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The novel concept of improvingorganic Rankine cycle engines (ORCEs) by exploiting the unusual � uid dynamic
behaviorof a special class ofworking� uidsknownas Bethe–Zel’dovich–Thompson(BZT)� uids is explored.ORCEs
are currently manufactured and used for numerous remote terrestrial applications requiring reliable, unattended
power. One of the major loss mechanisms in ORCEs is shock waves generated in the turbine stage. Operating under
the proper thermodynamicconditions, a BZT working � uid can potentially weaken or eliminate shock waves. This
would reduce losses due to both the wave drag from shocks as well as losses from boundary-layer separation
due to shock re� ections on the turbine blades. Two-dimensional � ow� elds through realistic symmetric impulse
turbine cascades are compared using a � ux-limited, � nite difference numerical scheme to assess differences in � ow
ef� ciencies. Results show signi� cant improvements in turbine ef� ciencies for BZT working � uids over conventional
ORCE working � uids.

Nomenclature
A = state equation constant
a = speed of sound
B = state equation constant
b = state equation constant
b 0 = force parameter
C = state equation constant
C0 = isentropic spouting velocity
c = chord
d = blade separation distance
EH = hydraulic turbine ef� ciency
k = state equation constant
M = Mach number
p = pressure
R = gas constant
s = speci� c entropy
T = temperature
t = blade thickness
U = rotor tip speed
u = streamwise component of velocity
V = velocity
v = transverse component of velocity
x = streamwise spatial coordinate
y = transverse spatial coordinate
a = covolume parameter
b = out� ow angle relative to turbine cascade
C = fundamental derivative of gasdynamics
c = ratio of speci� c heats
h = absolute in� ow angle
q = density
t = speci� c volume
} = in� ow angle relative to turbine cascade
w = rotor velocity coef� cient
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Subscripts

c = critical point
1 = in� ow boundary
2 = out� ow boundary

I. Introduction

A S the inevitable exhaustion of fossil fuels looms ever closer,
the explorationof alternativeenergy sourcesbecomes increas-

ingly important. One appealing option for low-power applications
is the organic Rankine cycle engine (ORCE). Similar to the large
steamRankinecycle enginesused in electricpowerplants, an ORCE
utilizes heavy working � uids and has superior ef� ciency compared
to steam Rankine cycle engines for heat source temperatures be-
low around 900 K. An ORCE typically requires only a single-stage
expander, making the ORCE much simpler than multistage steam
systems. Such simplicity also gives the ORCE an obvious advan-
tage over other types of small engines that are more mechanically
complex, for example, typical two- or four-stroke engines as well
as the Stirling engine.

For the past several decades, thousands of ORCEs have been
developed and used for remote terrestrial applications with power
outputs ranging from 1 to 1000 kW (Ref. 1). A few examples of
remote applications that have used ef� cient, reliable, unattended
ORCE power sources include communication stations, data gather-
ing buoys, and satellite communication power supplies,2 as well as
irrigation pumps, air conditioners, and turbogenerators.

The most recentdevelopmentsin ORCE technologyhave focused
on using renewable energy resources. Several ORCEs powered by
solar energy have been successfully built and demonstrated3,4 in-
cluding solar-dish engines.5 Two advantagessuch a device has over
photovoltaic generated electricity are higher ef� ciency and smaller
spacerequirements.ORCEs used to producepower fromgeothermal
sources have also been developed and successfully demonstrated.5

In addition, three U.S. companies have developed ORCEs for use
with waste heat streams resulting from industrial processes.6,7

ORCE working � uids are heavy organic compounds that pos-
sess large heat capacities, for example, toluene (C7H8) and R-113
(C2Cl3F3). Interestingly, several of the organic � uids proposed and
used in ORCEs have the potential to exhibit unusual � uid dynamic
phenomena in the thermodynamic regime above the coexistence
curve,near the liquid–vapor critical point.Such phenomenainclude
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expansion shock waves, disintegrating shocks, splitting shocks,
composite waves (e.g., shock-fancombinations), as well as reversal
of wave type on re� ection. Fluids that exhibit unique � ow proper-
ties such as these are sometimes referred to as Bethe–Zel’dovich–

Thompson (BZT) � uids in recognitionof the three investigatorswho
� rst postulated their existence.8

PreviousORCE developmenteffortshavenever attemptedto take
advantageof BZT gasdynamic behavior. One of the major losses in
ORCEs occurs through the generation of shock waves in the tur-
bine.The unique � ow propertiesof BZT � uids may signi� cantly re-
duce losses due to shock waves or even allow supersonicshock-free
turbine expansion. Thus, ORCEs that utilize BZT working � uids,
hereafter referred to as BZT–ORCEs, can potentially obtain higher
ef� ciencies than ORCEs using conventionalworking � uids.

