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Optimization studies along with optimum parameter correlations are presented in this article for
a vortex tube expansion transcritical CO, refrigeration cycle with two cycle layouts based on the Maurer
model (1999) and the Keller model (1997). A simple thermodynamic model is proposed and used for
vortex tube analysis. Finally, the COP improvement and effect on optimum discharge pressure by using
vortex tube in transcritical CO; cycle instead of expansion valve are presented. The results show that the
effect of cold mass fraction and inlet water temperature to desuperheater (used to cool hot gas from
vortex tube) on the cycle optimization is negligible. The Maurer model is better than the Keller model in
terms of moderately more COP improvement and lower cost due to less components. The use of a vortex
tube is more effective for higher gas cooler exit temperature for both models. Results show that the
vortex tube expansion transcritical CO; cycle for the Maurer model can give higher COP improvement for
lower cooling temperature applications; however the trend is reverse for the Keller model.

COP improvement

© 2009 Elsevier Masson SAS. All rights reserved.

1. Introduction

Use of vortex tube as an expansion device in transcritical CO,
cycle seems to be one of the promising cycle modifications to
improve the system performance [1,2]. The vortex tube was basi-
cally developed for the gas expansion, working on the Ranque-
Hilsch effect and lot of experimental and numerical works on that
have been reported [3]. Although, according to recent research
results, the Ranque-Hilsch principle also works when the liquid is
expanded through vortex tube providing a sufficient high rate of
pressure difference [4]. Hooper and Ambrose [5] first experimen-
tally attempted to increase the refrigerating effect of a vapor
refrigerator using a special version of Ranque-Hilsch vortex tube
replacing the throttling valve. Collins and Lovelace [6] experi-
mentally studied the expansion of two-phase propane through the
Ranque-Hilsch tube. Other scientists have started to examine the
principle behind the vortex tube expansion device in refrigeration
systems in 1990s and proposed various refrigeration cycle config-
urations using vortex tube as expansion device. The COP
improvements by using vortex tube were reported for the refrig-
erants R22, R134a, propane, ammonia, and carbon dioxide through
German examinations [4].

Recently, Li et al. [7] performed a thermodynamic analysis of
different expansion devices for the transcritical CO, cycle. A vortex
tube expansion device and an expansion work output device were
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proposed to recover the expansion losses. The maximum increase in
COP using a vortex tube or expansion work output device, assuming
ideal expansion process, was about 37% compared to the one using
an isenthalpic expansion process at evaporation temperature of 5 °C
and gas cooler exit temperature of 40 °C. The increase in COP
reduced to about 20% when the efficiency for the expansion work
output device was 0.5. In order to achieve the same improvement in
COP using a vortex tube expansion device, the efficiency of the
vortex tube (ratio of enthalpy drop of cold mass to the isentropic
enthalpy drop of total mass) had to be above 0.38. Christensen et al.
[4] used CFD modelling for analysis of CO, expansion vortex tube.
Although the extensive analyses on the optimization of compressor
discharge pressure for different cycle configurations using vortex
tube as expansion device are scarce in open literature.

In the present study, the extensive analyses have been done on
the optimization of compressor discharge pressure based on the
maximum cooling COP for the vortex tube expansion transcritical
CO, refrigeration cycle with two different cycle layouts: one is
based on the Maurer model [8] and another is based on the Keller
model [9]. For the analysis of vortex tube, a simple thermodynamic
model has been used. Finally the improvement of cooling COP of
transcritical CO; cycle by using vortex tube instead of expansion
valve and also the effect on optimum discharge pressure have been
presented for both the cycle layouts.

2. Vortex tube expansion transcritical CO, cycle

Two layouts have been used in the present study: Maurer model
(1999) [8] and Keller Model (1997) [9]. As the separation effect is
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Nomenclature

cor coefficient of performance (-)
h specific enthalpy (k] kg~1)

p pressure (MPa)

q cooling/heating effect (k] kg~ 1)
t temperature (°C)

w specific work (k] kg™ 1)

X vapor quality (-)

y cold mass fraction (-)

