat exchanger; 

𝑚̇6 ∙ (ℎ7 − ℎ6) = 𝑚̇𝑠𝑎 ∙ (ℎ3 − ℎ4𝑎) + 𝑄̇ℎ𝑒        (3)    

Compressor 1 (vapor compression cooling 

system); 

𝑊̇1 = 𝑚̇𝑟−143𝑎 ∙  (ℎ2 − ℎ1)                             (4)                                                             

And electrical power of compressor 1; 

𝑊̇𝑒,1 =
𝑊̇1

𝜂𝑚𝑒𝑐∙𝜂𝑒𝑙
                                                         (5)  

Compressor 2 (RHVT);  

𝑊̇2 = 𝑅 ∙ 𝑇 ∙ 𝑙𝑛
𝑃1,𝑎

𝑃8
∙ 𝑚̇8                                     (6) 

And electrical power of compressor 2;       

𝑊̇𝑒,2 =
𝑊̇2

𝜂𝑚𝑒𝑐∙𝜂𝑒𝑙
                                                   (7) 

RHVT; 

𝑄̇𝑅𝐻𝑉𝑇 = 𝑚̇6 ∙ ℎ6 + 𝑚̇9 ∙ ℎ9 − 𝑚̇8 ∙ ℎ8              (8) 

Throttling valve; 

𝑚̇𝑅−143𝑎 ∙ ℎ3 = 𝑚̇𝑅−143𝑎 ∙ ℎ4                           (9) 

Electrical heater; 

𝑊̇3 = 𝑚̇9 ∙ (ℎ10 − ℎ9)                                      (10)                              

And electrical power of electrical heater  

𝑊̇𝑒,3 =
𝑊̇3

𝜂𝑒,ℎ
                                                        (11) 

Dryer; 

𝑚̇10 ∙ (ℎ10 − ℎ11) = 𝑚̇12 ∙ 𝑐𝑝,13−12 ∙ (𝑇13 − 𝑇12) +

(𝑚̇12 − 𝑚̇13) ∙ ℎ𝑑𝑏,13                                 (12)                                               

Energy efficiency of RHVT aided hybrid cooling 

and drying system; 

𝜂 =
𝑄̇𝑒𝑣𝑎+𝑚̇10∙(ℎ10−ℎ11)

𝑊̇𝑒,1+𝑊̇𝑒,2+𝑊̇𝑒,3+𝑚̇8∙ℎ1,𝑎+𝑄̇𝑅𝐻𝑉𝑇+𝑄̇ℎ𝑒+𝑚̇12∙𝑐𝑝,12∙𝑇12
    (13) 

 

5. Economic Analysis 

The life cycle cost (LCC) of RHVTHCD occurs 

by the investment costs (𝐶𝑖𝑐), salvage cost (𝐶𝑠𝑐), 

operating costs (𝐶𝑂𝐶), maintenance costs (𝐶𝑚𝑐) and 

operating income (𝐶𝑜𝑖). 

𝐿𝐶𝐶𝑅𝐻𝑉𝑇𝐻𝐶𝐷 = 𝐶𝑖𝑐 + 𝐶𝑠𝑐 + 𝐶𝑚𝑐 + 𝐶𝑜𝑖 + 𝐶𝑂𝐶  (14) 

The salvage cost of the hybrid system was taken 

as 10% of the investment cost [8-9]. 

 𝐶𝑠𝑐 = 𝐶𝑖𝑐 ∙ 0.10                                                (15) 

The maintenance cost of the hybrid system was 

taken as 2% of the investment cost of the hybrid 

system [8-9]. 

𝐶𝑚𝑐 = 𝐶𝑖𝑐 ∙ 0.02                                              (16) 
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The operating income of the hybrid system 

includes cooling and drying earnings. 

