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ANALYSIS OF A RADIAL-OUTFLOW
REACTION TURBINE CONCEPT

FOR GEOTHERMAL APPLICATION

ABSTRACT

Described herein is the radial-outflow reaction turbine, a pure-reaction turbine
designed to improve the conversion efficiency of geothermal energy into electrical power. It
also has potential as a total-flow turbine for low-temperature water. We can use the princi
ple of incomplete expansion to obtain a reduction in turbine size when the turbine exhausts
into a low-pressure condenser. And, by adding this turbine to single- and two-stage flashed
steam systems, we can improve the conversion efficiency of systems utilizing low- and high
energy wellhead sources, respectively. The Appendix outlines our analysis of the radial
outflow reaction turbine and leads to an expression for engine efficiency.

INTRODUCTION

N onconventional conversion technology is
needed to obtain efficient power generation from a
liquid-dominated geothermal reservoir. One non
conventional conversion device, the pure-reaction
turbine, is designed to produce power from the ex-

pansion of saturated water. This report is an
analysis of one pure-reaction turbine-the radial
outflow reaction turbine-and its geothermal ap
plication.

RADIAL-OUTFLOW REACTION TURBINE

At Lawrence Livermore Laboratory (LLL), we
are evaluating and testing an experimental radial
outflow reaction turbine (RORT) with a 16-in.
diam rotor. Figure I shows the RORT configura
tion. Here hot water is conducted radially out to
revolving liquid and two-phase steam nozzles. The
energy added to the liquid in the revolving ducts as
increased head and velocity is partially recovered in
the liquid nozzles. The thermal energy is then
utilized by means of thrust developed in the steam
nozzles.

Early Pure-Reaction Turbines

The RORT combines the features of two early
pure-reaction turbines-Hero's reaction turbine
and "Barker's Mill." Hero's reaction turbine (120
B.C.) was essentially a vapor turbine wherein
saturated vapor was fed to ducts leading to revolv
ing vapor nozzles (Fig. 2). A device employed in

Barker's Mill (Fig. 3) was used to produce
mechanical power from a change in stream or river
elevation. The device consisted of a hydraulic reac
tion turbine where power was developed by revolv
ing liquid nozzles. The RORT differs from these
early predecessors by virtue of two-phase expansion
in the revolving nozzles.

Motivation for Development

Our motivations for developing the RORT were
to enhance the performance of one- and two-stage
flashed-steam systems and the need for a total-flow
turbine for low-temperature (~350°F) water. We
selected the reaction turbine for saturated water
rather than the impulse turbine because of its sim
plicity, relatively high realizable efficiency, and
freedom from blade erosion problems.



TURBINE PERFORMANCE
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Fig. 4. RORT engine efficiencies as a function of angular velocity
and the liquid capture factor, a. This RORT had a 16-in.-diam
rotor; a 350-psia saturated liquid inlet; a 20-psia exhaust (20%
quality); a 60% slip; 95% liquid and 75% two-phase steam nozzle
efficiencies; and 8° steam and 4° liquid discharge angles.

In the Appendix, we analyze the RORT and
derive an expression for engine efficiency.
Calculated engine efficiency is essentially independ
ent of turbine size and the magnitude of available
energy. From a practical standpoint, however, disk
stresses will probably limit turbine use to those ex
pansions where the isentropic enthalpy drop is no
more than about 40 Btu/lb. This would allow a
RORT with a 120°F condenser to function as a
total-flow turbine for saturated water at tem
peratures up to 350°F. When the RORT is used in
conjunction with conventional vapor turbines in a
hybrid system, however, the whole range of
wellhead energies may be utilized.

Figure 4 shows engine efficiency as a function of
angular velocity and the liquid-capture factor a.
Although engine efficiencies of 40% to 50% appear
feasible, we will have to do some experimental work
to determine whether the assumed nozzle efficien
cies, liquid capture on the steam nozzle walls (4% to
10%), and slip between phases are reasonable. Our
first step will be to measure the performance of an
experimental nozzle designed to simulate the revolv
ing nozzle condition of high (compressed liquid) in
itial pressure.

Saturated
liquid inlet

Liquid nozzle

Fig. 1. Geothermal RORT (saturated liquid in and two-phase steam out).
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Fig. 5. Incomplete expansion.

LOW-ENERGY WELLHEAD APPLICATIONS

One application of the RORT is for saturated
water at the wellhead. In this application, the
RORT may be used as a total-flow expander or in a
simple advanced flash-steam or hybrid system.
When it is used as a total-flow expander, the princi
ple of incomplete expansion (Fig. 5) can reduce tur
bine size; some loss in engine efficiency would also
be experienced.