ACOP  improvement of COP (%)

e heat exchanger effectiveness (-)
n isentropic efficiency (%)
Subscript

b basic cycle

c compressor

co gas cooler exit

d compressor discharge

ev evaporator

n vortex tube nozzle

opt optimum

wi water inlet to desuperheater

negligible for pure liquid, Maurer model is very effective for carbon
dioxide, where the expansion mostly takes place from the super-
critical state due low critical temperature, not from the liquid
phase. As shown in Figs. 1 and 2, in the vortex tube, the gas is
expanding from gas cooler pressure to evaporation pressure and
divided into three fractions: saturated liquid (state 4), which is
collected in a ring inside the vortex tube (100% separation effi-
ciency), saturated vapor (state C) and superheated gas (state H),
which are created because of the Ranque-Hilsch effect. The satu-
rated liquid and vapor are mixed again (state 6) and going through
the evaporator to give useful cooling effect. The superheated gas is
cooled in the heat exchanger (desuperheater) to state 5 and mixed
with the gas coming from the evaporator (state 7) before entering
the compressor (state 1).

For the Keller model, as shown in Figs. 3 and 4, the liquid is
evaporated in a two-stage expansion, since it is difficult to get liquid
separation with vortex tube. The refrigerant is cooled in an inter-
mediate cooler from state 3 to state 4. The refrigerant is then
expanded to an intermediate pressure through a throttle valve and
to a liquid separator, where the vapor is separated to state 8 from
the liquid at state 5. The vapor is then superheated to state 9 in the
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Fig. 1. Cycle layout of vortex tube expansion cycle for Maurer model.
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Fig. 2. p-h diagram of vortex tube expansion cycle for Maurer model.

intermediate cooler and is expanded through the vortex tube,
where it separates in a cold (state C) and warm (state H) fraction.
The warm fraction must be warmer than the ambient to get
advantage of the vortex tube. The warm fraction is then cooled to
state 10 in a desuperheater and then mixed with the cold outlet of
the vortex tube. The mixture is then mixed with the vapor from
evaporator (state 7) before entering the compressor (state 1). It can
be noted that the Keller model is modified slightly (exit of desu-
perheater and cold stream is connected to evaporator outlet instead
of inlet) in this study. For both cycle layouts, the pressure drop
through the vortex tube is controlled by adjusting the geometric
parameters of vortex tube as well as expansion nozzle or control-
ling the needle valves used at vortex tube outlets.

3. Thermodynamic model

For the thermodynamic model, Keller used the first and second
laws of thermodynamics to describe the vortex tube but no clari-
fication is available how the isentropic efficiency is related to
specific entropy production and Maurer used conservation of mass,
first and second laws of thermodynamics but neglecting entropy
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Fig. 3. Cycle layout of vortex tube expansion cycle for Keller model.
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Fig. 4. p-h diagram of vortex tube expansion cycle for Keller model.

generation term [4], which may not practically feasible. Hence, due
to individual difficulties of existing thermodynamic models for the
vortex tube, a very simple model has been proposed and used in the
present theoretical analysis of a vortex tube. The following
assumptions have been made for the analysis:

(i) Negligible pressure drop in all heat exchangers and the

connection tubes.

(ii) Both mixing and separation processes are isobaric.

(iii) No heat loss/gain with the environment, except with fluids for
cooling purpose.

(iv) The refrigerant condition at the evaporator outlet is dry
saturated.

(v) The compression process is adiabatic but non-isentropic.

(vi) All the kinetic energies at the nozzle exit in the vortex tube are
absorbed by the warm fluid only.

Using these assumptions, the equations for the vortex tube
expansion transcritical CO, cycle were setup. Based on the theo-
retical model, the simulation code was developed to investigate the
effect of different operating parameters for both layouts, which was
integrated with the thermodynamic property code CO2PROP [10],
developed based on the Span and Wagner equations [11], to
compute the relevant thermodynamic properties of carbon dioxide.