The recent interest and investigation in gasdynamics for heavy
� uids near the critical point have birthed a relatively new area of
scienceknownasdensegasdynamics.To clarify,a densegas refersto
a � uid with thermodynamicconditionsin the vicinity of the liquid–

vapor critical point. The phrase dense gas regime refers to the afore-
mentioned thermodynamic region, and dense gas � ow indicates all
or part of a � ow� eld with thermodynamic states in the dense gas
regime. Discussed in detail in the next section, a BZT � uid is a
dense gas that can exhibit unusual gasdynamic properties for � ows
completely in the vapor phase.

Many aspects of dense gas theory are well developed and under-
stood.Muchanalyticalinvestigationhasbeenperformedforboth the
inviscid and viscous structure of dense gas phenomena (see Refs. 8
and 9 as examples and sources for further references). Various nu-
merical techniques have also been utilized to investigate dense gas
phenomena.Cramer et al.10 simulateevolvingwave � elds of weakly
dissipative, small-amplitude disturbances with mixed nonlinearity.
Thompson et al.11 numerically model dense gas � ow to comple-
mentmultiphaseshock-tube� ow experimentswhere two-phasesplit
shocks and two-phase expansion shocks are observed. Argrow12

simulates the evolution of wave � elds for one-dimensional � ows
of BZT gases. Solutions to nonclassicalReimann problems are ob-
servedto demonstrateexpansionshocks,splittingshocks,composite
waves, and reversalof wave type on re� ection.Brown and Argrow13

extend the investigation of BZT wave � elds for two-dimensional
� ows. Transient BZT gas � ow� elds for moving shocks incident on
compressive wedges and circular arcs are found to be strikingly
different from the classical wave � elds of dilute gases. Numeri-
cal simulations of steady BZT gas � ow� elds also show signi� cant
qualitativedifferences in structure from analytical formulationsand
experimental observationsof dilute gases.14

The utilization of BZT � uids in technology has already been in-
vestigatedto some extent.Aldo and Argrow,15 Anders,16 Kluwick,17

Schnerr and Leidner,18 and Anderson19 have investigated the appli-
cationof BZT � uids in nozzlesand heavy-gaswind tunnels.Schnerr
and Leidner20 numerically demonstrate reduced losses in transonic
axialcascade� ows with simple bladegeometriesfor BZT � uids.An
isentropic supersonic � ow through a cascadelike channel is shown
by Monaco et al.21 ORCEs commonly have supersonic in� ow at
the turbine with Mach numbers ranging from 1 < Min < 2 (Ref. 22).
To the authors’ knowledge, the work presented here is the � rst in-
vestigation for supersonic dense gas � ow through realistic turbine
cascades.In addition,the work presentedhere is the � rst direct com-
parison of turbine cascade � ows for BZT � uids with conventional
ORCE working � uids through quantitativeperformanceparameters
such as pressure loss and turbine ef� ciency.23

II. Negative Nonlinearity in BZT Working Fluids
The � rst requirement for a BZT–ORCE is to utilize a working

� uid that exhibits BZT gasdynamic properties. BZT gasdynamic
phenomena can be explained through the second law of thermody-
namics in conjunction with elementary shock theory.24 The rela-
tionship between the entropy change and speci� c volume across a
weak shock is written as

D s = ¡
@2 p

@t 2
s

[ D t ]3

12T
+ ([ D t ]4) (1)

where (@2 p / @t 2)s describestheconcavityof an isentrope.For dilute
gases far from the critical point, we have condition 1:
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which requires D t < 0 to satisfythe secondlaw. For thermodynamic
regions where the concavity of the isentropes is reversed, we have
condition 2:
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so that the speci� c volume D t must increaseacross the shock wave
to havea correspondingincreasein D s. This indicatesthat expansion
waves will steepen into shocks and compression waves will spread
into fans, that is, the reverse behavior of � ows having condition 1.

