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FEASIBILITY OF USING A RADIAL OUTFLOW REACTION TURBINE
(HERO HEAT ENGINE) FOR PRODUCING ELECTRICITY FROM SRP WASTE STREAMS

FROM: J. R. TAYLOR

INTRODUCTION

A radial outfiow reaction turbine (RORT) to produce electricity from SRP waste
streams was investigated as part of an ongoing SRL program to identify and
evaluate new initiatives to improve plant operations. The RORT would function

as the expander in a total flow heat engine; its main advantages are simplicity

of design and high thermodynamic efficiency. This memorandum reports the

results of a study to analyze the RORT for thermodynamic, mechanical, and economic
feasibility.

SUMMARY

A system of RORT's appears to be mechanically feasible and weuld probably be
capable of producing between 100 and 150 MW of electricity. However, the system
would be uneconomical because of the eguipment requirements. A system containing
7000 RORT's would cost nearly 100 million doilars for materials alone {no charge
for fabrication). Each RORT in the system would be ~ 22 feet in diameter.
Material costs for systems with fewer RORT's would be higher.
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RORT costs diminish rapidly with increasing fluid temperature so that at a high
enough temperature it becomes competitive with more conventional alternatives
(e.g., binary Rankine and flash-separator engines). However, calculations

show that even if heat exchanger effluent were to leave the reactors at its
boiling point {2129 ), the RORT would still be too expensive; hence no additional
work will be pursued on this concept.

ATCATICCTNAN
UioLUISIUN

Background

About 170,000 gpm of heated effluent (Hp0) flows from each of the three SRP
reactors when they are operating. Each waste stream carries about 2000 MW

of heat energy relative to the surrounding environment. Typical temperatures

for these streams range from ~ 1300F (559C) to 1500F (65°C) with a yearly average
of around 1400F (600C). VYearly average ambient temperature is around 60°F (150C).

The heated effluent from two of the three reactors (K and C) is ultimately
returned to the Savannah River after being cooled to near ambient temperature
in the swamps. The effluent from P reactor is returned to PAR cooling pond.
Because all three reactors are at a higher elevation than their sinks, the
effluent streams also contain energy in the form of hydraulic head {or kinetic
energy of the flowing fluid). Both K and C Areas are located at an elevation
a 200 feet above the river, while P Area is located ~ 100 feet above PAR pond.
For a total flow of 170,000 gpm per area, the waste streams contain 16 MW of
hydraulic potential energy relative toc their sinks. ’

With all three reactors operating, SRP uses about 150 MW of electricity. The
total plant electric bill for 1978 was nearly $27 million. Several schemes
have been proposed for generating all or part of our electric needs from
reactor effiuent streams. Some of these schemes have proposed recovering only
the hydraulic energy in the waste streams. However, a number have proposed
recovering part of the enthalpy in the streams by means of a heat engine,
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e Binary Rankine engines in which the heated effluent is used as a heat

source for a closed Rankine cycle using some working fluid of higher
volatility than water.

o Flash separator engines in which heated effluent is flashed to sub-
atmospheric pressure, the liquid and vapor phases separated, and the
vapor phase expanded through a conventional vapor turbine,

e Total flow engines in which the heated effluent is flashed and both

Ehages are expanded through a two phase turbine of non-conventional
esign. :
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Recently a proposal was made to use a radial outflow reaction turbine (RORT)}

in a total flow heat engine for producing electricity. This memorandum documents
the results of a study to determine the thermodynamic and economic feasibility

of a total flow cycle using a RORT.

Description of the RORT

One of the first known steam turbines was the reaction turbine developed as a
toy by the Greek geometer Hero (circa. 200 AD). The proposal discussed in this
memorandum is to use a modification of the Hero turbine to produce electricity
from SRP waste streams.

A sketch of the proposed RORT is shown in Figure 1. The RORT consists of a
rotating disk and shaft attached via a graphite seal to a stationary inlet

line. The disk contains four long narrow chambers radiating outwards from the
central hub and terminating at the disk circumference. A nozzle is located

at the outer terminus of each chamber. The nozzles are oriented so that exiting
fiuid will cause the disk and shaft to rotate. The entire turbine is contained
inside a chamber maintained at subatmospheric pressure (a few tenths of a psia)
by means of a barcmetiric condenser.