For given compressor discharge pressure, evaporator and gas
cooler exit temperatures and component efficiencies, simulation
procedures are described below:

For Maurer model, properties at 3, 4 and C are calculated from
property code. The enthalpy at the vortex tube nozzle exit for given
nozzle efficiency can be calculated by:

hs = h3 — ny[h3 — h(pey, $3)] (1)

Then the vapor quality is found by x = X(pe,, h3) using property
code. Assuming that all the liquid (1 — x) is separated out and some
fraction (x*y) of saturated vapor is separated as cold fluid, and rest
(x*[1 —y]) absorbs all the kinetic energies and separated as hot
fluid, properties at the hot end is given by,

hy = (hs — (1 = X)hg — xyhc)/(x[1 - y]) (2)

ty = t(Pev, hy) (3)

Inlet enthalpy of evaporator can be found by,

hs = ([1—xlhg +xyhe)/(1 = x+xy) (4)

State 5 can be found by using the effectiveness of desuperheater,
ts = ty — &ty — twi) (5)

hs = h(pey, ts) (6)

The inlet of the compressor is found by,

hi = (1 —x+xy)h; +x(1 —y)hs (7)

For the Keller model, properties at points 5 and 8 are evaluated
using given intermediate pressure. Vapor quality and properties of
points 4 and 9 are found by the iteration process using property
code and following equations:

e = (tg —tg)/(t3 — tg) (8)
h3 - h4 = X(hg - hg) (9)
x = (h3 — hs)/(hg — hs) (10)

For given nozzle efficiency, similar to Eq. (1), enthalpy at state C can
be calculated by:

hc = hg — ny(hg — h(pev, S9)) (11)
Properties at the hot end are given by,

hy = (hg —yhc)/(1-y) (12)
th = t(Pev, h) (13)

State 10 can be found by using the effectiveness of heat exchanger
as similar to Egs. (5 and 6). Then the inlet of the compressor is
found by,

hy = (1 —=x)h7 +xyhc +x(1 —y)hqg (14)

The compressor outlet properties for both models are evaluated by
using property code and given compressor isentropic efficiency.
The specific compressor work is given by,

We = hy — Iy (15)

The cooling output for the Maurer model and the Keller model,
respectively, are given by,

GevMaurer = (1 —x+xy)(h7 — hg) (16)

Gey_Keller = (1 - X)(h7 - hG) (17)

The COPs of vortex tube expansion cycles and corresponding basic
cycle have been evaluated by,

COPmaurer = Gev_Maurer/We (18)
COPyeller = Gev_Keller/We (19)
COP, = (h7 — h3)/(hyp — h7) (20)
The COP improvements using vortex tube have been evaluated by,
ACOPpayrer = (COPpaurer — COPy)/COPy (21)
ACOPKeller = (COPKeller - COPb)/COPb (22)
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4. Results and discussion

The performances of vortex tube expansion transcritical CO;
cycle for both layouts have been evaluated at the optimum
discharge pressure, corresponding to the maximum COP, for
various evaporator temperature (—20 °C to 10 °C) and gas cooler
exit temperature (30-60 °C). As discussed earlier, the optimum
high-side pressure (or pressure drop) can be controlled by adjust-
ing geometric parameters, which is generally done by cone valve
[3] or by controlling needle valves [4] used at all vortex tube outlets.
Cold mass fraction is also dependent on vortex tube design [3].
Hence, cold mass fraction and high-side pressure can be controlled
simultaneously by adjusting geometric parameters and needle
valves. The following input parameters have been taken for the
study: heat exchanger effectiveness=_85%, expansion nozzle
efficiency = 80%, compressor isentropic efficiency =75% and the
intermediate pressure = 5.7 MPa, which is the optimum value to
get maximum COP improvement found by previous study [4].
Unless otherwise specified, the values of cold mass fraction of
vortex tube and water inlet temperature are taken as 0.5 and 27 °C,
respectively for the analysis. It may be noted that the cycle
performances with high-side pressure optimizations have been
presented in this study for given vortex tube efficiency, which may
be defined as the multiplication of nozzle efficiency and cold mass
fraction of vortex tube.

Results show that there is no effect of cold mass fraction and
inlet water temperature of desuperheater on the optimum
discharge pressure, although the minor effect of inlet water
temperature have been observed for the Keller model (0.05 MPa
per 10 °C). This is due to the fact that the optimum discharge
pressure mainly depends on gas cooler exit temperature and
evaporator temperature [10], which are invariant. The effect of cold
mass fraction for water inlet temperature of 27 °C and inlet water
temperature for cold mass fraction of 0.5 are shown in Fig. 5 at the
optimum discharge pressure for the evaporator temperature of 5 °C
and gas cooler outlet temperature of 40 °C. Results show that the
effect of cold mass fraction is more significant for the Maurer model
due to more pressure drop in the nozzle (higher pressure drop
forms more amount of kinetic energy, which is absorbed by hot gas
and rejected through the desuperheater) than the Keller model.