Using the van der Waals gas model, Bethe24 and Zel’dovich25

were the � rst to demonstrate thermodynamicregions that meet con-
dition 2 for � uids with adequately large molecularweights and heat
capacities.Thompson26 was the � rst to recognize the importanceof
a � uid parameter C that governs the nonlinear dynamics of gases
called the fundamental derivative of gasdynamics,
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t
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written here in nondimensionalform. In the most general sense, the
sign and magnitude of C governs the rate of the distortion of wave
characteristics.For � uids having condition1, C > 0 because the de-
nominator in Eq. (2), (@p/ @t )s < 0 everywhere, from the require-
ment of thermodynamic stability. The gasdynamics in the C > 0
region are said to exhibit positive nonlinearity. Flows with C > 0
everywhere behave classically, that is, compression waves steepen
into shocks and expansion waves spread as fans. For a perfect gas
with constant speci� c heats, the fundamental derivative reduces to
C = ( c + 1) / 2, which is always positive. Negative nonlinearity oc-
curs in the thermodynamic region where C < 0 because the curva-
ture of the isentropes is reversed, that is, condition 2. Flow� elds for
which C changessign are said to have regionsof mixed nonlinearity.
An example of an isentrope in� ection and the corresponding C < 0
region is evident in the p– t diagram in Fig. 1. Thus, a � uid whose
thermodynamicconditionlies below the C =0 line will behavenon-
classically, that is, expansion waves steepen into expansion shocks
and compressionwaves spread as fans. Drawing from the preceding
discussion, a BZT � uid is speci� cally de� ned as a � uid that ex-
hibits a C < 0 region above the coexistencecurve in the vapor phase
such as that shown in Fig. 1. In other words, the isentrope passing
through the C < 0 region is in� ected, indicative of the nonclassi-
cal � uid dynamic phenomena that occur in the negative nonlinear
region.

Another important property of BZT gases is that shock strength
is reducedup to an order of magnitude from that predicted in Eq. (1)

Fig. 1 Calculated from the van der Waals state equation, p–À dia-
gram for PP10 (C13F22) showing the coexistence curve, fundamental
derivative C contours, and isentropes.
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for thermodynamic conditionswhere C »= 0. Reformulating Eq. (1)
in terms of C , we have

D s = ¡ (a2 /6 t 3T ) C [ D t ]3 + ([ D t ]4) (3)

which shows that the fourth-order term becomes signi� cant when
the value of C is small.27 Evident in Fig. 1, the value of C near
the C = 0 contour on the low-density side remains small for small
changes in volume. Thus, shock waves having jump conditions in
the thermodynamic region near the low-density C = 0 contour are
expected to be much weaker than normal.

The general strategy of a BZT–ORCE is to take advantageof the
two densegaspropertiesdescribed,that is, the spreadingof compres-
sion waves where C < 0 and the weakening of compression shocks
where C »= 0. This requires a working � uid that exhibits a negative
nonlinear region in the vapor phase. Whether a � uid is predicted
to be BZT depends on the molecular weight and speci� c heat of
the � uid in conjunction with the state equation used to describe the
p– t –T behavior of the � uid. Using several gas models, Lambrakis
and Thompson28 and Thompson and Lambrakis29 analyticallyshow
speci� c examples of existing hydrocarbons and � uorocarbons in
which negative nonlinearitymay be observed in the vapor phase re-
gion, for example,n-decane(C10H22 ) and per� uorodecalin(C10F18 ).
Cramer30 con� rms these � ndings and extends the list of BZT � uids
to several other commercially available � uorocarbons,for example,
PP10 (C13F22 ) and FC-71 (C18F39N).