Water enters the disk via the inlet pipe and shaft. The water flows radially
outward through the chambers and is flashed to a two phase fluid in the nozzles.
The flashing process adds considerable kinetic energy to the fluid because of
the reduced density of the vapor phase. This kinetic energy is imparted to the
rotating disk and ultimately converted to electricity by means of a conventional
generator attached to the shaft.

Because'the RORT transforms heat energy {enthalpy) to kinetic energy, it acts
as a heat engine. However, the turbine also reclaims some of the hydraulic
energy in the stream. Thus the RORT is a combination water wheel and heat engine.

Engine Analysis

Equations are derived in the appendix to analyze the RORT as a simple water wheel
and as a combination water wheel and heat engine. For the RORT acting as a simple
water wheel, engine output varies with tip speed (see Figure 2). There is an
optimum tip speed which maximizes engine efficiency. Optimum tip speed depends

on the pressure of water entering the RORT and the pressure just downstream of the
RORT. The RORT efficiency at this optimum speed depends only on the efficiency

of the liquid nozzle (typically ~ 95%).
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Typical waste stream flows at SRP are about 170,000 gpm per reactor area.
Assuming water entering the RORT under 100* feet of head, total available
hydraulic energy is 3.2 MW. Optimal efficiency for the RORT is just over

58% (Figure 2). Thus a system of RORT's would reclaim about 1.9 MW of hydraulic
energy per reactor area.

Assuming a vapor nozzle efficiency of 75%, optimal efficiency for a RORT acting
as a combination heat engine and water wheel is nearly 47% (Figure 3), If
water enters the RORT at 140°F and is expanded to 60°F, the quality of fluid
exiting the RORT is 7%. The enthalpy drop across the RORT is nearly 5.8
BTU/1bp. Thus for a total flow of 170,000 gpm, the available thermal power
driving the RORT is around 149 MW per area. In addition, there is about 3 MW
of power available from hydraulic energy in the streams. Thus a 47% efficient
RORT would have a gross power output of around 71.5 MW per reactor area.

Note that at the optimum speed for a combination RORT, the calculated efficiency
of the water wheel is negative. This seemingly anomalous result is due to the
way in which the turbine is analyzed. A1l of the energy required to accelerate
water in the chambers to tip velocity was charged to the water wheel.

In fact, this same energy is required whether the RORT acts as water wheel or
not. However, the hydraulic energy is only capable of turning the RORT at

n 100 ft/sec tip speed. The energy required to turn the RORT at the higher
speeds is provided by the heat engine portion. The water wheel portion of the
RORT always acts to increase output of the engine.

Mechanical Design

The primary mechanical design problems identified for the RORT are
o High stresses near the hub because of the high angular momentum

o Design of the graphite seal

=3
(@)

O
Design of the twe

[$o]

n
v

Stresses near the hub center have not been calculated explicity. However, the
design is such that this area can be strengthened to almost any desired level
with negligible effect on engine output. Thus, it is assumed that stresses

in the disk can be reduced to acceptable levels,

A graphite seal has been designed by tawrence Livermore Laboratories (LLL) for
a small experimental RORT they have built. Their seal is tooc small to be of
practical use to us; however, the design should scale up with no difficulty.

*Part of the total available hydraulic energy is expended in frictional losses.




£

DPST-80-210

6. F. MERZ -5- January 10, 1980

Design of the two-phase nozzle probably represents a time consuming but fairly
straightforward task. The nozzie should be nonaxisymmetric to minimize losses
from the liquid phase striking the nozzle walls. Furthermore the nozzle should
be curved to fit the contour of the disk circumference. In addition, a small
pintle should be provided in the nozzle throat to help break up the 1iquid
droplets and minimize slip. (Slip is the ratio of vapor velocity to ligquid
velocity. In a high slip system, much of the kinetic energy of the vapor phase
is spent in accelerating the liquid and thus is not available for generating
useful power.)

LLL has designed RORT nozzles with the above features. However, the nozzles
were designed for higher temperature and higher pressure service (up to 550°F
and 350 psia). Thus, the basic LLL nozzle would probably have to be tuned for
our service; LLL has developed design procedures to reduce the level of effort
for nozzle design.