𝐶𝑜𝑖 = (𝑚̇13,33 ∙ 𝑡33 + 𝑚̇13,16 ∙ 𝑡16) ∙ 15.66 +

(
((𝑚̇𝑐𝑝,33∙𝑡33)+(𝑚̇𝑐𝑝,16∙𝑡16))

3600∙24
∙ 0.0047)                      (17) 

where 𝑚̇13,33; mass of dried product summer period 

(kg/s), 𝑡33; summer period (s), 𝑚̇13,16; mass of dried 

product winter period (kg/s), 𝑡16; winter period (s),  

𝑚̇𝑐𝑝,33; cooled product summer period (kg/s) and 

𝑚̇𝑐𝑝,16; cooled product winter period (kg/s). The unit 

price of dry product and cooled product is 15.66 € and 

0.0047 €, respectively [10-13]. 

Operating costs of the system; 

𝐶𝑂𝐶 = 𝐶𝑒 + 𝐶𝑓𝑝                             (18) 

where  𝐶𝑒; electrical costs of the hybrid system and  

𝐶𝑓𝑝; fresh product costs which is dried in the drying 

system. Electrical costs; 

𝐶𝑒 = ((𝑊̇𝑒,1(33) + 𝑊̇𝑒,2(33) + 𝑊̇𝑒,3(33)) ∙ 𝑡33) +

((𝑊̇𝑒,1(16) + 𝑊̇𝑒,2(16) + 𝑊̇𝑒,3(16)) ∙ 𝑡16) ∙ 0.107   (19) 

where 0.107 €/kW is the electrical energy[14]. 

The fresh product costs; 

𝐶𝑓𝑝 =
((𝑚̇12,33∙𝑡33)+(𝑚̇12,16∙𝑡16))

𝑡𝑘
∙  0.6                         (20)  

where 𝑚̇12,33;mass of the fresh product summer 

period,  𝑚̇12,16; the mass rate of the fresh product 

winter period and 0.6 €/kg is the cost of 1kg fresh 

product (tomatoes) [15]. 

The net cash flow; 

𝐶𝑇 = (𝐶𝑓𝑝 + 𝐶𝑜𝑖 + 𝐶𝑒 + 𝐶𝑚𝑐) ∙ (1 + 𝑖)𝑡−1           (21) 

in this equation, i; the interest rate and t; the related 

year time of cash flow. 

The Net Present Value (NPV) of hybrid system; 

𝑁𝑃𝑉 = (𝐶𝑠𝑐 + 𝐶𝑖𝑐) + ∑
𝐶𝑇

(1+𝑗)𝑡
𝑜𝑙
𝑡=0                         (22) 

where ol; operating life of the hybrid system, j; the 

discount rate. 

In this study, the operating life of the hybrid 

system has been added to calculations as 20 years. 

The discount and interest rates were taken as 9% and 

7.25%, respectively [16-17]. 

6. Results and Discussion 

Handling the operating parameters as T1,a=306.15 

K, T10=328.15 K, P2=1700 kPa, RHVT generator type 

of 0, α=30°, P8=601.325 kPa, 1
st
 RHVT body, 3

rd
 

opening position, the change of energy efficiency (𝜂) 

with different dryer air inlet and outlet temperature 

differences (𝛥𝑇10−11) and evaporator temperature (𝑇1) 

was obtained as seen in Fig 3.  

 

Figure 3. The variation of 𝜂 versus 𝛥𝑇10−11 and 𝑇1. 

Fig 3 shows that the energy efficiency values of 

the hybrid system increase by the increase of the 

evaporator temperature and 𝛥𝑇10−11. The energy 

efficiency of proposed hybrid system ranges between 

0.0179 and 0.04897. Taking the evaporator 

temperature as T1=277.15 K, the change of energy 

efficiency (𝜂) with different dryer air inlet and outlet 

temperature differences (𝛥𝑇10−11) and dryer air inlet 

temperature (𝑇10) was obtained as seen in Fig 4. 

 

Figure 4. The variation of 𝜂 versus 𝛥𝑇10−11 and 𝑇10. 

Merve Senturk Acar et al.
International Journal of Mechanical Engineering 

http://www.iaras.org/iaras/journals/ijme

ISSN: 2367-8968 65 Volume 1, 2016



According to Fig 4, the energy efficiency of 

hybrid system increase with the increase of inlet air 

temperature of the dryer (between 328.15 and 333.15 

K) and with the decrease of  inlet air temperature of 

the dryer (between 333.15 and 343.15 K). At this 

stage, the energy efficiency of proposed hybrid system 

ranges between 0.01807 and 0.04897. 