The size of the C < 0 region proportionally determines the ef-
fectiveness of a BZT working � uid. Here, the size of the negative
nonlinear region refers to the total area enclosed within the coex-
istence curve and the C = 0 contour as shown in Fig. 1. Different
state equations predict differentnonlinearitiesfor a given � uid. The
C < 0 region for PP10 in Fig. 1 is calculated from the well-known
van der Waals equation of state,

p = RT / (3 t ¡ b 0 ) ¡ 3a / t 2 (4)

where a and b 0 are the usual van der Waals constants. This is
the simplest nonideal-gas state equation that can be used to model
BZT gas effects.Derived from only two thermodynamicconstraints
on the criticalisotherm, thevan derWaals equationof state is quanti-
tatively inaccuratenear the vapor dome and is known to overpredict
the size of the C < 0 region. The more accurate Martin–Hou state
equation31 predicts a much smaller C < 0 region for PP10 as shown
in Fig. 2. In Fig. 2, the depiction of the Rankine cycle shows the
basic strategyof operating the turbine stage in proximity to the neg-
ative nonlinear C < 0 region to reduce losses in the turbine. The
formulation for the more sophisticated Martin–Hou state equation
is written

p =
RT

t ¡ b
+

A2 + B2T + C2e ¡ kT / Tc

( t ¡ b)2
+

A3 + B3T + C3e ¡ kT / Tc

( t ¡ b)3

+
A4

( t ¡ b)4
+

B5T + C5e ¡ kT / Tc

( t ¡ b)5
(5)

Fig. 2 Calculated from the Martin–Hou state equation, p–À diagram
for PP10 (C13F22 ).

Derived from 10 thermodynamicconstraints, the Martin–Hou state
equation is designedspeci� cally to model thermodynamicbehavior
in the high pressure–density region near the critical point. The only
requiredparametersare the criticalpoint valuesof the statevariables
and one point on the vapor pressure curve, making the Martin–Hou
state equation very robust in terms of modeling various � uids. In
Ref. 31, highly precise p– t –T data for CO2 is used to assess the
accuracy of the Martin–Hou state equation. For densities up to 1.3
times the critical density q c, an average error of less than 0.2% is
reported.From 1.3q c to 1.4q c, the averageerror is around1%. Large
deviationsfromexperimentaldataoccurabove1.5q c . Similar results
are also presented for several other gases.32 This limiting value on
the density is adequatelylarge for the thermodynamicconditionsof
interest to this work.

At the present time, the Martin–Hou state equation31 is arguably
the best available gas model to manageably evaluate possibledense
gas working � uids and to numerically model dense gas effects. The
inaccuracyof the Martin–Hou gas model in predictingdense gas ef-
fects is likelyto err on theconservativeside.Cramer30 pointsout that
the negative-C region predictedby the Martin–Hou state equation31

is unrealisticallysmall.For per� uoromethyldecalin,both Lambrakis
and Thompson28 and Cramer30 � nd that in� ected downward curv-
ing isentropes[indicativeof C < 0, see Eq. (2)] extend well into the
T > Tc regionwhen theMartin–Hou equation31 is used to interpolate
manufacturer’s data rather than computing C directly. The interpo-
lation is thought to be a more accurate � t to the data, indicating
that direct computation of the C < 0 region is conservative in size.
Thus, the BZT effects on turbine performance from the computa-
tional analysis shown in this study are also likely to be conservative
compared to the real effects.

III. BZT Gas Turbine Cascade Flow Strategy
The generationof compression shock waves in turbines is one of

the major loss mechanisms encountered in Rankine cycle engines.
Besides the adverse pressure gradient caused by the shock waves
themselves, the collision of shocks with neighboringblades can re-
sult in boundary-layer separation causing further adverse pressure
gradients as well as vibration and noise. Figure 3a shows a sketch
of leading- and trailing-edge shock waves and boundary-layersep-
aration that can create losses in supersonic turbine cascades. The
disintegration of shocks in � ow� eld regions where C < 0 would
prove very advantageous in reducing losses in turbine cascades. If
C < 0 everywhere in the � ow, the compressionwaves at the leading
and trailing edges would take the form of fans instead of shocks as
sketched in Fig. 3b, reducing the overall adverse pressure rise.