Because of the low pressures needed for SRP operation, nozzle efficiencies may
not be as high as those measured at LLL.

Barometric Condensers

Each RORT would be contained inside an evacuated chamber maintained at a few
tenths of a psia. Vacuum would be maintained inside the chambers by barometric
condensers {an alternative would be to use a ground level jet condenser;

however, for purposes of this report, the two function identically.) A barometric
condenser is essentially a conventional condenser (either direct contact or

shell and tube), located 34 feet or more above the ground. Condensate is drained
through a drain leg and seal pot to atmospheric pressure. As long as the

drain leg remains full of condensate, pressure inside the condenser is just

the vapor pressure of the condensate plus a contribution from non-condensible
gases.

Barmetric condensers can be purchased off-the-shelf from several vendors, though
none carries units large enough for our service as a stock item. A representative
of the Schutte and Keerting Company (makers of barometric condensers) was
contacted and estimated that a condenser capable of 100,000 gpm condenser flow
would cost 35 to 50 thousand dollars. About 35 such condensers would be required
for a system of RORT's capable of producing 100-150 MW.

The largest barometric condenser Schutte and Koerting has made at present will
handle only ~ 70,000 gpm condenser filow*; however, there are no expected scale-up
problems in going to 100,000 gpm. Experience with condensers in similar service
has shown that accumulation of non-condensible gasses can be held to acceptable
levels. The representative from Schutte and Kcerting anticipated no problems

in providing a few tenths of a psia inside the chambers.

*Schutte and Koerting has made at least two such units for the electrical power
industry.
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System Design

The efficiency of a RORT system is a strong function of both hot water temperature

" +h £ o +
entering the RORT and cold side Lempcraburc Furthermore for a given river water

temperature, cold side temperature is a strong function of condenser water
flow.

As condenser flow is increased, cold side temperature of the RORT is decreased
and approaches ambient (river water) temperature asymptotically. Thus gross
system output increases with increasing condenser flow. However, required
pumping power also increases for increasing condenser flow. Thus there is
some optimum condenser flow which maximizes net system output (gross output

£ +tha DOART'e lac 3 nete
from the RORT's less pumping LUDL.‘.;]

A system of RORT's was analyzed using models developed in the appendix to estimate
gross system output. Required pumping power was estimated assuming that condenser
water had to be 1ifted 32 feet and then pumped through an additional 10 psi

for the barometric condenser. A pumping efficiency of 85% was assumed. Net

RORT output is shown as a function of cooling water flow in Figure 4. Note that
optimum condenser water flow is ~ 7 times our normal reactor cooling water

flow. This represents 80% of the total flow in the Savannah River.

Because optimum condenser water fiow to the RORT is high compared to the flow

of heat exchanger effluent, a system of RORT's should be located as near to the
river as possible (to minimize piping costs and pumping requirements). Furthermore,
because RORT efficiency falls off rapidly with high side temperature, the heat
exchanger effluent should be piped to the RORT's. These considerations are not
RORT specific but would apply to almost any type of heat engine. A recent study

by the South Carolina Energy Research Institute estimated the cost of piping

heated effluent to be ~ 47 million dollars {total for all three areas).

Engine Size and Cost

The effective density of two-phase fluid exiting the RORT is

- quv““('”{)Q;; | (1)

Ol

|

where effective fiuid density, 1b/ft3

-0 D
I

<,

density of vapor phase (at saturation), 1b/ft3

—
=
t

density of 1iquid phase, 1b/ft3

void fraction of fluid, dimensionless
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The void faction o is related to steam quality X through

l

: (2)
X = R
iy =
where X = steam quality, dimensionless

slip ratio, dimensionless

Physically o is the ratio of vapor velocity to liquid velocity. The homegeneous
model assumes that o = 1.0 or that vapor and liquid both travel at the same
velocity. This model is known to underpredict effective density for most cases
of practical importance. However, it is widely used for initial estimates

and is reasonably accurate for flows involving small liquid droplets. Because
of its mathematical simplicity and because water droplets in the RORT would

be kept small by the pintle (see section on mechanical design), size of the

RORT is estimated using the homogeneous model.

