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ABSTRACT

A two-phase impulse turbine used to replace the classic expansion vabveeinigeration system needs a
nozzle/expander to transform the flow stored enthalpy into kinetic er@mgya runner that comes afterwards to
transform the flow kinetic energy into torque. That process tramsftine isenthalpic expansion of the refrigerant
into, ideally, an isentropic one. Replacing a classic isenthalpic expansioa néidxly isentropic one increases the
cycle cooling capacity between 8% and 20% for the same compressor avgert and generates an additional
electric power by the two-phase turbine.

During the expansion in the nozzle, the static pressure of the flow decreaseghasd change occurs, for the flow
is slightly subcooled, by 2 to 3 K, at the nozzle entrance. A Tundpne runner design is presented. The runner
makes use of the kinetic energy of a two-phase flow and transfoimts torque. The geometry and material of the
runner components are chosen to provide mechanical integrity andeffiglency. The design takes into
consideration the number of buckets, the flow behavior inside a buokgtotier loss due to drag force, the flow
impingement angle with the bucket and many other factors. The var@dtitve efficiency of the runner with ¢h
refrigerant quality and the gas physical properties is also studied. FEM (finitergélemathod) is used to calculate
the mechanical stress on the structure of the runner that is sugposétistand static and fatigue stressand
erosion due to themb-phase nature of the flow. FEM is also used to visualize the floweiribiel bucket and to
estimate the power loss due to drag force. The calculated efficiency aintier wvould be compared in the future
to the efficiency of a similar to be tested runner.

1. INTRODUCTION

A refrigeration system following the Evans thermodynamic cycle has rfain components: a condenser, an
evaporator, a compressor, and an expansion valve. It is possible ravémihe efficiency of that cycle by
recovering the lost energy in the expansion valve. An isenthalpanexm occurs in the expansion valve: the flow
is expanded, transforming part of its enthalpy into kinetic energyttaerdtransforming it back into enthalpy, by
friction. An isentropic or near isentropic expansion occurs when ttegikienergy is recovered by another device
(i.e. a turbine) and transformed into work before it could be transfbimack into enthalpy. A two-phase turbine
can provide such expansion while being able to handle a two-phasdrfltve. refrigeration cycle, the two-phase
turbine is placed in parallel to the expansion valve to bypass it as in Figufgdlre 1.a shows the T-s diagram of
the refrigeration cycle using an expansion valve or a turbine. ThiedgEnexpansion allows lower vapor qualities
than isenthalpic ones at the evaporator inlet. This induces higher coolatgdpr the same compressor electrical
consumption. The efficiency improvement of a refrigeration cyclémigortant because refrigeration and air
conditioning account for 15 to 23% of the global electric consumptiois. cdmsumption may increase tenfold by
the year 2050 (Cox, 2010).
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The two-phase turbine is composed of two main parts: the expatesiae and the kinetic energy recovery device.
The expansion device receives the fluid in its slightly subcooled ligquid find transforms it into a two-phase
flow. The kinetic energy of the flow increases with the decrease eoffltlv density, which by the law of
conservation of mass increases the flow velocity. That increase in vttty to a static pressure decrease in the
flow. The kinetic energy recovery device deals with transformingkihetic energy of the two-phase flow into
useful mechanical work. This paper discusses the kinetic energy recmxécg, whichis chosen to be a Turgo
turbine wheelThe statesf-the-art is presented first, then the design of the turbine wheetdtiffparts is discussed.
Two CAD software, Autodesk Inventor 2013 and SolidW®R89 are used to design and mechanically analyze
the wheel. While a CFD software, Fluentis3used to represent and analyze the two-phase flow in the wheel.
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Figure 1. a) TS diagram of a refrigeration cycle with the isenthalpic expansion of amgixn valve and the
isentropic expansion of a two-phase turbineA two-phase turbine in parallel to the expansion valve.

2. STATE-OF-THE-ART

The two types of turbines that are considered to be adapted to adasefdw are the Hero turbine and the Turgo
turbine.

2.1Hero Turbine

Wheel rotation Nozzles

direction

Fluid feed inlet \"
toward the nozzles

o
Figure 2: Hero turbine diagram.