Boundary-layer separation arises mostly from the magnitude of
the pressuregradient rather than the overall pressure rise, for exam-
ple, see Ref. 33. Thus, the mild pressure gradients induced by the
compression fans on neighboring blades would reduce the chances
of boundary-layer separation. Cramer et al.34 show such suppres-
sion of shock-induced boundary-layer separation for a dense gas
� ow� eld with an oblique compression wave re� ecting through a
laminar boundary layer on a � at, adiabatic plate.

a)

b)

Fig. 3 Flow through a turbine cascade for a) C >0 � uid and b) C < 0
(BZT) � uid.
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Maintaining C < 0 throughoutthe entire turbinecascade� ow� eld
such as is depicted in Fig. 3b is likely an ideal scenario. In reality,
the � ow through a turbine cascade consists of a complex wave � eld
in which the � ow encounters a series of compressions and expan-
sions before reaching a nonuniform condition downstream of the
cascade, for example, see Fig. 4. However, in� ow conditions and
blade designs that can retain the � ow close to the negative C region
as much as possible should still signi� cantly reduce losses due to
shock waves. Even in � ow regions where C > 0, the strength and
occurrences of shock discontinuities can be reduced if C remains
small as is discussed in the preceding section.

The general strategy of operating the turbine stage in proximity
to the C < 0 region is depicted in Fig. 2, which shows a prelimi-
nary sketch of how a supercriticalRankine cycle might be mapped
onto the p– t diagram of a dense gas working � uid. Heat is sup-
plied in process 4–1 to the heater where the compressed liquid is
converted to a superheated vapor at constant pressure. In process
1–2 the vapor is expanded adiabatically (isentropically in an ideal
case) througha single-stagereaction turbine to producea work out-
put. For an impulse turbine stage, the � ow is expanded through a
stator stage or through nozzles. Shaft work is then generated as the
� ow is de� ected through the impulse turbine, ideallywithout chang-
ing the thermodynamic condition of the gas. Vapor leaving the tur-
bine enters the condenser where heat is removed until the vapor is
condensed into the liquid state in process 2–3. Saturated liquid is
then delivered to a pump, which raises the pressure of the liquid in

a) Toluene (C7H8 ), a conventional ORCE working � uid

b) PP10 (C13F22 ), a BZT � uid at an in� ow condition near the C < 0
region

c) PP10 (C13F22), a BZT � uid at an in� ow condition far away from
the C < 0 region

Fig. 4 Impulse turbine cascade � elds.

process 3–4. The liquid is delivered back to the heater where the
cycle then repeats. The in� ow condition for a reaction turbine is
generally located at point 1 whereas the in� ow condition for an
impulse turbine is generally located at point 2.

IV. Impulse Turbine Cascade Flows
Two-dimensional turbine cascade � ow� elds are investigated us-

ing the supersonic inviscid compressible � ow solver (SCIFS).23

SCIFS integrates the time-dependent Euler equations through a
second-order time-space accurate � ux-limited method developed
by Davis.35 The unique feature of SCIFS over many of the widely
used compressible � ow solver software packages is the incorpo-
ration of nonideal gas equations of state, including the Martin–

Hou state equation.31 SCIFS was successfully used to investigate
both transientand steady two-dimensionaldensegas � ow� elds.The
SCIFS code has been validated through comparison with both ex-
perimentaldata13 as well as analytical solutionsof two-dimensional
� ow� elds.14,23 The well-resolved wave � eld structures computed
through SCIFS closely agree with the experimental and analyti-
cal data. Thermodynamic conditions generally agree to within 1%
of the data, including the jump conditions across shock waves.
Solution convergence with mesh re� nement is also veri� ed for
SCIFS.13

The speci� c geometry investigatedis that of a symmetric impulse
turbine cascade depicted in Fig. 5. Impulse cascades are designed
to extract work from the � uid simply by turning the � ow relative
to the impulse blades without any pressure drop across the cas-
cade, that is, zero reaction.As shown in the velocityvector diagram
in Fig. 5, the turbine cascade moves in the y direction at veloc-
ity VB relative to a stationary frame of reference. The incoming
� ow enters the cascade at velocity V1 at angle h relative to the sta-
tionary frame and exits the cascade at velocity V2. Relative to the
cascade, the � ow enters at velocity V1R at angle } and exits with
a velocity V2R at angle b . All angles are measured relative to the
y axis as indicated in Fig. 5 (Ref. 36).

