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� The new drying system was designed by integrating Ranque-Hilsch Vortex Tube (RHVT).
� This new system was evaluated by energy, exergy and NPV methods.
� This system was found investable from the economic point of view.
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In this paper, a new drying system aided by the hot stream of Ranque-Hilsch vortex tube (RHVT) was
designed. Then, the designed system was evaluated by means of energy and exergy analysis from the
thermodynamics point of view. Finally, this new system was investigated by means of life cycle analysis
coupled with the net present value (NPV) from the economic point of view. In this aim, several RHVTs
with the different geometrical helical generators, control valve angles, RHVT bodies and inlet stream
pressures were performed experimentally. The obtained results were evaluated in the designing of
RHVT aided drying system (RHVTAD). The highest value of NPV of RHVTAD was calculated as 23711.88
€ for the h/w = 0.44, d/D = 0.51, L/D = 40, control valve angle of 30�, 3rd control valve opening position.
At this case, the operating conditions of this system were T5 of 328.15 K, T6 of 308.15 K and P8 of
601.325 kPa. Under the same circumstances, the energy efficiency of the RHVTAD system was calculated
as 0.0348 and 0.0338 while exergy efficiency was calculated as 0.0010 and 0.0023 for the summer and
winter modes, respectively.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The vortex tube was discovered by Ranque in 1933 [1] and
developed by Hilsch [2]. Ranque-Hilsch vortex tube (RHVT) is a
device in which the pressured inlet stream is separated two lower
pressure flows including lower and higher temperature profiles in
comparison to those of inlet stream [1–5]. The pressured gas
stream enters to the RHVT tangentially, then a swirling flow occurs
in RHVT body by passing through the helical vortex generator. The
hot and cold streams of RHVT were separated from each other by
the control valve [1,5–6].

In literature, the energy separation of inlet stream in RHVT was
investigated by using numerical techniques and experimental
methods [7–15]. Andalibi et al. investigated the effect of orifice
diameter and diameter on the performance of the vortex tube for
L = 106 mm, 3 different D (10, 16, 20 mm) and 4 different d/D val-
ues (0.15–0.45–0.55–0.71) by using the Computational Fluid
Dynamics (CFD) technique. As a result, they noted that RHVT’s best
performance was achieved for d/D = 0.45 [7]. Chang et al. con-
ducted an experimental study of the vortex tube cooler with the
conical hot tube. RHVT energy separation performance can be
improved by using a conical hot tube. RHVT energy separation per-
formance can be improved by using a conical hot tube. They stated
that the RHVT energy separation performance can be improved by
using a conical hot tube. As a result of the work done, they empha-
sized that it is an optimum angle for obtaining the highest cooling
performance and that the optimum angle can be taken as 4� under
their own experimental conditions [8]. Dutta et al. examined the
phenomenon of energy and species separation in a vortex tube
operated with compressed air at normal atmospheric temperature
and cryogenic temperature using with a three-dimensional CFD
model [9]. There are several studies on the performance of hot
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Nomenclature

C cost (€)
c specific heat (kJ/kg K)
_Ex exergy (kW)
h specific enthalpy (kJ/kg)
i interest rate (%)
j discount rate (%)
_m mass flow (kg/s)
MR dimensionless moisture ratio
Me equilibrium moisture content at any time (kg water/

kg dry matter)
Mo initial moisture content at any time (kg water/

kg dry matter)
Mt the moisture content at any time (kg water/kg dry mat-

ter)
n the numbers of measurement
NPV Net Present Value (€)
P pressure (kPa)
ol operating life (year)
R air gas constant (kJ/kg K)
_Q heat energy (kJ/s)
r discount rate (%)
t33 working time of the system for winter (h)
t16 working time of the system for summer (h)
x humidity ratio
T temperature (K)
U uncertainty
_W electrical power (kJ/s)
�X the average of the measurement
Xm the measurement
e exergy efficiency (%)
w specific exergy (kJ/kg)

Subscripts
a air
ash ash
b benefit
car carbohydrate
d destruction
e electrical
eh electrical heater
exp experimental
fat fat
fib fiber
fp fresh product
ic investment costs
mc maintenance costs
mec mechanical
oc operating costs
pro protein
RHVT Ranque-Hilsch vortex tube
RHVTAD Ranque-Hilsch vortex tube aided drying
sc salvage costs
ss saturated steam
sys system
T total
t time (year)
tom tomato
v vapor
w water
0 dead state
16 winter period
33 summer period
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and cold streams of RHVT in which energy and exergy analysis
were used [16–22]. Kırmacı investigated the effect of inlet nozzle
number and inlet pressure on the cooling and heating performance
of counter-flow RHVT by using air and oxygen as a working fluid.
As a result of the study, it has been revealed that the cold outlet
temperature is decreased by increasing the inlet pressure of vortex
tube and the temperature difference between cold and hot flow is
reduced by increasing the number of inlet nozzles for both fluids
[18]. Cebeci et al. investigated the effects of the orifice nozzle num-
ber and the inlet pressure on heating and cooling performance of a
counter flow Ranque–Hilsch type vortex tube. They emphasized
that the temperature gradient between the cold and hot flow
increase with the decrease of the orifice nozzle number increases
and the increase of the inlet stream pressure [22]. Also, the opti-
mum operating parameters of RHVT were determined with exper-
imental and numerical methods [23–32]. Dincer et al. examined
the effects of control valve angle on counter flow RHVT by using
artificial neural networks and experimental data. The best perfor-
mance was achieved in the case of a control valve with 60� angle
[23]. Aydın and Baki conducted an experimental study on the geo-
metrical parameters and performance of counterflow RHVT. As a
result of the studies, the optimum RHVT geometrical values at
500 kPa of inlet pressure were determined as 50� of control valve
angle, a tube length of 350 mm, tube diameter of 18 mm and inlet
nozzle diameter of 6 mm [25]. Markal et al. conducted an experi-
mental study to investigate the effect of the conical valve angle
on energy seperation in counter-flow RHVT. They stated that
higher efficiency was achieved with small cone valve angles and
conical valve angle had less effect on RHVT performance than L/D
value [26]. The direct usage of RHVT in the vapor compression
cooling system was investigated in many studies for different
working fluids and operating conditions [33–36]. In the literature,
it is so hard to find a study on the direct usage of a hot stream of
RHVT in the drying system. Drying is one of the oldest methods
used to store the foods since it prevents the formation of the
microorganisms which causes deterioration and decaying of the
food. Because of the insufficiency of the long time storage condi-
tions of foods and the requirements of peoples for the energy
makes the scientists research the alternative ways. The energy con-
sumed reached up to 29% for the drying process in the food sector
[37].