In normal operation (complete expansion), noz
zle exit pressure (PI) is equal to turbine case
pressure (P0. Increased turbine power output may
be gained by lowering P2 without increasing turbine
size. This increased power results from an unbal
anced force in the direction of motion, the force be
ing equal to (P I - P2) multiplied by the area of the
nozzle exit plane. The question of how much incom
plete expansion to use would be based on
economics. Although quantification of potential
size reduction vs loss in engine efficiency will be the
subject of a future study, preliminary results in
dicate the expander size for a 120°F condenser may
be reduced by more than a factor of 2 with less than
a 5% reduction in engine efficiency.

Fig. 3. Barker's Mill (all liquid).

Fig. 2. Hero's reaction turbine (all vapor).
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RORT

In Fig. 6, we compare two methods of using the
RORT-total flow and a hybrid system-with one
and two-stage flashed-steam systems. The systems
have, in each case, been optimized to maximize
engine efficiency. Figure 6 also shows assumed
pressure drops in the separator jscrubber system. At
an assumed RORT efficiency of 40%, the single-

stage flashed-steam system has a slight edge over the
total-flow turbine. If RORT efficiency were in
creased to 50%, the total-flow turbine would have
the advantage. However, the RORT is better ap
plied in the hybrid system where, with less equip
ment, it outperforms the two-stage flashed-steam
system.

(a) Total-flow system

67 psia

300°F
saturated liquid

17 = 0.5
[0.4]

2 psia

,-------- 120° F condenser

Effective engine efficiency
= 46.6% [37.3%]

Disposal

HIGH-ENERGY WELLHEAD APPLICATIONS

Effective engine efficiency = 53.3%

Vapor or turbine

1---- 120° F condenser

1---......- 120° F condenser

17 = 0.7

17 = 0.7

Effective engine efficiency = 37.4%

Vapor or turbine

7.5 psia

Disposal

Disposal

13.5psia

14 psia

RORT

300° F 17 = 0.5
saturated liquid

1[><]
300°F

saturated liquid

(b) Hybrid system

(c) Single-stage flashed-steam system

together with system pressure and pressure-drop
constraints, are listed in Table 1. In all cases, we
assumed vapor turbine efficiencies of 70%.

We assigned a minimum difference of PI - P2max
between PI and P2 to account for some pressure loss
in the wellhead-gathering piping. Deliberate throt
tling from the wellhead state was only desirable for
the flashed-steam system (reaction turbine not pre
sent).

The results of our calculations are shown in Table
2. We obtained effective engine efficiency by
dividing the isentropic work into the sum of the tur
bine work (per pound of wellhead fluid). When we
compared the advanced system to the conventional
system, we noted an average potential increase of
about 17% for a 60%-efficient RORT.

We also found a RORT with about a 40% engine
efficiency contributes approximately 12% to 15% of
the total work, with slightly over half the work be
ing accomplished in the low-pressure turbine (T2).
The effective engine efficiency results are shown in
Fig. 8 as a function of reservoir temperature.

One excellent application for the RORT is in the
advanced flashed-steam system (Fig. 7) where it is
used to expand liquid from the high- to the low
pressure separator. Vapor turbines are indicated by
Tl and T2. Since the exhaust from TI and from the
RORT is "dried out" in the second separator before
going to the scrubber and T2, there is only one low
pressure turbine in the system and vapor turbine
(Tl and T2) exhaust moisture is held to low values.

We calculated optimized system performance for
three assumed RORT efficiencies (0, 40, and 60%)
and four representative self-pumping wellhead con
ditions.* A RORT efficiency of 0% means it has
been replaced by a throttling device and the system
is, for the purposes of comparison, a two-stage
flashed-steam system. These wellhead conditions,

*A. L. Austin, Prospects for Advances in Energy Conversion
Technologies for Geothermal Energy DevelopmellI. Lawrence
Livermore Laboratory, Rept. UCRL-76532 (1975).

Vapor or turbine Vapor or turbine

(d) Two-stage flashed-steam systemTable 1. Wellhead conditions and system pressure and pressure-drop constraints for four types of reservoirs.

Reservoir Wellhead Systema

Temperature Pressure P2 max P2 - P22 P5 min P5 - P55
Type ('F) (psia) Quality (psia) (psia) (psia) (psia)

350 50 0.07371 48 2 8 0.5

II 400 98 0.08328 94 2 10 0.5

III 500 220 0.1372 214 2 14

IV 572 360 0.1890 352 2 16

aNumbers indicate system pressures. See Fig. 7.

1[><]
300°F

saturated liquid

26 psia

120° F condenser

Effective engine efficiency = 47.7%

Disposal

Fig. 6. Systems for saturated liquid expansion.
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Fig. 7. Advanced flashed-steam system.
Fig. 8. Effective engine efficiency results for an advanced flash
steam system as a function of reservoir temperature. This system
had 70% vapor turbines; a 120°F condenser; and 2-psia high
pressure and 0.5- to I-psia low-pressure separator pressure losses.