An ideal � ow through an impulse turbine cascade is isentropi-
cally turned through the blade passages such that the � ow relative
to the blades downstreamof the cascade has thermodynamiccondi-
tions identical to the incoming � ow. The only property change that
occurs in the ideal � ow is the reversal of the v (y-direction) com-
ponent of velocity relative to the blades. Thus, for an ideal impulse
cascade � ow the magnitude of � ow velocity relative to the blades
does not change, that is, k V2R k = k V1R k , and the angle of the in� ow
relative to the cascade is equal to the angle of the out� ow, that is,
} = b .

A simpli� ed equation for the turbine hydraulic ef� ciency EH ,
assuming zero reaction (no pressure drop) and fully ideal incoming
nozzle � ow is written36

EH = 2(VB /V1) cos h ¡ VB /V1

+ w cos b 1 ¡ 2(VB / V1)cos h + V2
B V2

1 (6)

Fig. 5 Velocity vector diagram for a symmetric impulse turbine
cascade.
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The ratio VB / V1 is set equal to the ideal value of VB / V1 =0.5
(see, for example, Ref. 37). The parameter w is the rotor velocity
coef� cient, which is the rotor exit velocity over the isentropic rotor
exit velocity. In practice w is adjusted for several types of losses.
For the purposes of this investigation, w is calculated as the ratio
of the velocity magnitudes of the out� ow and the in� ow, that is,
w = VR2 / VR1 . Thus, for the ideal impulse turbine w =1. Losses
due to shock waves would decrease the velocity magnitude such
that w < 1. Note that EH is also a function of the angle of the exit
� ow relative to the cascade, that is, b . Losses due to shock waves
will inhibit the full turning of the � ow such that b 6= } , as is the
case for an ideal impulse turbine. Note that the hydraulic ef� ciency
EH is not the same as the adiabatic ef� ciency, a more commonly
known thermodynamic parameter that is generally de� ned as the
ratio of the actual work over the isentropic (reversible) work.36 The
hydraulic ef� ciency is, however, a performance parameter that is
commonly used by ORCE manufacturers and is used here for that
reason.

The � ow� elds for the cascades shown in Fig. 4 have an incoming
Mach number of M1 = 1.5 for a symmetric impulse turbine blade
geometry that is designed to turn the � ow a total of 50 deg. The inlet
Mach number is held constant at M1 = 1.5 for all of the � ow� elds
investigatedbecausethe Mach number is usually one of the primary
design parameters for an ORCE turbine.37 The upper and lower sur-
faces of the blades are circular arcs with chord c = 2.0 relative to
the spatial coordinates of the computational domain and maximum
thickness of t / c =0.095. The blades are separated by a distance of
d /c =0.5. For this particular geometry h =38 deg and b =65 deg
for an ideal impulse turbine. Thus, the maximum hydraulic ef� -
ciency for the simulated impulse turbine cascade is calculated from
Eq. (6) to be EH-max =0.823.

One performanceparameter chosen to evaluate the quality of the
� ow through the cascade is the pressure ratio p2 / p1 . The subscripts
1 and 2 refer to the in� ow condition and out� ow condition, respec-
tively. The pressure is chosen as a thermodynamic performance
parameter because pressure is typically a primary design parameter
for ORCEs (e.g., see Ref. 4) and the pressure ratio is directly in-
dicative of shock strength (e.g., through the well-known Rankine–

Hugoniot relations36) and subsequently shock-related losses. The
rotor velocity coef� cient w and the ratio of ef� ciency over the max-
imum ef� ciency (i.e., EH / EH- max ) are also chosen as performance
parameters.

Table 1 lists the speci� ed � uids and in� ow conditions for a con-
ventional ORCE working � uid and in� ow condition (case 4A),
a BZT working � uid with an in� ow condition in proximity to
the C < 0 region (case 4B), and the same BZT working � uid
with an in� ow condition relatively far from the negative nonlin-
ear region (case 4C). The performance parameters just discussed
are also tabulated for each case where properties downstream of
the cascade are obtained from the average values at the out� ow
boundary.