In this study, the new system design was made in which hot
stream of RHVT used in the drying system. The effect of hot stream
of RHVT on the drying system was investigated with using thermo-
dynamic and economic analysis. The life cycle cost (LCC) method
coupled with NPV was used to determine the economics of the
RHVT aided drying system. The performance of Ranque-Hilsch vor-
tex tube aided drying system (RHVTAD) was investigated for the
different operating and geometrical parameters of RHVT. Beside
this, the different operating parameters such as the inlet and outlet
temperatures of the dryer were also investigated in the view of
thermodynamic points, using the energy and exergy analysis
methods.

2. Material and methods

In this study, RHVT mainly consists of three components named
as the helical vortex generator (A), control valve (B) and RHVT body
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(C) (see Fig. 1). The used geometrical parameters of RHVT were
chosen as height (h), width (w) of the channel, inner diameter (d)
of the helical vortex generators and length (L), diameter (D) of
RHVT bodies.

In the experiments, 8 different generators were used. All the
helical vortex generators have a single nozzle and 3 different con-
trol valve angles were used (a = 30�, 45�, 60�). The properties of
RHVT used in experiments were summurized in Table 1 [31].

2.1. The experimental set-up of RHVT

The image and schematic diagram of experimental set-up of
RHVT were given in Fig. 2 [31]. The air was compressed by a
pressure-adjustable air-cooled compressor (a) and then was stored
in a pressure tank (b) with a capacity of 0.3 m3. The volumetric rate
of the flow was adjusted by means of a spherical valve (c). The
compressed and adjusted air enters to the helical vortex generator
(A) and exits as a swirling flow from RHVT body (C). Then, this
swirling shape of flow is separated into hot and cold streams in
RHVT body by means of the control valve (B).

The pressure and volumetric rate of the cold and inlet streams
of RHVT were measured by a relative pressure transmitter (d)
and an air flowmeter (f). The volumetric rate of the hot side was
calculated using the conservation law of mass. The temperature
of the cold stream and compressed inlet air were measured by a
PT100 type of thermocouple (d). The temperature of the hot stream
was measured by a relative humidity and temperature transmitter
(k). All the measured data was then stored in a data logger. The
energy consumption of compressor was also measured and stored
by a network analyzer integrated to the data logger. The technical
properties of the measurement devices were given in Table 2 [31].

The experiments of RHVT were conducted for different inlet
stream pressures ranging between 201.325 kPa and 601.325 kPa.
The different mass fractions of the hot stream were also included
changing the control valve position. In this aim, 4 different posi-
tions of control valve opening were taken into consideration. The
measurements were evaluated with the uncertainty analysis. The
average of the measured values is given by ð�XÞ;

�X ¼
P

Xm

n
ð1Þ

where n; the numbers of the measurement and Xm; the measured
value. Standard deviation (SD) is given as following;

SD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

m¼1
ðXm � �XÞ2

ðn� 1Þ

vuut ð2Þ

Then, uncertainty (U) is given by Eq. (3) as following [38];

U ¼ SDffiffiffi
n

p ð3Þ

The cold and hot streams pressures were accepted as 101.325 kPa
since these stream outlet to the ambient. Therefore, the uncertain-
Fig. 1. The illustration of helical vortex generator
ties of the pressure meters after cold and hot streams were not cal-
culated. The uncertainties of the measurements were given in
Table 3. According to the findings of the uncertainty analysis, it
was determined that the obtained results of the measurements
were acceptable for the use in the design of the RHVTAD.

2.2. Designing of RHVTAD system

The experimental results of the RHVT, electrical heater and page
drying model for tomato were used to determine the design
parameters of RHVTAD system. The RHVTAD has four main
devices; compressor, RHVT, electrical heater, and dryer. The flow
diagram of RHVTAD system was shown in Fig. 3.