Using o = 1.0 in the above relationships results .in
¢

Rey
Ve CR D
Let AT be the total area for flow through all the RORT's in the system and let

Vp be the velocity of fluid leaving the RORT nozzles. Then the total mass flow
of liquid through all the RORT's is

A

G+ = ® VA - (4)

But Gy is the total mass flow of cooling water through ali the reactors. For

T typical SRE operation Gt has a value of ~ 7.1 X 104 1b/sec when all three reactors

are operating. Using methods given in the appendix, VY, is 645 ft/sec at maximum
efficiency. Finally, % can be evaluated from equation 3 {using phase densities
evaluated at 600F and a steam quality of 7% as calculated using equation 28

in the appendix). The fluid density is 0.012 1b/ft?. The total area required
can now be calculated from equation 4. Nearly 9200 ft? of nozzle area are
required to handle the total SRP waste stream flow (a1l three reactors areas).
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Limited data from Lawrance Livermore Laboratories has shown that for a RORT
containing 4 nozzles, disk diameter must be ~ 12 nozzle diameters to minimize
interaction between the effluent streams from individual nozzles. Figure 5

shows the number of 4 nozzle RORT's required to handle our effluent as a function
of disk diameter. Even if a total of 1000 RORT's are installed, each must be

v 21 feet in diameter.

Material costs for the RORT's were estimated assuming each disc to be the same
thickness as the nozzle diameter. The RORT's were assumed to be made of aluminum.
Figure 6 shows material costs only (no charge for fabrication) for RORT disks

for a system of RORT's capable of utilizing all of the plant waste heat. Note

that disc costs decrease with increasing number of units; however, even for a

system of 1000 RORT's, material costs are nearly $100 million. Assuming

fabrication costs equal to material costs, a system of 1000 RORT's capable of
utilizing the total plant waste heat would cost ~ $200 million. The cost of housings
is not included in this estimate but is probably small.

A recent study(]) estimated the cost for a system of staged evaporation Rankine-
cycle heat engines to produce electricity from the SRP waste streams. Total
costs for a system of RORT's were estimated based on the results of that study
(Table 1). Total system costs for the RORT's are at least twice those for the
staged-evaporation Rankine cycie. The RORT estimate is probably optimistic
because the large number of units required would 11ke1y entail substantially
greater process piping custs.

Because specific costs {capital cost per unit power output) for a system of
RORT's is so sensitive to fluid temperature, and because SRP waste stream
temperatures may be increased in the future, mat8r1a1 costs were calculated for
RORT's operating at fluid temperatures up to 212°F. Although system costs

were greatly reduced at the higher temperatures, RORT is still not competitive
with more conventional alternatives (binary Rankine, or flash-separator engines).

JRT:bj

REFERENCES

1. Low Level Waste Heat Utilization Project Savannah River Plant (Preliminary
Analysis), South Caroiina Energy Research Institute, November 1978.
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Table 1. Estimated System Costs for RORT Compared to a
Staged-Evaporation Rankine Cycle* (A1l Three Areas)

Item

Total installed engine
Pumping from reactor discharge
New cooiing pond** (C Area only])

A s bl
Ul LLrnl

C e ES e I--A" .,a..]___.
JPEfiL LUU 1Y wWaiter

TOTAL DIRECT COST
Contingency (15%)

Indirects (including spare parts)

TOTAL CURRENT COST

Escaiation

TOTAL ESCALATED COST

Cost, Millions of Dollars

Staged-Evaporation
Rankine Cycle

64
29
13

(& ]

170

RORT
>200
29
13

5

>247
37

20

>304

>45

>349

*Staged- evaporat1on §ank1ne cycle costs estimated by South Carolina Energy

Research Tncfﬂ'nfe

reonian LR

**A new cooling pond for C Area is not a part of this study.
included for purpose of comparison with the referenced study.

However it is
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Figure 1. Schematic of the Proposed RORT
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Efficiency of the RORT as a

Simple Water Wheel .