Cold mass fraction
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8 f f f 8
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COP improvement (%)
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10 15 20 25 30 35

Water inlet temperature (°C)

Fig. 5. Effect of y, t,,; on the COP improvement.

With the increase in cold mass fraction, the COP improvement
increases due to increase in heat rejection through the heat
exchanger and for the same reason the COP improvement increases
with the decrease in inlet water temperature. Maurer model can
give more COP improvement than Keller model due to high heat
rejection though heat exchanger or desuperheater for the given
conditions.

The variations of optimum compressor discharge pressure and
corresponding maximum cooling COP with refrigerant temperature
at gas cooler exit are shown in Figs. 6 and 7 respectively, for the
Maurer model at different evaporator temperatures for cold mass
fraction of 0.5 and water inlet temperature of 27 °C. Results show
that the optimum discharge pressure varies from 7.4 to 17.3 MPa,
whereas the maximum cooling COP varies from 0.86 to 4.96 for the
given ranges of evaporator and gas cooler outlet temperatures and
the variations are very similar to the basic valve expansion cycle
[10]. It may be noted that the optimum discharge pressure for gas
cooler exit temperature of subcritical range (30-31 °C) is higher
than corresponding saturation pressure [12]. Variation clearly
shows that the effect of gas cooler exit temperature are much more
significant compared to the evaporator temperature on the
optimum discharge pressure where as equally significant on
maximum cooling COP. Effect of evaporation temperature on
optimum discharge pressure is more predominant at higher gas
cooler outlet temperature, whereas reverse trend for maximum
cooling COP. So the design of system for lowest possible gas cooler
exit temperature and the highest possible evaporator temperature
is more effective for not only maximum system COP also for lower
optimum high-side pressure.

Fig. 8 shows the variation of cooling COP improvement over the
basic cycle for the Maurer model at different evaporator tempera-
tures. It may be noted that COP improvement varies from 0.3% to
18.7% for the given ranges. For the increase of gas cooler exit
temperature or decrease of evaporation temperature, as the
optimum discharge pressure increases, the vapor quality increases
and hence for the constant cold mass fraction, mass flow rate
through the desuperheater increases and the heat loss though
desuperheater increases for given water inlet temperature, which
lead to more COP improvement. However the effect of gas cooler

17.5

= 16

o

=

@ 145

>

[V}

8

s 134

Q

o

S

2

S 11.5

2

T

E 104

E

=

Q.

O 385 y=05,t,=27°C
7 T T T T T

30 35 40 45 50 55 60
Gas cooler outlet temperature (°C)

Fig. 6. Variation of optimum discharge pressure for Maurer model at different evap-
oration temperatures.
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Fig. 7. Variation of maximum cooling COP for Maurer model at different evaporation
temperatures.

exit temperature is more predominant than that of evaporation
temperature due more effect on optimum discharge pressure as
well as vapor quality. For the high temperature lift, the use of vortex
tube is more effective in terms of higher COP improvement, lower
expansion loss and higher reduction of optimum discharge pres-
sure compared to basic cycle.

The variation of optimum compressor discharge pressure and
corresponding maximum cooling COP with gas cooler exit
temperature at different evaporator temperatures for cold mass
fraction of 0.5 and water inlet temperature of 27 °C are shown in
Figs. 9 and 10 respectively for the Keller model. It may be noted that
the variation trends are similar as for the Maurer model, although
both the optimum discharge pressure and maximum cooling COP
give lower values (maximum of 2% and 6% respectively). Void
portion in the both figures indicates that the vortex tube is not
useful at that lower gas cooler exit temperature for given evapo-
rator temperatures and it is possible to achieve higher COP with the
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Fig. 8. COP improvement for Maurer model at different evaporation temperatures.
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Fig. 9. Variation of optimum discharge pressure for Keller model at different evapo-
ration temperatures.

baseline cycle. Similar to the Maurer model, the effect of gas cooler
exit temperature are more significant compared to the evaporator
temperature on the optimum discharge pressure whereas equally
significant on maximum cooling COP. Results indicate that the
design of system for lowest possible gas cooler exit temperature
and the highest possible evaporator temperature is profitable in
terms of system COP as well as lower optimum discharge pressure.