Table 2. Calculated perfonnance of advanced flashed-steam system. a

P2 P22 P5 P55 SUMMARY
(psia) (psia) (psia) (psia) X3 X4 X6 DHTl DHRT DHT2 EF EE

The RORT is a versatile means of converting potential as a total-flow turbine for low-
Reservoir I. Isentropic enthalpy change = 34.098 Btu/lb. geothermal energy into electrical power. Its inherent temperature water, Before we can realize the

48 46 8 7.5 0.9461 0.09379 0.9587 6.597 3.708 10.637 0.6 61.42 simplicity and ruggedness make it a natural choice RORT's full potential, however, we will need a

48 46 8 7.5 0.9461 0.09515 0.9587 6.597 2.472 10.721 0.4 58.04 for the expansion of geothermal brine, and it offers development program.

44 42 11 10.5 0.9573 0.07786 0.9496 5.523 0 12.338 0 52.38

Reservoir II. Isentropic enthalpy change = 50.124 Btu/lb.

94 92 10 9.5 0.9299 0.1277 0.9523 9.603 6.577 15.321 0.6 62.84

94 92 10 9.5 0.9299 0.1302 0.9523 9.603 4.385 15.494 0.4 58.82

72 70 15 14.5 0.9492 0.0964 0.9411 8.391 0 18.155 0 52.96

Reservoir III. Isentropic enthalpy change = 86.937 Btu/lb.

214 212 14 13 0.9092 0.1759 0.9440 19.264 11.150 25.633 0.6 64.47

214 212 16 15 0.9122 0.1748 0.9402 18.453 6.879 27.404 0.4 60.66

168 166 26 25 0.9333 0.1362 0.9268 15.804 0 32.385 0 55.43

Reservoir IV. Isentropic enthalpy change = 119.703 Btu/lb.

352 350 16 15 0.8923 0.2141 0.9402 29.863 15.153 33.915 0.6 65.94

352 350 21 20 0.8980 0.2094 0.9326 27.633 8.818 38.146 0.4 62.32

292 290 38 37 0.9204 0.1692 0.9166 22.828 0 45.900 0 57.42

ap =pressure; X =quality; DH =enthalpy change per pound of wellhead fluid; Tl and T2 =vapor turbines; RT =RORT;
EF = RORT efficiency; and EE = engine efficiency.
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APPENDIX A: RORT ANALYSIS
Work Recovered from the Liquid

This Appendix outlines our analysis of RORT performance and leads to an expression of engine ef
ficiency.

We recovered part of the work in the liquid nozzles by means of the revolving thrust vector

Work Added to the Liquid in the Ducts

(
2nrn\

F
t

cos 8 12) in ft-lb f/revolution

where

F t = force from the nozzle reaction
Q = flowrate(ft 3/s)
VI = liquid velocity (fps)

To minimize the number ofliquid droplets that hit the nozzle wall during steam expansion, we considered
discharge angles 8 and (3 for the liquid and two-phase expansions, respectively. See Fig. A2.

We found work equal to

in ft-lb f/s .
Ww Ft cos 8 2nrn w

2n = 12 (2n)

and power equal to

where

r = radius (in.) at the centerline of the nozzle entrance
w = angular velocity (rad/s)

Un = velocity (fps)

and the work due to the velocity

The velocity at the nozzle entrance was equal to

The head at the nozzle entrance due to rotation is illustrated in Fig. AI. From Fig. AI, we see the liquid
mass, rna = 'YArn/ 12 g, slugs

(2)

Nozzle angles.Fig. A2.

r (vV cos 8
n 1 in ft-lb

f
/lb

12g m

mV
l

cos 8 (r w)
___=-::-__n_ in ft~lbf/s

12g

r w

~2 ~,

The liquid nozzle discharge velocity (V I) was equal to

The work recovered (Wr) was equal to power/Fn; therefore, it was equal to

However, VI = j 2g H 17f' where 17fwas equal to the liquid nozzle efficiency, but

However, Q = Fn/'Y; therefore, power was equal to

Liquid in
passageway

w

Fig. A1. Model for determining the liquid head.