Figure 2.
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Net Power Qutput per Reactor Area (Corrected
for Condenser Water Pumping Power) for a
System of RORT's
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Figure 5. Size Requirements for a System of RORT's
to Produce 100-150 MW Electricity

10 | 100 1000

Number of RORT's in System e
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Material Costs for a System of RORT's
(Turbines Only) to Produce 100-150 M
of Electricity

January 10, 1980

Material Cost for. the,RORT's.Millions of Dollars
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APPENDIX: THERMODYNAMIC DESIGN OF RADIAL
QUTFLOW REACTION TURBINE

NOMENCLATURE

cross sectional area of turbine chamber, ft2

dimensional conversion factor, 1bp-ft/1bf-sec?

mass flow of fluid, 1bpy/sec

fluid enthalphy, BTU/1bp

dimensional conversion factor, 778.16 ft-1bg/BTU

pressure of fluid entering turbine, 1bg/ft?

pressure of fluid in nozzle throat, lbg/ft?

radius of turbine disk, ft

fluid entropy, BTU/1b,°R

tip speed, ft/sec

velocity of fluid in the nozz]e'throat, ft/sec

velocity of fluid Teaving the nozzle, ft/sec

total power output from the turbine as a water wheel, ft-1bf/sec
power generated by the vapor nozzle, ft-lbs/sec

total power output from the combined water wheel and heat engine,
ft-1bg/sec

vapor quality, dimensionless

engine efficiency, dimensionless

fluid density, 1b,/ft3

nozzle efficiency, dimensionless

slip ratio, dimensionless

velocity of the separate phases leaving the vapor nozzie, ft/sec
angular velocity of turbine, rads/sec

tip speed of turbine at maximum efficiency, ft/sec
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APPENDIX: THERMODYNAMIC DESIGN OF A RADIAL
QUTFLOW REACTION TURBINE

Consider the radial outflow reaction turbine shown in Figure 1 of the text. The
turbine nozzles consist of a sharply converging section to reclaim kinetic energy
from the liquid plus a more gradually diverging section for flashing the Tiquid.
Thus the turbine acts as a combination water wheel and heat engine. Both modes
of operation are analyzed below. Gross output from the turbine is the sum of
water wheel power and heat engine power. For purposes of this appendix the
converging section of the nozzle will be referred to as the liquid nozzle and

the diverging section as the vapor nozzie.

Tha Tinskdimn aec Lo
LTiE TUurpilie a> wd

Consider a single arm of the turbine shown in Figure 1. The arm is rotating
at angular velocity w relative to the central hub., If the arm has length R,

the tip is traveling at a velocity u given by
U= R (1)

Because the tip speed u is generally much greater than the radial velocity

in the arms, liquid will be assumed to enter the arm at zero velocity. Relative
to a fixed point on the hub, water enters the nozzle at near zero velocity and
exits with velocity Ve. However, relative to the nozzle, water enters with

velocity u and exists with velocity Vi. Vy and Ve are related by

(2)
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A free body diagram of the 1iquid nozzle is shown below:

TN t
A L—i
}
—pm \/
U i y v
A e d*ﬂhd_Fﬁjjffrf“—""j
i .
| |
l Figure Al

Now let P, be the pressure just upstream of the nozzle and let P, be the pressure

at the entrance to the arm. Because the rotating arms act like a centrifugal

pump P, >>Pg.

Consider a small element of volume inside the arm of length dr located at

pAndr

position r relative to the hub, This element of volume has mass “ﬂﬁi;" and is
] subjected to a. centrifugal accleration yw?. Thus the totai centrifugal

force acting on the element is

The total force acting on the arm is the sum of the forces acting on all such

elements from r = o0 to r = Mathematically,

R.
R .
T:C - jo %jiﬂaftt y W

or

——
L3
e

Using equation (1) in (3), this force can be written in terms of the rectilinear

velocity u:
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The pressure differential due to this force is

F we
. e
afis va, s o, (4)

Then the total pressure just upstream of the nozzle (P,) is the sum of the

entrance pressure (Py) and the pressure differential due to centrifugal acceleration

(aP.). Thus

z

AR (5)
?Jg <

“ o

If the pressure in the throat of the nozzie is Py, then the total pressure drop

across the liquid nozzle is

ot e Y - ?T (6)