As seen in Fig. 3, the air enters to the compressor at point 1 and
the compressed air inlets to the RHVT (point 2) tangentially. The
inlet stream of RHVT splits two flow in RHVT body. The cold stream
of RHVT exits from RHVT at point 3 and the hot stream enters to
the electrical heater (point 4). The hot stream of RHVT heated to
the inlet air temperature of the dryer in the electrical heater. The
heated air enters to the dryer (point 5) and takes the moisture of
the fresh product which enters to the dryer at point 7. The mixture
of air and moisture exits to the dyer at point 6 and the dried pro-
duct exits to the dryer at point 8. Determination of the drying per-
iod and dimensionless moisture ratio (MR) of the tomatoes are
mainly based on Page model given by Ref [39]. The moisture ratio
(MR) of the samples is determined by the following equation [39];

MR ¼ ðMt �MeÞ
ðM0 �MeÞ ð4Þ

where Mt: the moisture content at any time (kg water/kg dry mat-
ter), M0: initial moisture content (kg water/kg dry matter), Me:
equilibrium moisture content (kg water/kg dry matter). The final
MR value was accepted as 11% for the dried tomato. So that, the
temperature of inlet stream of dryer and drying period were deter-
mined by using Page drying model for tomato. The variation of the
drying period of tomato versus the temperature of the inlet stream
of dryer was given in Fig. 4 [39]. In the designs, the temperature dif-
ferences of inlet and outlet stream of dryer was adopted as 2 K, 5 K,
10 K, 15 K and 20 K. The inlet stream temperature of the dryer was
taken as 328.15 K, 333.15 K, 338.15 K and 348.15 K while the drying
period of the tomato took 127,800, 100,800, 95,400 and 86,400 s,
respectively [39]. The ambient temperature was considered as
306.15 K for summer period (5 months) and 289.15 K for winter
period (7 months).

The summary of designing parameters including the tempera-
tures of the inlet and outlet streams of the dryer, the temperature
of the fresh and dried product and drying periods were given in
Table 4.

The temperature of the hot stream of RHVT was heated to the
temperature of the inlet stream of the dryer using the electrical
heater. The efficiency of the electrical heater was determined with
the experiments. The electrical wiring diagram of the electrical
heater was shown in Fig. 5 [31].
(A), control valve (B) and RHVT body (C) [31].



Table 1
Technical properties of RHVT [31].

Property h (mm) w (mm) h/w d (mm) D (mm) d/D L (mm) D (mm) L/D a (�)

Vortex generator
A 2.0 4.5 0.44 3.3 12 0.27 – – – –
B 5.1 0.42 – – – –
C 6.1 0.51 – – – –
D 7.1 0.59 – – – –
M 1.5 6.0 0.25 3.3 0.27 – – – –
N 5.1 0.42 – – – –
O 5.7 0.47 – – – –
J 7.1 0.59 – – – –

RHVT body
1 – – – – – 480 12 40 –
2 – – – – – 350 29.17 –
3 – – – – – 210 17.5 –

Control valve
1 – – – – – – – – 30
2 – – – – – – – – 45
3 – – – – – – – – 60

Fig. 2. The image (a) and schematic (b) of the experimental set-up of RHVT [31].

Table 2
Technical properties of the measurement devices [31].

Device Type Property Sensibility

Thermocouple Testo, PT 100 223.15–573.15 K ±0.05 K
Relative pressure

transmitter
W_IKA S-10 0–1000 kPa ±0.5% kPa

Flow meter (cold stream) Testo 6441 0.25–75 m3 h�1 ±3% m3 h�1

Flow meter (inlet stream) Testo 6442 0.75–225 m3 h�1 ±0.3% m3 h�1

Relative humidity
and temperature
transmitter

Testo 6881 233.15–453.15 K ±0.2 K
0–100% RH ±1% RH

Data logger Elimko PR-100 12 channel,
85–265 VAC

–

Table 3
The uncertainties of the measurements [31].

Measurement devices Uncertainty (U)

Thermocouple (T3) ±0.264 K
Thermocouple (T2) ±0.445 K
Relative pressure transmitter (P2) ±5.68 kPa
Flowmeter (cold exit) ±0.218 m3 h�1

Flowmeter (inlet stream) ±0.303 m3 h�1

Relative humidity and temperature transmitter (T4, /4) ±0.490 K,
±0.154 RH
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As seen in Fig 5, 13 (500W) heater resistances were used in the
experiments. Here, 4 heater resistances connected in series (three
line) and one heater resistance connected to each other line in par-
allel. The schematic diagram and image of the experimental set-up
of the electrical heater are given in Fig. 6 [31].

The air compressed in the compressor (a) and collected in the
air pressure tank (b). The flow of the air was setting by a spherical
valve (c). The pressure, temperature, and flow of the air was
measured with a relative pressure transmitter (d), thermocouple
(e) and a flowmeter (f), respectively. After the measurements, the
compressed air enters to the electrical heater (g). The temperature
and relative humidity of the heated air (h) were measured with rel-
ative humidity and temperature transmitter at point k. The con-
sumed power of electrical heater was measured. The electrical
heater efficiency was calculated with Eq. (1).

geh;exp ¼
_ma � cp;a � ðThe;out � The;inÞ

_Wexp

ð5Þ

where _mh;eı: air mass flow rate during the test (kg/s), cp;a: specific

heat of air (kJ/kg�K), _Wexp: consumed electric energy per unit of time
(kW), The;in: the temperature of the inlet air in electrical heater (K)
ve The;out: the temperature of the outlet air in electrical heater (K).
The experimental results of the electrical heater are presented in
Fig. 7.



Fig. 3. The schematic flow diagram of RHVTAD system.

Fig. 4. The variation of the drying period of tomato versus the temperature of the inlet stream of dryer [39].

Table 4
The operating parameters of the dryer.