For T1,a=306.15 K, T1=277.15 K, T10=328.15K, 

T11=308,15K, RHVT generator type of 0, α=30°, 1
st
 

RHVT body, the change of energy efficiency 

according to the different positions of opening control 

valve and the different outlet pressures of compressor 

(𝑃2)  are given in Fig 5. 

 

Figure 5. The variation of 𝜂 versus 𝑃2 and control 

valve opening position. 

According to Fig 5, the highest energy efficiency 

is recorded as 0.04897 for the hybrid system in the 

case of 1700 kPa outlet pressure of compressor and 3
rd

 

control valve opening position. The variation of 𝜂 

versus 𝑃8 and RHVT generators are given in Fig 6. 

 

Figure 6. The variation of 𝜂 versus 𝑃8 and RHVT 

generator. 

According to Fig 6, it is seen that the highest 

energy efficiency value is obtained at RHVT inlet 

stream flow pressure of        501.325 kPa and M type 

of RHVT generator. The energy efficiency of 

proposed hybrid system ranges between 0.0460 and 

0.07973 for this case. The variation of 𝜂 according to 

the control valve angel and body type of RHVT is 

given Fig 7. 

 

Figure 7. The variation of 𝜂 versus RHVT control 

valve angel and RHVT body. 

As seen from Fig 7, the highest energy efficiency 

of the hybrid system was obtained as 0.0575 for 

control valve angle of 30
o
 and 1

st
 RHVT body.  

Handling the operating parameters as T1,a=306.15 

K, T10=328.15 K, P2=1700 kPa, RHVT generator type 

of 0, α=30°, P8=601.325 kPa, 1
st
 RHVT body, 3

rd
 

opening position, the variation of NPV versus 𝛥𝑇10−11 
and 𝑇1 are given in Fig 8. 

 

Figure 8. The variation of NPV versus 𝛥𝑇10−11 and 

𝑇1. 
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According to Fig 8, NPV increases with the 

increase of 𝛥𝑇10−11 and 𝑇1. NPV of proposed hybrid 

system ranges between 156.250 € and 35,784.39 €. 

According to energy and economic analysis, the 

values belonging to the best design of the proposed 

system of temperatures, pressures, flow rate, energy 

value were demonstrated in Table 4. 

Table 4. The characteristics values of the optimum 

system. 

 T (
o
C) P (kPa) 𝒎̇ (kg/s) E (kW) 

1,a 306.15 101.325 0.056153 24.2857 

1 277.15 700.51 0.00277 1.08275 

2 321.43 1700 0.00277 1.16211 

3 310.04 1700 0.00277 0.72080 

4a 294.23 1700 0.00277 0.64605 

5 277.15 700.51 0.00277 0.64605 

6 282.85 101.325 0.00416 1.70242 

7 301.883 101.325 0.00416 1.78212 

8 306.15 601.325 0.05615 24.2250 

9 333.85 101.325 0.05199 23.9362 

10 328.15 101.325 0.05199 17.4347 

11 308.15 101.325 0.05242 18.0292 

12 306.15 101.325 0.00047 0.63968 

13 308.15 101.325 3.3E-05 0.04514 

 

7. Conclusion 

In this study, the RHVT aided hybrid cooling - 

drying system was investigated from the viewpoint of 

energy and economic analysis.  The optimum 

operating parameters of the RHVT aided hybrid 

cooling and drying system was defined as T1,a 

306.15K, 0 RHVT body, 3
rd

 control valve opening 

position, 30
o
 control valve angel, P8 601.325 kPa, P2 

1700kPa, T10 328.15 K and T11 308.15 K. The energy 

efficiency of the hybrid system was determined as 

0.04897. For this case, NPV was calculated as 

35,784.39 € which means this system is profitable for 

the investment taking the lifetime of the system into 

account. 
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