VZ_ T
M, 47:= ¢ AT (7)
k 25

where ? is the efficiency of the liguid nozzle (typically ~ 95%).
L

Combining (6) and (7) results in

VV'"M A SRR
T e P
From which
= - ! (8)
N LY o -
VoY L (PP tu (1+9,)
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Now the work done on the nozzle by the 1iquid can be calculated. Let Gy be
the mass flow of water through the nozzle. Then the force exerted by the

liquid nozzle on water entering it (refer to Figure A1) is given by:

F - 4 : (9)
}’L‘ ('3'1. 2
and the force exerted on the nozzle by the exiting water is
V (10)
F— - G -
R T %c
Using (8} in this last expression
TE M g 3T men:-:...aw-'--‘
z )
2 2 (Po-ry) + W) (1)

F,. G+ _—°
R % ¢

Then the net force acting on the liquid nozzle is

Fyx FarF,

or ¢ (12)
e 4 Y\rzfu —
N e e Yew0#,) —
b |V —5 (P )+ WO+, b{]

This force acts through a distance ds in time dt so that the gross power generated

by liquid leaving the liquid nozzle igﬁ
‘ A Werons = G5 (Fud8) ,
where the dot indicates the dot product of vectors is to be taken. But since

F acts along the same line as s,

4
c‘ w"a’b&*"“: :‘; r‘\jé S
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Furthermore, since F is constant

d Woas By dCET)

or

dv&).ﬁ‘w4-o . FNQ\bL
and the total power is Ay
WWQ" )O F\‘\)clb\
(13)

_from which _ & 5
o)M’r-o -

Using {12) in this expression and intergrating

+ s
Z -y S -
2 v ~ ot
\"“ l(‘._. Q\'v’:.‘- u‘Lt |+'cm‘)ﬂ

2. . '—'- i
SrMwvy v gioed) Vo WG 2T ()
ucax,g-;-;-‘ ™ De { — p

Part of the gross power developed by the liquid nozzle is invested in accelerating fluid

to tip velocity. From equation (4), the pressure diffsrential due to centrifugal

acceleration 1is
2

AT, = M

PN
The head H due to this pressure differential is
Fay Pc uz

\—\ - """'C:)“' y -—{%C (]5)

The total power invested in pumping Gp 1b/hr of water through this head 1s

W,,,, = Gy H

or

(16)

1

oz
L4
O

1
~s
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Then the net power generated by the turbine acting as a water wheel is

i (17)
: \/\_,JN ot l)\) cr A dc LA‘)‘I_’{FA N
From which
ra
nd by T YL TR R TUI TR
ot ANV W01
\/ -u {;44 ) Vot “@ (18)
VJ (Y_.-u) '1 ,’_m____,__._._.{-—-—--r'\
v R

-

The efficiency of the turbine as a water wheel is the ratio of net power output
to available power where available power is the power equivalent of Gy 1b/sec

of water falling through a pressure drop of (Po‘PT)- Thus

What
é - . —
L Gy { Po"p"“‘/’Q
from which
B
T 2 vV, Nyl
e IV D o v -uwtml) M THETTE
P N 3_. R — e i N ______._...—_:—--—-}
- L2 e — f—y fl t'_:_ iv=1
S e X Moo v 2\ 14 s \\\ w e,
I

C o

This equation can be simplified by use of equation (8) to qive

T Y ™~ q ey

e e (Eud T Vsuing

ey T T '
Vit

— IS (19)
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A The maximum efficiency for the wheel occurs when av 0. But since the total

energy available is independent of u, this maximum efficiency also occurs
~ dif
- n

where .- = Q,
[W1F]

W, can be conveniently calculated from equations (13), (16), and (17).

Thus
>
S .Y
M%U- /§¢ijcvrqn da - T 1y, (20)
Differentiating (20},
Gy A&
SWw Gy ()T g o (an)
S VAR Ye
¢ from which
" C]lum 6!
) St J-ozw)
) du /ﬁ(( ! (22)
: R )
The derivative ___0 vanishes wherever
du
v,z W
(23)

Thus the maximum efficiency for the RORT can be evaluated by using {23) in (19).