The values of the performanceparameters do not provide a com-
pletely realisticanalysisof turbineef� ciencybecausethe only losses
investigated for the inviscid � ow are those due to shock waves.
Boundary-layer separation would cause further degradation in the
� ow. Whereas losses due to boundary-layerseparationcannot be di-
rectly investigatedhere, reductions in the strength of waves re� ect-
ing from the blade surfacesare expectedto contributeto the suppres-
sion of boundary-layer separation. As mentioned earlier, Cramer

Table 1 ORCE working � uids listing critical point values, in� ow conditions,
and performance parametersa

Case Fluid Formula pc, atm Tc, K q 1 p1 C 1 p2 / p1 w EH / EH - max

4A Toluene C7H8 40.4 591.8 0.154 0.420 0.80 1.32 0.811 0.752
4B PP10 C13F22 16.0 632.2 0.391 0.806 0.24 1.09 0.895 0.781
4C PP10 C13F22 16.0 632.2 0.200 1.200 1.00 1.19 0.894 0.736
aParameters for a 25-deg symmetrical impulse turbine cascade with M1 = 1.5. In� ow variables are normalized
to the critical point values. PP10, the BZT working � uid, shows improved performance parameters over toluene,
the conventional ORCE working � uid.

et al.34 show such suppression of shock-induced boundary-layer
separation for a dense gas � ow� eld with an oblique compression
wave re� ecting through a laminar boundary layer on a � at, adia-
batic plate.

Of course,thereareotherrealisticlossesnot accountedfor aswell,
such as frictional losses, thermal losses, and leakage around the tip
of the blade. Collectively, these losses result in an ef� ciency that is
typically in the range of 0.6 < EH < 0.8 for conventional impulse
turbines.37 The idea of the work presented here is to demonstrate
favorable trends of improved � ow through the cascade due to the
properties of BZT � uids. The performance parameters in Table 1
provide a good rule of thumb in recognizing such trends, that is,
the closer the parameters are to unity, the higher the quality of � ow
through the cascade.

All cases use the Martin–Hou31 gas model to compare a cascade
� ow with toluene (C7H8 ), a � uid commonly used in many ORCEs,
to a cascade � ow with PP10, a heavy � uorocarbon that is classi-
� ed as a BZT � uid, indicated by the negative-C region in Fig. 2.
In� ow conditions for the toluene � ow of case 4A in Table 1 are
approximated using a p–h diagram from a manufacturer’s report
for a 20-kW solar powered ORCE.38 Toluene is not BZT because
it is not heavy enough to exhibit a C < 0 region. The wave � eld for
case 4A is displayed in Fig. 4a. The shock wave originating from
the leading edge of the upper surface of the blade re� ects twice
on the upper surface and twice on the lower surface as seen in the
isopycnicsdisplayed in Fig. 4a. The multiple re� ections create am-
ple opportunityfor boundary-layerseparation.A strong shock wave
at the trailing edge increases the pressure further. The average out-
� ow Mach number decreases from the in� ow value from M1 =1.50
to M2 =1.31. The pressure ratio p2 / p1 = 1.32 indicates the drag
losses due to the shock waves. A rotor velocity coef� cient value
of w =0.811 decreases the ef� ciency to 75.2% of the maximum
ef� ciency (i.e., E H / EH- max = 0.752) due to the shock wave losses
alone.

Figure 4b illustrates the wave � eld of case 4B for PP10. In� ow
thermodynamic conditions are chosen to the right of the C < 0 re-
gion located at position 2 of the Rankine cycle diagram in Fig. 2.
The resulting wave � eld is signi� cantly different from that of the
conventionalworking � uid of case 4A. The shock emanating from
the leadingedgeof the upper surface terminatesat a triple pointwith
a short Mach stem originating from the lower surface. Just down-
stream of the leading-edgeshock, isopycnics indicate an expansion
fan that initially converges above the blade rather than spreading,
as is usually the case for dilute, nondense gas � ows. The re� ected
shock wave originating from the triple point re� ects from the upper
surface of the blade, then weakens and appears to spread down-
stream of the cascade.The single occurrenceof shocks on the upper
and lower surfaces is likely to reduce losses due to boundary-layer
separation over the multiple re� ection of the shock such as that of
case 4A. A detailed analysis of the trailing edge wave in Fig. 4b
determines the wave to be a slowly spreading compression fan in
contrast to the strong trailing-edge shock wave in Fig. 4a.