Drying period (s) T5 (K) T6 (K) T7 (K) T8 (K)

127,800 328.15 326.15 293.15 326.15
323.15 323.15
318.15 318.15
313.15 313.15
308.15 308.15

100,800 333.15 331.15 331.15
328.15 328.15
323.15 323.15
318.15 318.15
313.15 313.15

95,400 338.15 336.15 336.15
333.15 333.15
328.15 328.15
323.15 323.15
318.15 318.15

86,400 343.15 341.15 341.15
338.15 338.15
333.15 333.15
328.15 328.15
323.15 323.15

M. Senturk Acar, O. Arslan / Applied Thermal Engineering 124 (2017) 1–16 5
As seen in Fig. 7, the mean value of the electrical heater effi-
ciency was determined to 0.27 [31]. The inlet air temperature
was included in the calculations as equal to the ambient tempera-
ture while the power consumption of electrical heater calculated
for thermodynamic analysis of the electrical drying system.
3. Energy and exergy analysis of RHVTAD system

In this study, the following assumptions were handled in the
energy and exergy analysis;

(1) Steady state conditions were taken into account for all the
components,

(2) Pressure losses in the pipelines were neglected,
(3) Potential and kinetic energy effects were neglected,
(4) The electrical heater has an efficiency ðgehÞ of 27%,
(5) The compressor has an electrical ðgeÞ and mechanical ðgmecÞ

efficiency of 90%,
(6) The reference state is 101.325 kPa and 293.15 K.

Under these assumptions, the governing energy equations for
RHVTAD (see Fig. 3) were obtained as follows.

Compressor;

_W1 ¼ R � T � lnP1

P2
� _m2 ð6Þ

and electrical power of compressor;

_We;1 ¼
_W2

gmec � ge
ð7Þ

RHVT;

_QRHVT ¼ _m3 � h3 þ _m4 � h4 � _m2 � h2 ð8Þ



Fig. 5. The electrical diagram of electrical heater [31].

Fig. 6. The image (a) and schematic diagram (b) of the experimental set-up of the
electrical heater [31].
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Electrical heater;

_W2 ¼ _m4 � ðh5 � h4Þ ð9Þ
and electrical power of electrical heater;

_We;2 ¼ _m4 � ðh5 � h4Þ
geh

ð10Þ

Dryer;
_m10 � ðh10 � h11Þ ¼ _m7 � cp;7 � ðT8 � T7Þ þ ð _m7 � _m8Þ � hss;8 ð11Þ
here, cp;7: specific heat of tomato. The specific heat ðcp;tomÞ of tomato,
calculated with Eq. (7) depending on temperature and constituents
of tomato [40];

cp;tom ¼ cproXpro þ cfatXfat þ ccarXcar þ cfibXfib þ cashXash þ cwXw ð12Þ
here, X : the mass ratio of the food component. The mass composi-
tion ranges of tomato was given in Table 5.

The specific heat of the constituents of the product depending
on temperature [40];

cpro ¼ 2:0082þ 1:2089 � 10�3 � T � 1:3129 � 10�6 � T2 ð13Þ

cfat ¼ 1:9842þ 1:4733 � 10�3 � T � 4:8008 � 10�6 � T2 ð14Þ

ccar ¼ 1:5488þ 1:9625 � 10�3 � T � 5:9399 � 10�6 � T2 ð15Þ

cfiber ¼ 1:8459þ 1:8306 � 10�3 � T � 4:6509 � 10�6 � T2 ð16Þ

cash ¼ 1:0926þ 1:8896 � 10�3 � T � 3:6817 � 10�6 � T2 ð17Þ

cw ¼ 4:1289� 9:0864 � 10�5 � T þ 5:4731 � 10�6 � T2 ð18Þ
According to energy analysis, the energy efficiency of RHVTAD sys-
tem is obtained as following;

g1 ¼ _m5 � ðh5 � h6Þ
_We;1 þ _We;2 þ _m1 � h1 þ _QRHVT þ _m7 � cp;7 � T7

ð19Þ

If the compressed air is obtained as a waste source from any pro-
cess, the energy efficiency of system (RHVTADW) can be given by
the following equation;

g2 ¼ _m4 � ðh4 � h5Þ
_We;2 þ _m1 � h2 þ _QRHVT þ _m7 � cp;7 � T7

ð20Þ

If the drying without RHVT in which just the electrical heaters is
used, then the energy efficiency of drying system (ED) is obtained
as following;

g3 ¼ _m5 � ðh5 � h6Þ
_We;2 þ _m1 � h1 þ _QRHVT þ _m7 � cp;7 � T7

ð21Þ

According to the assumptions, the governing exergy equations were
obtained as given by Eqs. (22)–(33).Compressor;

_Exd;comp ¼ _m1 �W1 � _m2 �W2 þ _We;2 ð22Þ
RHVT;

_Exd;RHVT ¼ _m2 �W2 � ð _m3 �W3 þ _m4 �W4Þ þ _QRHVT � To

T3
� 1

� �
ð23Þ



Fig. 7. The experimental results of the electrical heater efficiency [31].

Table 5
Mass composition ranges of tomato [40].

Constituents % (X)

Water 93.76
Protein 0.85
Fat 0.33
Carbohydrate 3.54
Fiber 1.10
Ash 0.42
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Electrical heater;

_Exd;eh ¼ _m4 �W4 � _m5 �W5 þ _We;2 ð24Þ
Dryer;

_Exd;dry ¼ _m5 �W5 þ _m7 �W7 � ð _m6 �W6 þ _m8 �W8Þ ð25Þ
where W indicates the specific exergy term and the specific exergy
of the points in the RHVTAD system are given in Eqs. (18)–(25).