én‘ = ___‘_1__(."_ s 74 \1411(‘
£| T T ,
"‘”'7/ X PE. \\3*‘-'[{ (24)
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J‘
) The tip speed at maximum efficiency can be determined by using (23) in (8).
Mz Tdiae o S o ey
'? { \Qvti he ( Fo"ﬁﬂ Y *,A& {14 f{ )
S
from which
A\ el Pl (25)

3- %, ¢

-
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The Turbine as Heat Engine

The vapor nozzle can and should be designed to expand the fluid nearly isentropically.

For the two phase fluid Teaving the vapor nozzle, entropy is defined by

26
szp,;xfsir(\—w)sg_, (26)

where subscripts S and 2 refer to saturation properties for the vapor and
liquid phase respectively. These properties are to be evaluated at the

pressure at the exit of the vapor nozzle,

Let the entropy of fluid entering the nozzle be Sy (evaluated for saturated
liquid at the temperature of the hot heat exchanger effluent). Then, since

the expansion is isentropic

‘SO: S’z/&f
or
- ‘f‘.l-y‘)s 27
550 —';K f%s £ (6 )
Equation (27) can be solved for x to give
S.- S¢
X = (28)
-'15 "‘)ﬁp

Total enthalpy drop can now be evaluated for the nozzle. The enthalpy of

the two phase fluid at the nozzle exit is

1’2#: Xhe+ -2 by




Ll

o,
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where the subscripts are consistent with those used in equation (27). Now let

he total enthalpy

h, be the enthalpy of liquid entering the vapor nozzle so that

drop through the nozzle is

or

ahz \qo—l\}\}--i‘x (h,- kﬂ)] (30)

A free body diagram of the vapor nozzle is shown below:

t
i
/i
L !
. ':""“"_/ : —_—
' ‘”"’""“"“‘\\ : 7?
|

T

-...._‘_‘__'“ t

Figure A2
Water enters the vapor nozzle at velocity V1 (relative to the nozzle) and leaves

as a two-phase fluid with effective velocity V. Let ny be the efficiency of the
vapor nozzle. Physically, ny is the fraction of total available heat energy

which is converted to kinetic energy in the flashed fluid. Then,
1

— l\ - Vn = \JF‘L
TAhs o '
(z\} i cac (3])

where J is a conversion factor relating ft-lbs and BTU's of energy.
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Equation (31) can be solved for V, to give

:\!@LT-’-\‘\*‘Vil (32)

The effective velocity V, represents the combined effects of vapor velocity
Vg and liquid velocity Vi, From the Law of Conservation of Energy, the total

kinetic energy of the mixture must equal the sum of the kinetic energies of

each phase.
Mathematically
S
V-L f V,‘.Z \}
61‘-“3 B ‘{L~fk‘ 4+ by =
ng A?c 9
from which
ra
2 , {33)
G..‘_\/“l (;JZ 1‘{ -4 CSJS .

where G is the mass flow in 1bs/sec. Mass flows for the separate phases are

related to total mass flow by means of vapor quality}x.

Thus,

T {34a)
and

Gﬁ (XD h-r' (34b)




~
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Using these relationships in (33} gives

T 3. -
V - (i‘ = y-‘.) ),}'_ 4 X Vj

"

In general, the liquid and vapor velocities are different.

stip ratio defined by

S o= V5/:‘
: A
from which
\}5 - & ﬂﬁ

Then equation (35) becomes

2 2 rd T
\/A‘ "(\‘—V-..)\_I’ 45-— )t".rl
from which
L/vm
V. e
L Ve xcs®=1)
and
c_:s____. \J"V\
s TS

The force acting by the vapor nozzle on entering water is

F .6y D
[ 9&

DPST-80-210
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(35)

Let = be the

(36)

(37)

(38)
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5
- The force exerted on the nozzle by the exiting water is the sum of forces
due to exiting liquid and exiting vapor. Thus
Fo.o¢ Y
R - Ga., + G _,\_)_;5_
De s
de
or
— C.»— - \ y —‘ {201
et - Y Y., 1907
The net force acting on the vapor nozzle is
VN - F£ - FQ.
or
. < [ VooV
L. NTRRVEST AR S PR
i Fo = 73, U ¢ $ N (20)
- Using equations {37) and (38) in this results in
- - / —_—
] 2e i\ ~ ?ﬂ-.-ﬁt:‘--'“::‘ﬁ \ \ *n"/\ AR i
avs

[4 X (S-1) 41
fe G PRy )
Y it vew>) M |
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Let* |+ % L'\:TNI‘)

So that equation (41) becomes

t%:-rwi': GI/‘;‘;,, (ﬁ\’w' va

Then the net power generated by the vapor nozzle is

(31

G 9
%, ) Fau

W,

from which
¢

T ("
WV < /?C_ 50(/3\/”'\;'>cius
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-
E=)
[

~—

(43)

(44)

(C.F. equation (13) from the previous section on the turbine as water

wheel).