I
r /2

~~ j j-where
'Y = specific weight (lb /ft 3)
A = area (ft 2)
rn = radius (in.)

g = 32.2 (lbm /ft )
Ib/s2

The total work added to the liquid (Wa) was equal to

(1)
and the work recovered from the liquid was equal to

r w(r w)' T;f cos en n 'I 'If

12(12)g

(3)

8 9



Thus, the net amount of work lost, Wr = Wr - Wa, was equal to Using Eqs. (7) and (8), we solved the vapor velocity,

u
-b + -V b2 - 4ac

Vg = 2a (9)

Work Added from Thermal Energy
r w

Using the initial velocity, VI = 12 -vr;;, we found the effective final velocity of the combined phases
(Vn)' which was equal to

and the work lost (Wr) due to the inefficiency and discharge angle of the liquid nozzle was equal to

_r
2

w
2

( )
1:4Jg 1 - cos eViii in Btu/Ibm .

where
6hs = isentropic enthalpy change (Btu/Ibm)

77n = two-phase steam nozzle efficiency

The effective combined phase relative to the nozzle exit velocity

Slip

Slip (f) is the gain in liquid velocity divided by the gain in vapor velocity or

From Eq. (6), we obtained the droplet velocity

(4)

(5)

(6)

where

a = X + (1 - X ) e2
r r

b = (1 - Xr)(2V1Xe _ e2)

c = (1 - Xr)(1 .,. 2e + e2)Vi - V~

Once we found the vapor velocity from Eq. (9), we were able to find the liquid droplet velocity from Eq. (7).

Nozzle Thrust

The force from the vapor (Fg) was equal to

ill Xm
~ (V - V ) = _r_ (V - VI) ,
g gig g

and that from the droplets (Fr) was equal to

Combining the forces

gave us the component of force in the direction of motion

("F cos (3) r w
W =.6 n in Btu/lb
tom

12Jm

and the work obtained from the thermal energy

And, from conservation of energy,

(7)

in Btu/Ibm . (10)

V2 = X V2 + (1 - X
r
)Vr

2 ,
n r g

where ( 0 )

Xr = quality based on mass-flow-rate ratio = m
g

~g + ~r

Vg = vapor velocity (fps)
Vr = liquid droplet velocity (fps)

10

(8) Work Lost from Capture of Liquid Droplets on the Nozzle Wall

We let a equal the mass portion of liquid that hit the steam nozzle wall. The worst assumption we could
make was that the droplets hit the nozzle wall at their final velocity (Vr) and were slowed to zero relative
velocity at the turbine disk radius (rd)' The force due to deceleration of a portion of the droplets was

a~(1 - Xr)Vr
Fd = g

11



The work lost (Wd) due to deceleration of liquid droplets in the steam nozzles was equal to

-Fd fdW
---=
12J~

-aih(1 - Xr ) V f fdW

12 Jg~

-a(1 - Xr)Vf fdW

12Jg
(11)

Parameter

Table At. Turbine performance parameters.

How obtained

Radius to the centerline of the liquid nozzle exit plane

Turbine disk radius

Unit

in.

in.

Engine Efficiency

Engine efficiency (1)J was equal to the net work divided by the isentropic enthalpy change (from a

saturated liquid expansion to turbine case pressure).

(12)

w

I)

(3

11f

Angular disk velocity

Liquid nozzle discharge angle

Steam nozzle discharge angle

Estimated liquid nozzle efficiency

Estimated or measured steam nozzle efficiency

rad/s

degrees

degrees

We determined engine efficiency from Eqs. (4), (10), (11), and (12) to be

f W 1[ ~ r W Q{l-X)Vf f d j
_ n X (V - V) + (1 - X )(Vf - VI) cos ~ - n

12
(1 - vn; cos (J) _ r ,

ne - 12 JgLlli r g 1 r f n
s

using the following equations to find 1)e:

Tefm Equation

(2)

(9) [5]

(7)

Unit

fps

fps

fps

(13)

E

~hs

Quality ()~ the steam nozzle exit plane calculated from the initial temperature
of the saturated liquid, from the discharge pressure, and from the efficiency

Io<m I"D)' (::~::f)

&loo.l,d m "1,,1.,,d ,I~ (:;: ::)

LIquId droplet capture factor (estimated until indirect data are available)

Isentropic enthalpy change due to ideal expansion from the saturated liquid
line to the nozzle discharge pressure. Btu/Ibm

To solve the equations, we needed the parameters in Table AI.

Results

Our analysis of the RORT showed us that when ideal assumptions are made (1)[ = 1)n = E = 1 and (J = f3 =
a = 0), engine efficiency will approach 100% as w approaches infinity. For more realistic assumptions, the ef
ficiency will peak out at finite values of w (Fig. 4). We expect, based on preliminary checks, that disk and bear
ing friction will have a relatively small effect on these results.

We also found that the droplet capture factor (a) has a powerful influence on engine efficiency.
Therefore, we added a step between the liquid nozzle exit and the steam nozzle inlet (Fig. I) to initially keep
the high-velocity liquid stream off the steam nozzle wall. We can expect liquid nozzle inlet pressures [Eq. (14)]
to be high, e.g. 4570 psi at 1500 rad/s for the rotor shown in Fig. 4.

Pn psi
2g(12)4

12

(14)

JAC/gw

13
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