The Hero turbine, in Figure 2, @ old reaction turbine. Its main advantage is the fact that the momeptwahéel
is generated by the propulsion force. So the homogeneity of thphtase flow and its dispersion at the nozzle exit
is not an issue. Although that is a considerable advantage comparethouise turbine, the Hero turbine design
has many flaws when used as a two-phase flow expander:

- The Hero turbine is a centrifugal turbine. The fluid is subject to a pgrgffect during its expansion in

the arms and nozzles of the turbine. This pumping effect maypregant the fluid from transforming into
a two-phase flow.

- The flow is pushed against the outer walls of the canals, creatirgyfrimion.
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2.2 Turgo Turbine

i
il

Figure 3: Sketch of a Turgo turbine (Photo credits: University of Edinburghp@af Engineering).

The Turgo turbine, in Figure 3, is an impulse turbine. The jefrgpout of the nozzle hits one or multiple buckets,
rotating the turbine wheel and thus creating mechanical power. The mainagitsagbs of such turbine when used
for two-phase flow, is the drag between the exposed areas of thetdackl the surrounding vapor/gas. The vapor
density inside the turbine considered for this article is 15.5%g¥tich is 13 times bigger than the density of air of
1.2 kg/n? at ambient temperature and pressure. Another disadvantage is the atomizatiispersion of a two-
phase flow after exiting its nozzle. However, compared to the Hero turbirneyrie turbine has clear advantages:

- No pumping effect experienced by the fluid in the Turgo turbine
- The Turgo turbine has a simpler mechanical design
- Thedrag in a Turgo turbine can be low due to its small wheel diameter

Due to the counter intuitive design of a Hero turbine, when used as-phtse turbine, and disadvantages and
advantages of each turbine, the Turgo turbine desighosen for the two-phase turbine. In addition, a horizontal
wheel configuration is chosen.

3. GENERAL DIMENSIONS

For the turbine design, a two-phase mass flow rate of 4 kg/sl8#R-is considered. This flow is divided betwee
5 nozzles, each providing 0.8 kg/s at a vapor quali3086. The velocity of this flow is 60 m/s; both phases have
the same velocityThe pressure inside the turbine is 3.2 bar. In order to optimize timeetygoof the wheel, drag
losses and kinetic energy losses due to friction inside the buckets are characterized

3.1 Losses Insidethe Bucket

A bucket profile is drawn in 2D then transformed (Figures 4aand 4.b). The bucket has a height of 40 mm and
the active surface, or the surface that is impacted by the jet, hagtladé 30 mm. The profile favors the evacuation
of the fluid from the bottom due to a low inflection point in its cawre profile. The inflection point is situated at a
distance of 27 mm from the top of the bucket. The vertical distance betheéop of the bucket and the nozzle is
theoretically zero to minimize the dispersion of the flow at the nozzle exitré=#ya shows the position of the
nozzle relatively to the bucket. The nozsle is tilted 2° downward and tilted with an angle of 10° towards the
center of the wheel. This configuration is a result of an optimization betliaging the dispersion of the two-
phase flow before hitting the bucket, and the force lost due to the angles jef timpingement. The dispersion of
similar jetsis studied by Cleargt al. (2007) and Polancet al. (2010).

15" International Refrigeration and Air Conditioning Conference at Purdie14-17, 2014



2169, Page 4

40

27 mm
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30°

Figure 4: a) (left) Turgo turbine bucket 2D profil®) (center) Turgo turbine bucket in 3E) (riht) Position of the
nozzle tip, the horizontal and vertical angles in the nozzle position can be skamly