W1 ¼ ðcpÞa þx1 � ðcpÞv
� � � ðT1 � T0Þ � T0

� ðcpÞa þx1 � ðcpÞv
� � � ln T1

T0

� �
� ðRa þx1 � RvÞ � ln P1

P0

� �� �

þ T0 � ðRa þx1 � RvÞ � ln 1þ 1:6078 �x0

1þ 1:6078 �x1

� ��

þ1:6078 �x1 � Ra � ln x1

x0

� ��
ð26Þ

W2 ¼ Cp2 � ðT2 � T0Þ � T0 � ln T2

T0

� �
þ Ra � T0 � ln P2

P0

� �
ð27Þ

W3 ¼ cp3 � ðT3 � T0Þ � T0 � ln T3

T0

� �
þ Ra � T0 � ln P3

P0

� �
ð28Þ

W4 ¼ ½ðcpÞa þx4 � ðcpÞv � � ðT4 � T0Þ � T0

� ½ðcpÞa þx4 � ðcpÞv � � ln
T4

T0

� �
� ðRa þx4 � RvÞ � ln P4

P0

� �� �

þ T0 � ðRa þx4 � RvÞ � ln 1þ 1:6078 �x0

1þ 1:6078 �x4

� ��

þ1:6078 �x4 � Ra � ln x4

x0

� ��
ð29Þ
W5 ¼ ½ðcpÞa þx5 � ðcpÞb� � ðT5 � T0Þ � T0 �
�
½ðcpÞa þx5 � ðcpÞb�

� ln
�
T5

T0

�
� ðRa þx5 � RvÞ ln P5

P0

� ��

þ T0 � ðRa þx5 � RvÞ � ln 1þ 1:6078 �x0

1þ 1:6078 �x5

� ��

þ1:6078 �x5 � Ra � ln x5

x0

� ��
ð30Þ

W6 ¼ ½ðcpÞa þx6 � ðcpÞv � � ðT6 � T0Þ � T0

� ½ðcpÞa þx6 � ðcpÞv � � ln
�
T6

T0

�
� ðRa þx6 � RvÞ � ln P6

P0

� �� �

þ T0 � ðRa þx6 � RvÞ ln 1þ 1:6078 �x0

1þ 1:6078 �x6

� ��

þ1:6078 �x6 � Ra � ln x6

x0

� ��
ð31Þ

W7 ¼ cp;7 � ðT7 � T0Þ � T0 ln
T7

T0

� �
ð32Þ

W8 ¼ cp;8 � ðT8 � T0Þ � T0 � ln T8

T0

� �
ð33Þ

here, x indicates the humidity ratio of air, reference dead state;
xo ¼ 0:02023 [41]. In the system v ffi v1 and the changing of pres-
sure is neglected [42].

Exergetic efficiency of RHVTAD system;

e1 ¼ 1�
_Exd;RHVT;comp þ _Exd;RHVT þ _Exd;eh þ _Exd;dry

_m1 �W1 þ _m7 �W7 þ _We;1 þ _We;2 þ _QRHVT � To
T3
� 1

	 
 ð34Þ

Exergetic efficiency of RHVTADW system;

e2 ¼ 1�
_Exd;comp þ _Exd;RHVT þ _Exd;eh þ _Exd;dry

_m1 �W2 þ _m7 �W7 þ _We;2 þ _QRHVT � To
T3
� 1

	 
 ð35Þ

Exergetic efficiency of ED system;

e3 ¼ 1�
_Exd;dry

_m1 �W1 þ _m7 �W7 þ _We;2

ð36Þ
4. Economic analysis

The life cycle cost ðCsysÞ of RHVTAD system occurs by the invest-
ment costs ðCicÞ, salvage cost ðCscÞ, operating costs ðCOCÞ, mainte-
nance costs ðCmcÞ and benefit ðCbÞ.



8 M. Senturk Acar, O. Arslan / Applied Thermal Engineering 124 (2017) 1–16
Csys ¼ Cb � ðCic þ Csc þ Cmc þ COCÞ ð37Þ
The salvage cost of RHVTAD system (Eq. (33)) was taken as 10% of
the investment cost [43].

Csc ¼ Cic � 0:10 ð38Þ
The maintenance cost of RHVTAD system (Eq. (34)) was taken as 2%
of the investment cost of the RHVTAD system [43,44].

Cmc ¼ Cic � 0:02 ð39Þ
The benefit of RHVTAD system (Eq. (35)) includes dried tomatoes
earning.

Cb ¼ ð _m8;33 � t33 � 3600þ _m8;16 � t16 � 3600Þ � 15:66 ð40Þ
where t33; summer period (h), t16; winter period (h), _m8;33; mass of
dried tomato summer period (kg/s) and _m8;16; mass of dried tomato
winter period (kg/s). The unit price of dried tomato is 15.66 €/kg
[45–47].

Operating costs of the system;

COC ¼ Ce þ Cfp ð41Þ
where Ce; electrical costs of the RHVTAD system and Cfp; fresh
tomato costs. Electrical costs;

Ce ¼ ðð _We;1;33 þ _We;2;33Þ � t33Þ þ ðð _We;1;16 þ _We;2;16Þ � t16Þ � 0:107
ð42Þ

where 0.107 €/kWh is the electrical energy cost [48].
The fresh product costs;

Cfp ¼ ðð _m12;33 � t33Þ þ ð _m12;16 � t16ÞÞ
tk

� 0:6 ð43Þ

where _m8;33; mass of the fresh tomato summer period, _m7;16; mass
of the fresh tomato winter period and 0.6 €/kg is the cost of fresh
tomato [49].The net cash flow;

CT ¼ ðCb � COC � CmcÞ � ð1þ iÞt�1 ð44Þ
in this equation, i; the interest rate and t; the related year time of
cash flow.

here, i; the interest rate and t; the related year time of cash flow.
The Net Present Value (NPV) of RHVTAD system (Eq. (40));

NPV ¼ ðCsc � CicÞ þ
Xol
t¼0

CT

ð1þ jÞt ð45Þ

where ol; the lifetime of RHVTAD system, j; the discount rate. In this
study, the lifetime of RHVTAD system was added to calculations as
20 years. The discount and interest rates were taken as 9% and
7.25%, respectively [50,51].