The total power generated by the turbine is the sum of contributions from

the water wheel and heat engine, ie

e W = Ww W

Leo-aa

(45)

(46)

*Note that for the homogeneous model & = 1.0 so that g = 1.0,
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Substituting for the various terms from equations (13), (16} and (44) yields

G 4 Y . 2
Wy “1 5 % , o
' (P '\js)clu“ + /éc b(\v:"\&) du =~ Gy ta,
from which
¢ “ ut 7
T Y, Wy du -6y 7, (47)
[ o [id " C - .

Coﬁbining equations (8) and (32) gives V, in terms of U, ie

VR VN — (s8)
- z T ol o+ ehe
N T %e h _"'"(P f’1)+u (\+f})
substituting (48) in (47) gives
Cr “
A\)-—w: / (/‘! \r_?:_ﬂ a T ol t-zytc)f ~ i ——:.\ \ ’Il
! o\ g T Yy (et )ty - LL) d i
from which
U - +
- G';l‘/ \ UI\J VN 1:(\ HL) YN-'U’ ), P_\E t.'_‘.:
T 3¢l.ﬂ> z ?\!w‘!;? /Lv\ T - GT 2 C., e
’ Wa =u "”{C}J
or
7 |
( BV Y L oa VY\' "‘ {: :) NVt WA ‘
..:’:]- == / L - o e e

r Y—"\n b -
\th"u(ﬁv) 120
' P §L4%)
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The efficiency of the combination turbine is the ratio of total power output
to total available power where total available power is the sum of available

hydraulic power and availabie heat power. Thus,

i by e e

. —-
Vg = Whe1,) Vit g

RS

2 S
6 _ GT/% “__U\-(L—V?:ﬂ-'“) ""‘/A 2 it?‘z Lh i\!p}—\f(“(}i‘) (50)

-]

?b"p'l"

?

G'r + GT-IA\Q

Equation (50) can be simplified somewhat by dividing top and bottom by G and

by using equation (48). Thus

I 51)
4 Viy < P-fr e
¢ Ut(fz. -u) g M, Teh gV il
= ) + T s raS———
0 (:\'Ak N TF"‘"‘(EST:)?)L YH’{'L Takh Tvg_v_%_r )"'\ \\‘-‘r':-_u'?{'\tl;‘:)
. .. ] dHT
Maximum efficiency for the engine occurs where proat 0. Differentiating
equation (47) gives
dWs ¢ Gy U
- L r\/ —th T T
T AL T
from which
cl___”lf{jj_ - 61/' ( Ay N 2 L-\)
a Qe (52)
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that equations (54) and (55) reduce to
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The derivative vanishes whenever

Zu
Ve B (53)
Using this relationship in equation {51)
_é_- 1 :S—AL\+(]L(..&£1) 2 % ('nfh
v e _fg__,,— (54)
éo\ - \H'] - ST ) }”"‘ Ve oty 1
. £ T ah +ttelln S Sl =

'l"?r,)/b

The tip speed corresponding to maximum efficiency can be calculated by combining
equation (48) and (53). Thus

/) P 2
i’ﬁf Z'?,GG;Cg_é‘n + —(—{j‘;?—g-(ﬂ;i-r)-kb\ C\*?L‘)
ﬁ?—
from which

M= p {Fhocsent Bl CAAR (55)

Note that for the special case when g8 = 1.0 (the homogeneous model) and when the

hydraulic power is small compared to the heat power

My zr \1+1}£_
- —— . {.! e —

& el ——
oL ) \Hth n \3—1&

o
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and

Comparison of these last two equations with equations (24) and (25) from the

previous section shows the close similarity between the water wheel and heat

engine.
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