The jet impingement inside the buckesimulated in the CFD software Fluent13. The simulation takes into account
the bucket rotation, so the bucket active surface is rotated to simulateatienrof the turbine wheel. For the
rotation, the effective radius of the wheel, which is the distance frerwhieel axis to the jet impingement point on
the bucket, is considered to be 100 mm, and three adjacent bucketsnudeges. The three buckets are rotated
around the wheel axis for an angle of 60° at a rotational speed df684d/s, or 3000 RPM. The angle of 60° is
verified geometrically to be more than enough to cover the interaction betiveejet and one bucket. The
simulation is chosen to be transient for a more stable solution,-8psikon turbulence mod& chosen and the jet
inlet conditions are identical to the data given at the beginning of this sedtietiqliid phase is at the center of jet
and surrounded by the vapor phase. The jet inlet, which is the nani#¢, dlas a diameter of I'am and is
designed as a mass flow inld@the bucket active surface has a roughness of 10 um, which is a typical value for
aluminum after being sand cast, and the borders of the simulatiom amaoutlets and are designated as pressure
outlets, with a pressure value of 3.2 bar. After the simuldaiaione, the resulting velocity profile and the liquid
phase distribution are given in Figures 5.a and 5.b.
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Figure5: a) (left) Absolute velocity profile of the two-phase jet (values in nsfright) Liquid phase volume
fraction.

Figure 5.a shows a view of the free surface flow of the twas@ljet at a time instant. The velocity at the bucket exit
is lower compagd to the initial jet velocity, due to friction, turbulence created inside the bucHletrargy transfer

to the bucket. Calculating the force exerted on the three drawn buaitete surfaces shows that the force on the
buckets is equal to 83% of the theoretical force calculated by Equation (1).
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Figure 5.b shows the distribution of the liquid phase on a bucket wallidlii¢ phase is more concentrated at the
bucket center, while the vapor phase is more concentrated on the buckeFadte calculation of the power
transmitted from the jet to the bucket, the relative exiting velocity in theebweduld be equal to 0.8 the relative

entering velocity. This resuis reached after calculating the average relative tangential velocity of the flove on th
outlets.

3.2 Aerodynamic Drag L osses

To characterize the aerodynamic drag losses, other CFD simulations ar@limsame bucket profile as in Figure
4.a is used and is developed to a 3D bucket. The turbine wheel Haskgts, and since we have a periodic
geometry, only one buckét simulated while setting the radial borders of the mesh to be periodicefga is the
full wheel, while Figure 6.b shows the simulated part.

Figure6: a) (left) The complete turbine whedd) (right) The simulated part of the turbine wheel, representing one
twentieth of the complete wheel.

Multiple simulations hae been done while varying the effective wheel radius betvd8eamd 28 mm, in steps of

5 mm. The total radius of the wheel is &8n larger than the effective wheel radius; this extra length is because the
jet hits the bucket in its center in the radial direction, and becaudritket is 7 mm thick on the side edge. The
simulation space represents the real size of the turbine enclosure. Thetaiglg frame methods chosen. The
outside walls are fixed, the fluid domain is rotated at a speed ofBBBDIn the direction of the wheel rotation, and
the wheel is stationary relatively to the fluid domain. The simulation donama inletor outlet; it is limited by

the outside walls, the wheel, and the periodic boundaries. The standardgé&-tumbulence mode chosen, so the
meshis refined to obtain the appropriate value 6fag the wheel boundary. The refrigerant R-134a properties at
vapor saturation for a pressure of 3.2 bar are chosen for thefididn operating pressure of 3.2 bar is chosen. The
simulations are performed and the power lost due to aerodynamicodearh radius is presented in Figure 7.
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Figure 7- Power loss due to the aerodynamic drag.
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The curve in Figure 7 shows a polynomial regression. Equatiowf®h was developed by Diad al. (2004) is
used b adapt the results in Figuret@ an equation that relies on physical properties. Equation (2) was developed to
evaluate the aerodynamic drag losses caused by the gears teeth.

P = zpxbw3(R — x/2)3 2

Equation (2) resembles the classic drag power equation, but the constant effiageecb G, is replaced by the
empirical factor z, which takes into account the turbulence created betvecleuckets. Another difference between
Equation (2) and the classic drag power equation is x, which, in the ctts® Biirgo turbine runner, is the active
length of the bucket in the radial direction. The active length is the p#nedfucket that is not hidden from the
surrounding fluid by the following bucket. From the results of the EllBesimulations, z is found to be equal to
0.06.