5. Results and discussion

The change in energy, exergy efficiency, and NPV according to
parameters discussed in each chart within the other RHVT param-
eters and operating conditions indicates the same trend. So the
most effective parameters graphs are used in the study according
to analyzes. The RHVT designs with the temperature differences
of the hot stream and inlet stream of RHVT of higher than 5 K were
used in the RHVTAD system. For this reason, some parameters had
limited in these graphs. Handling the operating parameters as
T1 = 306.15 K, T5 = 328.15 K, T6 = 308.15 K, h/w = 0.44, d/D = 0.51,
a = 30�, 3rd control valve position, the variation of energy effi-
ciency of the RHVTAD system with different inlet air pressure of
RHVT (P2) and RHVT body was obtained as seen in Fig. 8.

According to Fig. 8, the energy efficiency ðg1Þ values of RHVTAD
system increase with the increase of L/D, accept one design in
which the P2 at 201.325 kPa. The energy efficiency of the system
increased by the decrease of the inlet stream pressure of RHVT
ðP2Þ. The energy efficiency of proposed RHVTAD system ranges
between 0.0468 and 0.0330. The changing of energy efficiency val-
ues of RHVTAD system for T1 = 306.15 K, T5 = 328.15 K,
P2 = 601.325 kPa, h/w = 0.44, d/D = 0.51, L/D = 40, according to dif-
ferent control valve angle (a) and control valve opening position
are given in Fig. 9.

As seen in Fig. 9, the highest energy efficiency of RHVTAD sys-
tem was obtained at the 3rd control valve opening position when
the control valve angle was changed between 45� and 60�. How-
ever, for the 30� of the control valve angle, the highest energy effi-
ciency value calculated for the 4th opening position. The highest
energy efficiency value of RHVTAD system was obtained as
0.0362 for 3rd control valve opening position and 60� of the control
valve angle. The changing of the energy efficiency values of
RHVTAD system for T1 = 306.15 K, T5 = 328.15 K, T6 = 308.15 K,
P2 = 601.325 kPa, L/D = 17.5, 30� of control valve angle, 3rd control
valve position according to different RHVT generator (h/w, d/D) are
given in Fig. 10.

As seen in Fig. 10, the highest energy efficiency value of RHVTAD
system was obtained as 0.0330 for h/w = 0.44, d/D = 0.51 (C type
RHVT generator). When h/w was kept constant at 0.25, the
energy efficiency of the system increase by the decrease of d/D.
The energy efficiency of proposed RHVTAD system ranges between
0.0296 and 0.0330. The changing of the energy efficiency of
RHVTAD system for T1 = 306.15 K, h/w = 0.44, d/D = 0.51,
P2 = 601.325 kPa, L/D = 40, a = 30�, 3rd control valve position
according to different inlet temperature of dryer air and ðT5Þ and
differences of inlet and outlet temperature ðDT5�6Þ of dryer air are
given in Fig. 11.

According to Fig. 11, the energy efficiency of RHVTAD system
increase with the increase of inlet air temperature of the dryer
up to 333.15 K and the increase of the differences of inlet and
outlet air temperature of the dryer. At this stage, the energy
efficiency of proposed RHVTAD system ranges between
0.0033 and 0.0348. The change of energy efficiency of RHVTAD
system for T5 = 328.15 K, T6 = 308.15 K, h/w = 0.44, d/D = 0.51,
P2 = 601.325 kPa, L/D = 40, 30� of control valve angle, 3rd control
valve position according to different drying system designs and
ambient air temperature are given in Fig. 12.

As seen in Fig. 12, the maximum energy efficiency of the system
was calculated as 0.0545 and 0.0508 for the RHVTADW system at
306.15 K and 289.15 K of ambient temperature, respectively.

The usage of the operating parameters as T1 = 306.15 K,
T5 = 328.15 K, T6 = 308.15 K, h/w = 0.44, d/D = 0.51, 30� of control
valve angle, 3rd control valve position, the variation of exergy effi-
ciency of the RHVTAD system with different inlet air pressure of
RHVT (P2) and RHVT body was obtained as seen in Fig. 13.

As seen in Fig. 13, the exergy efficiency ðe1Þ values of RHVTAD
system increase by the decrease of the ratio of L to D (decrease
of the RHVT body length) when the P2 was kept constant. The
exergy efficiency of proposed RHVTAD system ranges between
0.0010 and 0.0027. The changing of exergy efficiency values of
RHVTAD system for T1 = 306.15 K, T5 = 328.15 K, P2 = 601.325 kPa,
h/w = 0.44, d/D = 0.51, and L/D = 40, according to different control
valve angle (a) and control valve opening position are given in
Fig. 14.

As seen in Fig. 14, the exergy efficiency of RHVTAD system high-
est value was obtained at the 2nd control valve opening position
when a was changed between 45� and 60�. But for the 30� of the
control valve angle was kept constant, the highest exergy efficiency
value calculated for the 4th opening position. The highest exergy
efficiency value of RHVTAD system was obtained as 0.0031 for
2nd control valve opening position and 60� of the control valve
angle. The change of exergy efficiency values of RHVTAD system
for T1 = 306.15 K, T5 = 328.15 K, T6 = 308.15 K, P2 = 601.325 kPa,



Fig. 10. The variation of g1 versus RHVT generator.

Fig. 8. The variation of g1 versus P2 and RHVT body.