The variation of COP improvement over the basic cycle corre-
sponding to optimum discharge pressure for Keller model is shown
in Fig. 11 at different evaporator temperatures, where COP
improvement varies from O to 17.8%. Variations show that the COP
improvement increases as both the gas cooler exit and evaporator
temperature increase. For the increase of gas cooler outlet
temperature as the optimum discharge pressure increases, the
vapor quality increases and hence the mass flow rate through the
heat exchanger increases, which lead to more COP improvement, as
similar to the Maurer model. However, the trend is opposite for the
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Fig. 10. Variation of maximum cooling COP for Keller model at different evaporation
temperatures.
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Fig. 11. COP improvement for Keller model at different evaporation temperatures.

evaporator temperature. This can be attributed that the vapor
quality increases with the increase in evaporator temperature as
the corresponding optimum discharge pressure decreases for the
fixed intermediate pressure and certain gas cooler exit tempera-
ture. For the constant cold mass fraction, mass flow rate through
the heat exchanger increases with increase in vapor quality and the
heat loss though heat exchanger increases for given water inlet
temperature and hence the COP improvement increases with
increase in evaporation temperature. Deviation of optimum
discharge pressure by use of vortex tube compared to that of basic
cycle increases with increase in gas cooler exit temperature;
however the effect of evaporation temperature is negligible. It may
be noted that the modified Keller model, used in this study, gives
more COP improvement (>2%) compared to original one.

Results show that the optimum discharge pressure is only
dependent on evaporation and gas cooler exit temperatures, effect
of other parameters (cold mass fraction, cold water inlet temper-
ature, and isentropic efficiencies) are negligible. Performing
a regression analysis on the data obtained from the cycle simula-
tion, the following relations have been established to predict
estimates the optimum discharge pressure (in MPa) for Maurer
model (R?>=99.6%) and Keller model (R*>=99.5%), given in Egs.
(23 and 24), respectively,

Pdopt = 1.077 — 0.0238te, + 0.16tc, + 0.00164t,” (23)

Paopt = 1.605 — 0.0405tc, + 0.1653tc + 0.00115¢c,> (24)

Where, R? signifies perfectness of data fitting and temperature in
°C. These correlations are valid for the ranges of the evaporator
temperature from —20 to 10 °C and the gas cooler exit temperature
from 30 to 60 °C for the Maurer model however from 35.2 — 0.2 t,,
to 60 °C (excluding the range, where vortex tube is useless) for the
Keller model. It can be noted that the Maurer model gives moder-
ately higher COP improvement than Keller model for given ranges.
Study shows that the COP improvement increases with the

decrease in evaporation temperature for the Maurer model,
whereas the trend is reverse for the Keller model. Hence, the
Maurer model can give higher COP improvement for lower cooling
temperature applications.

5. Conclusions

Optimization of discharge pressure for vortex tube expansion
transcritical CO, cycle based on the Maurer model as well as the
Keller model, followed by COP improvement and effect on
optimum discharge pressure using vortex tube are presented using
a simple thermodynamic model. Negligible effect of cold mass
fraction (or vortex tube efficiency) and inlet water temperature of
heat exchanger on the optimum discharge pressure has been
observed. Result shows that the effect of gas cooler exit tempera-
ture is more significant compared to the evaporator temperature on
the optimum discharge pressure whereas equally significant on
maximum cooling COP for both models. However the applicable
range of vortex tube is less for the Keller model.

The use of vortex tube for Maurer model is more effective for
higher temperature lift in terms of higher COP improvement and
lower optimum discharge pressure over the basic cycle. For Keller
model, effect of gas cooler exit temperature is similar to Maurer
model, however, the improvement trend is opposite for the evap-
orator temperature. Maurer model can give moderately more COP
improvement than Keller model and lower cost due less system
components. The expansion loss also decreases significantly by use
of vortex tube. Expressions for optimum discharge pressure for
both cycle models have been developed and these correlations offer
useful guidelines for optimum system design and selecting
appropriate operating conditions.
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