3.3 Designing the Runner

The results of the CFD calculations are used to optimize the geometry afntrer and the bucket. An iterative
codeis developed to determine the following things: number of buckets, effetdius (the total radius is 22 mm
largen, and the top and bottom angles of the bucket as in Figure 4.a. The ite@lwdakes into account the
following phenomena to maximize the turbine output power:

- The aerodynamic drag losses.

- The friction losses inside the bucket.

- The portion of the two-phase jet that is intercepted by the topositi@of “of the bucket. That portion
power is considered to be lost. This loss is minimized by carefullyrdeg the back side of the bucket, so
its interception of the two-phase jet is minimal.

- The mechanical friction has a fixed value of 390

- The mass flow rates that exit the bucket from the top and the bottomdiepem the incidence angle in
the vertical plane. This incidence angle depends on the profile of the b8okitis a manually iterated
value, after each run, the 2D bucket profile is drawn, and the average incadgeevalue is put in the
code.

- The mass flow rates that exit the bucket from the right side or left ithee ducket depending on the
incidence angle in the horizontal plane (each of the left and right side Heesent effective radius).

- The number of buckets should ensure that the two-phase jet issaiwegntact with at least one bucket.

- The number of buckets should ensure that the two-phase jet does imgeirtie bucket lower than its
inflection point (Figure 4.a).

- The exiting angles at the bucket top and bottom ensures that the exiting flowotibdtstine back of the
next bucket.

According to the calculation code, the best runner configuration is to2dalveckets, an effective radius of 90 mm,
which gives a total radius of 112 mm, and the buckets top amoihbangles to be equal to 35° each. The turbine
mechanical power is equal 405 kW, out of 11 kW available from an isentropic expansion betweecotidenser
and the evaporator of the considered refrigeration cycle. The designed turbi@e rhechanical efficiency of
40.1%. The mechanical efficiency is the mechanical power delivered byriieetud.5 kW in this case, divided by
the power available in an isentropic expansion, 11 kW in this case. efiligeration power gained by the
refrigeration cycle is equal to 5 kW, counting the aerodynamic dragsl@ssl mechanical losses inside the turbine.
This increase in the refrigeration power represents an increase of 0.8% wital refrigeration power of the
considered refrigeration cycle.
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Figure 8: a) (left) 3D drawing of one buckel) (right) 3D drawing of the wheel hub.

The design results are used to draw 3D drawings of the turbine. Oket el the wheel hub are represented in
Figures 8.a and 8.b. respectively. Every turbine part is analyzed mechaiicathtic stress and in fatigue stress.
The resonance frequencies are also calculated to be sure to have a 15% maegin thet wheel speed and the
nearest critical speed, as suggested by Yun and Lin (2013). A sectionfiiee entire turbine closure is given in
Figure 9.

Figure 9: A section view of the enclosure of the turbine.

In Figure 9, three out of the five injectors are visible. It is visible theairjector outlets are tangent to the runner in
order to limit the two-phase flow dispersion. The coupling betweeiubkets and the wheel hub is designed to
have the material of the wheel hub bear the shear stress resulting fromnleatngenerated by the two-phase jet
injection. The screws that hold the buckets in their place would lwakg a fixing function and they would be
subject to minimal shear stress. The whole structure is also amatyeehanically; that analysis includes static
stress, fatigue stress, and critical frequencies.

4. CONCLUSION

A two-phase Turgo turbine wheisldesigned. The friction losses inside the bucket are not high; thehage flow

only loses 17% of its energy in the bucket due to friction and lembes. The aerodynamic drag losses amount to
only 4% of the power retrieved from the two-phase jet due to thd suius of the runner. The study presented in
this article shows the feasibility of using an impulse turbine asoaptwmse expander to generate electricity and
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increase the refrigeration power of refrigeration systems. The next stiejs study would be to build the turbine
and to test it to verify the accuracy of this study.

NOMENCLATURE
F force N
v velocity m/s
m mass flow rate kgls
P power W
z empirical factor )
X bucket active length m
b bucket height m
w angular velocity rad/s
R total runner radius m
Subscript
r relative between the two-phase jet and the bucket
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