Fig. 9. The variation of g1 versus control valve opening position and control valve angle.
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Fig. 11. The variation of g1 versus DT5�6 and T5.

Fig. 12. The variation of g1 versus system designs and T1;a .

Fig. 13. The variation of e1 versus P2 and RHVT body.
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Fig. 15. The variation of e1 versus RHVT generator.

Fig. 14. The variation of e1 versus control valve opening position and control valve angle.
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L/D = 17.5, 30� of control valve angle, 3rd control valve position
according to different RHVT generator are given in Fig. 15.

As seen in Fig. 15, the highest exergy efficiency value of
RHVTAD system was obtained as 0.00214 for h/w = 0.25, d/
D = 0.47 (O type RHVT generator). When the h/w was kept con-
stant at 0.42 and 0.59, the exergy efficiency of the system
increased by the increase of d/D. The exergy efficiency of proposed
RHVTAD system ranges between 0.0010 and 0.00214. The change
of exergy efficiency of RHVTAD system for T1 = 306.15 K, h/
w = 0.44, d/D = 0.51, L/D = 40, P2 = 601.325 kPa, a = 30�, 3rd control
valve position according to different T5 and DT5�6 are given in
Fig. 16.

According to Fig. 16, the exergy efficiency of RHVTAD system
increase with the increase of inlet air temperature of the dryer
and the decrease of the differences of inlet and outlet air temper-
ature of the dryer. At this stage, the exergy efficiency of proposed
RHVTAD system ranges between 0.0010 and 0.0136. The changing
of exergy efficiency value of RHVTAD system for T5 = 328.15 K,
T6 = 308.15 K, h/w = 0.44, d/D = 0.51, L/D = 40, P2 = 601.325 kPa,
30� of control valve angle, 3rd control valve position according to
different drying system designs and ambient air temperature are
given in Fig. 17.

As seen in Fig. 17, the maximum exergy efficiency of the drying
system was calculated as 0.0027 for the RHVTADW system at
289.15 K of ambient temperature and the highest exergy efficiency
determined as 0.0020 for ED system at 306.15 K of ambient
temperature.

The utilization of the operating parameters as T1 = 306.15 K,
T5 = 328.15 K, T6 = 308.15 K, h/w = 0.44, d/D = 0.51, 30� of control
valve angle, 3rd control valve position, the variation of NPV of
the RHVTAD system with different inlet air pressure of RHVT (P2)
and RHVT body was obtained as seen in Fig. 18.

As seen in Fig. 18, the NPV values of RHVTAD system increase by
the increase of L/D when P2 is kept constant. The NPV values of
RHVTAD system increase by the decrease of the inlet stream pres-
sure of RHVT ðP2Þ when L/D = 40. The NPV of proposed RHVTAD



Fig. 16. The variation of e1 versus DT5�6 and T5.

Fig. 17. The variation of e versus systems designs and T1;a .
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system ranges between �29018.90 € and 23707.08 €. The changing
of NPV values of RHVTAD system for T1 = 306.15 K, T5 = 328.15 K,
P2 = 601.325 kPa, h/w = 0.44, d/D = 0.51 and L/D = 40, according to
different control valve angle (a) and control valve opening position
are given in Fig. 19.

As seen in Fig. 19, the highest value of NPV of RHVTAD system
was obtained at the 3rd control valve opening position when the
control valve angle was kept constant at 60� and 30�. But for the
45� of the control valve angle was kept constant, the highest NPV
value calculated for the 2nd opening position. The highest NPV
value of RHVTAD system was obtained as 23707.08 € for 3rd con-
trol valve opening position and 30� of the control valve angle.
The change of NPV values of RHVTAD system for T1 = 306.15 K,
T5 = 328.15 K, T6 = 308.15 K, P2 = 601.325 kPa, L/D = 17.5, 30� of
control valve angle, 3rd control valve position according to differ-
ent RHVT generator are given in Fig. 20.
As seen in Fig. 20, the highest NPV value of RHVTAD system was
obtained as �22922.70 € for h/w = 0.44, d/D = 0.59 (D type RHVT
generator). The exergy efficiency of proposed RHVTAD system
ranges between �41116.80 € and -22922.70 €. The change of NPV
of RHVTAD system for T1 = 306.15 K, h/w = 0.44, d/D = 0.51 and L/
D = 40, P2 = 601.325 kPa, a = 30�, 3rd control valve position accord-
ing to different T5 and DT5�6 are given in Fig. 21.

According to Fig. 21, the NPV of RHVTAD system increase with
the decrease of inlet air temperature of the dryer and the increase
of differences between inlet and outlet air temperature. At this
stage, the NPV of proposed RHVTAD system ranges between
�206446.00 € and 23712.24 €. The change of NPV of RHVTAD sys-
tem for T5 = 328.15 K, T6 = 308.15 K, h/w = 0.44, d/D = 0.51 and L/
D = 40, P2 = 601.325 kPa, 30� of control valve angle, 3rd control
valve position according to different drying system designs are
given in Fig. 22.



Fig. 18. The variation of NPV versus P2 and RHVT body.

Fig. 19. The variation of NPV versus control valve opening position and control valve angle.
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As seen in Fig. 22, the maximum NPV of the drying system was
calculated as 182253.70 € for RHVTADW system. At this stage, the
NPV of proposed RHVTAD and ED system were determined as
23712.24 € and 177847.80 €, respectively.