Evident in Table 1, the performance parameters of case 4B for
PP10 are much improvedover case 4A for toluene.The averageout-
� ow Mach number increases from the in� ow value to M2 = 1.62.
The pressure ratio p2 / p1 =1.09 is signi� cantly lower than that cor-
responding to the toluene � ow of case 4A. An increased velocity
rotor coef� cient w =0.895 results in an improved ef� ciency ratio
of EH / E H- max =0.781.
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Note that simply utilizing a BZT working � uid that exhibits a
C < 0 region is not suf� cient to maximize the reductionin lossesdue
to shock waves. Operating near the C < 0 region is also necessary.
This is demonstrated in case 4C. The � uid (PP10), cascade geom-
etry, and in� ow Mach number M1 = 1.5 are identical to case 4B.
The in� ow condition, however, is located far away from the C < 0
region at p / pc = 1.2 and q / q c = 0.2. Shown in Fig. 4c, the BZT
effects that are observed in Fig. 4b are no longer evident. Rather,
the appearance of the wave � eld more closely resembles that of the
conventional � uid in Fig. 4a with multiple shock re� ections and a
strong trailing-edge shock wave. The average Mach number at the
out� ow is reduced from the in� ow value to M2 =1.34. This is in
contrast to the increasein Mach number across the cascadeobserved
in case 4B.

The absenceof negative nonlineareffects on the performancepa-
rameters for case 4C is also evident.The pressureratio p2 / p1 =1.19
of case 4C is higher than that of case 4B, whereas the ef� ciencyratio
is the lowest of all three cases at EH / EH-max =0.736.

V. Conclusions
The purpose of the work presented here is to introduce BZT gas-

dynamics in thecontextofORCE technologyand to demonstratethe
proof-of-conceptapplicationof a BZT working� uid to improve� ow
through an ORCE turbine. To take advantage of BZT gasdynamic
properties,theORCE working� uidmust exhibita regionof negative
nonlinearity ( C < 0) in the vapor phase. The strategy of operating
the turbine stage in proximity to the C < 0 region is shown to be
feasible for a Rankine cycle.

Improved cascade � ow is found for PP10, a proposed BZT � uid,
over that of toluene,a conventionalORCE working � uid.All perfor-
manceparametersfor the PP10 cascade� owareenhancedcompared
to that of the toluene � ow due to negative nonlinear effects exhib-
ited by PP10. The 3% improvement in ef� ciency demonstrated by
these results would be signi� cant enough to be considered a major
breakthrough in ORCE technology (private communication with
W. Batton, Vice-President of Barber–Nichols, Inc. in 1997). This
predicted improvement in ef� ciency is likely to be conservative for
the following reasons:

1) The Martin–Hou state equation used in the SCIFS compu-
tations is likely to be conservative in the predicted size of the
C < 0 region for PP10 according to the studies of Lambrakis and
Thompson28 and Cramer30 (see Sec. II for a detailed discussion).
Thus, the dense gas effects in a prototype engine are likely to be
enhanced due to a larger negative nonlinear region.

2) The working � uid chosen for this study, PP10, is predicted
to exhibit a relatively small C < 0 region. Other � uids exist (e.g.,
PP25) that are predicted to have larger negative nonlinear re-
gions that would enhance dense gas effects and further improve
ef� ciency.

3) The ef� ciency improvements from the results presented here
are due solely to a reduction in the wave drag created by the shock
waves. The decreased re� ections and strengths of shock waves due
to the dense gas effects are also expected to reduce turbine losses
due to � ow separation, resulting in a higher net gain in ef� ciency
than that predicted here.

4)The con� gurationof the in� ow conditionandbladepro� le used
for this studyis onlyone of a largenumberof possiblecon� gurations
and is not likely theoptimalcon� gurationto maximize the ef� ciency
improvement.

Note that simply utilizing a BZT working � uid that exhibits a
C < 0 region is not suf� cient to maximize the reduction in losses
due to shock waves. Operating the turbine cascadeat a pressure and
temperature near the C < 0 region is also necessary.

The critical values of conventional� uids such as toluene and the
dense gas � uids such as PP10 are similar. Thus, standard ORCE
design and fabrication methods can be used to design and build
BZT–ORCEs. Using a BZT working � uid would not require any
radical change in ORCE fabrication and operation.

Future work will involve detailed investigationof speci� c candi-
date BZT working � uids as well as parametric analyses for various
in� ow conditions and turbine cascade geometries.
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