The energy and exergy efficiencies of RHVTAD system increase
with the increase of the inlet stream temperature of dryer, the con-
trol valve angle and the decrease of the inlet stream pressure of
RHVT. The energy efficiency of the RHVTAD system increase with
the increase of L/D. The increase of the temperature differences
of inlet and outlet dryer air cause to the increase of energy effi-
ciency and the decrease of exergy efficiency. The increase in the
ambient temperature causes to increase the exergy efficiency and
the decrease of energy efficiency. But the same results were not
observed according to NPV. The NPV of the RHVTAD system
increased with the increase of the inlet stream pressure of RHVT,
the temperature differences of inlet and outlet dryer air, L/D and
the decrease of the inlet temperature of the dryer. The highest
NPV value of the RHVTAD system was obtained for 30� control
valve angle and 3rd control valve opening position. It was found
that the effect of h/w on energy efficiency, exergy efficiency, and
NPV was negligible.

According to the energy analysis results, the most effective L/D,
h/w, d/D, control valve angle and control valve opening position
were determined as 40, 0.44, 0.51, 60� and 3rd respectively. The
maximum energy efficiency of RHVTAD system was determined
as 0.0370 at 306.15 K of ambient temperature. These system prop-
erties were T5 of 328.15 K, T6 of 308.15 K and P2 of 401.325 kPa. For
the same operating conditions, the energy efficiency of the
RHVTAD was obtained as 0.0346 at 289.15 K. Exergy efficiency of
this system was calculated as 0.0017 and 0.0025 for the summer
mode and winter mode, respectively. NPV of this RHVTAD system
was calculated as 2953.99 €. For the same operating conditions,



Fig. 20. The variation of NPV versus RHVT generator.

Fig. 21. The variation of NPV versus DT5�6 and T5.
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the energy efficiency of the ED system was calculated as 0.0500
and 0.0449 at 306.15 K and 289.15 K of ambient temperature,
respectively. The energy efficiency of RHVTADW system is deter-
mined as 0.0527 and 0.0470 for the summer mode and winter
mode, respectively. For the same operating conditions and RHVT
geometries, the best energy efficiency was obtained for the
RHVTADW system which is used waste air for inlet stream of
RHVT.

According to the exergy analysis results, the most effective L/D,
h/w, d/D, control valve angle and control valve opening position
were determined as 40, 0.44, 0.51, 30� and 3rd, respectively. The
maximum exergy efficiency of RHVTAD system was determined
as 0.0033 at 289.15 K of ambient temperature. These system prop-
erties were T5 of 333.15 K, T6 of 313.15 K and P2 of 501.325 kPa. For
the same operating conditions, the exergy efficiency of the
RHVTAD was obtained as 0.0023 at 306.15 K. Energy efficiency of
this system was 0.0348 and 0.0327 for the summer mode and win-
ter mode, respectively. NPV of this RHVTAD system was calculated
as 3138.47 €. For the same operating conditions, exergy efficiency
of the ED system was calculated as 0.00376 and 0.0023 at
306.15 K and 289.15 K of ambient temperature, respectively. The
exergy efficiency of RHVTADW system is determined as 0.0028
and 0.00377 for the summer mode and winter mode, respectively.
For the same operating conditions and RHVT geometries, the best
exergy efficiency was obtained for the RHVTADW system which
is used waste air for inlet stream of RHVT.

According to the economic analysis results, the most effective L/
D, h/w, d/D, control valve angle and control valve opening position
are 40, 0.44, 0.51, 30� and 3rd respectively. The maximum NPV of
RHVTAD system was determined as 23711.88 €. These system
properties were T5 of 328.15 K, T6 of 308.15 K and P2 of
601.325 kPa. Under the same conditions, the energy efficiency of



Fig. 22. The variation of versus NPV system designs.
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the RHVTAD system was calculated as 0.0348 and 0.0338 for the
summer mode and winter mode, respectively. Exergy efficiency of
this system was 0.0010 and 0.0023 for the summer mode and win-
ter mode, respectively. For the same operating conditions, the
energy efficiency of the ED system was calculated as 0.0500 and
0.0449 at 306.15 K and 289.15 K, respectively. The energy efficiency
of RHVTADW system is determined as 0.0545 and 0.0508 for the
summer mode and winter mode, respectively. Under the same
operating conditions, the NPV of the ED system and RHVTADW sys-
tem were calculated as 177847.80 € and 182253.70 €.
6. Conclusion

In this study, the performance of electrical drying system inte-
gratedwith Ranque-Hilsch vortex tube (RHVTAD)was investigated.
For this purpose, the geometrical parameters, inlet and outlet tem-
peratures of the dryer, the pressure of inlet flow of RHVT and the
coldmass fractionwere taken into account. Additionally, 8 different
the helical vortex generators, 3 different control valve angles and 3
different RHVT bodies were also taken into consideration.

The same operating conditions of drying system and RHVT
geometries, the best NPV was obtained for the RHVTADW system
which is used waste air for inlet stream of RHVT. The best perfor-
mance of the RHVTAD system determined for L/D = 40, h/w = 0.44,
d/D = 0.51, control valve angle of 30�, 3rd control valve opening
position, T5 of 328.15 K, T6 of 308.15 K and P2 of 601.325 kPa.

As a result of the thermodynamic and NPV analysis, it is deter-
mined that the RHVTAD system is worth to invest. Considering the
results, if pressurized air obtained from the exhaust of any system
as a waste stream, the RHVTADW system is more economical than
the electrical drying system. The cold stream of vortex tube wasn’t
addressed in this study. So, a hybrid system in which both the cold
and hot streams of RHVT were used would be more effective from
the thermodynamic and economic points of view. So, it is strongly
advised to study the design of a hybrid system in which RHVT’s
cold and hot outlet flow are used together.
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