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. USE_OF REFRIGERANTS AS POSSIBLE WORKING FLUID:
. IN A HANFORD POWER RECOVERY SYSTEM

INTRODUCTION

Interest in power recovery from the vast quantities of low temperature waste heat
discharged from the Hanford reactors into the Columbiz River has been stimulated
by the recent proposed effluent temperature inecreases of ,the gyesswization and
recirculation studies for increased plutonium production'ls2s3), Although power
recoveEr,Br from effluent temperatures appears feasible from an engineering stand-
pointl4), only low pressure steam can be generated from the waste heat. The opera~
tion of a steam cycle at atmogpheric or sub-aimospheric pressures presents many
problems: (1) vacuum, a considerable portion of the equipment will be operating
at sub-atmospheric pressure requiring elaborate seals and vacuum pumps to maintain
the vacuum in the system, (2) turbine efficiency, the low steam pressures would
allow only two stages in the turbine reducing the plant effieciency over and above
the low thermal efficiency of the ayele, and (3) blade erosion, to generate suf-
ficient power to be feasible, the steam must be expanded through the turbine until
the moisgture content is about 10 to 12 per cent, Although this moisture content

' 1s not excessive, special blades would have %o be incorporated in the turbine design
to handle the wet stean,

A study was instigated to investigate the refrigerant fluids, mainly, Freons, for
use as the working fluid of the power cyecle, Ths Freon gases have lower boiling
points than water and consequently would generate higher pressures allowing a more
efficient turbine design with more stages. By using a Freon fluid a closed loop
would be used, eliminating radiation contamination of the power generating equip-
nment,

SUMMARY

A preliminary investigation was made of the use of refrigerants as possible working
fluids in a power recovery cycle. Of the many refrigerants, one class (Freons) was
considered; the other refrigerants were rejected from either their flammability and/
or toxicity properties. Two Freon fluids (Freon 11 and 113) with atmospherie boil-
ing points 10°F or more above average river water temperature were further investi-
gated for probable use, Turbine pressures up to 60 psia can be generated for a
possible power recovery of approximately 140,000 KW, Mass flow of a Freon cycle
are increased seventeen-fold over a steam system of equal eapacity. Cooling water

. requirements of the Freon power cycles are three to four times greater than for a

(1) Johnson, R, E., "Budget Study for Production Increases through Reactor Rear
Face Pressurization", HW-40985, January 19, 1956,

(2) Heacock, H, W., "Adaption of a Recireulation Water System to 100-H Area,
BW-40837, Janvary 9, 1956.

(3) Johnson; R, E., "Rear Face Pressurization Applied to 100-H Area®, HW-41298,
February 6, 1956, "

(4) EKarnie, A. J., et. al., "U%ilization of Waste Heat from Hanford Reactors for
Production of Marketable Power®, HW-38968, September 23, 1955,
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low pressure steam system of compsrable capacity. A preliminary estimate of the

. cost of the equipment and fluid for a Freon closed power system ag compared to a
steam flash tank power system of equivalent capacity will be approximately double.
Further study of the possible use of refrigerants as a working fluid of low teme
perature power cycles does not appear to be Justified at this tims, -

DISCUSSION

Refrigerants

Refrigerants investigated to be used as the working fluld in the power sycls were
the Freons. These finids are halogenated hydrocarbong of the methanse and ethane
series with chlorine and/or fluorine atoms substituted for’ the hydrogen atoms,

The fluids are chemically stable, non-sorrosive, and moderately safe, i.e., non-
flammable and low toxieity. Ammonis, sulfur dioxide and the straight hydrocarbons
were not considered because of their high toxicity and/or high fiammability.

The physical and thermodynamie properties of the Freon fiuids can be adapted to
pover cycles with low itemperature heat sourcses. Their low boiling temperatures

are particularly suited to power recovery from low temperaturs heat sources as
working pressures above atmospheric pressurss can be generated. Their low specifie
heat and latent heat of wvaporization are somewhat undesirable because larger mass
flows are requirsd to produce an equivalsnt amount of power as with sitsam at identi-
cal temperatures, Their high density of the 1iquid phase is desirable in sizing
equipment and piping.

In this study, two Freon fluilds, Freon 11 and 113, were considered as possible
working fluids in the power cycle. Ths two were selected because their atmospheric
boiling points are above the average tempsrature of walter available for condenser
cooling water, The remaining Freons fluids were rejected as their atmospherie
boiling points are well below the temperature of available cooling water. To use
these Freons in the power aycle, the gas afier expansion through the turbine would
necessitate compression to¢ ths ligquid phase before the heat unavailable for work
could be removed by the cooling wabter. The power required for compression work
would be a considersble portion of the gross power generated.

Table I 1lists some physical properties and cost of Freon 11 and 113 as compared to
water,

Power Cyscles

Pile conditione selected to develop ths power cycles are based on Case 4 ?f the
pressurized water systems of the Pressurization and Recirculation Studies 5), The ,///
. flow and temperature of the effluent water ars 89,100 gpm and 123°C (253°F).
Figure 1 shows a flow diagram of the proposed closed power loop using Freon as the
working fluid. The fluld is evaporated at a designated working pressure, expanded
through the turbine and condensed at 72°F, The condensate is pumped through the

(5) Etheridge, E. L., “Pressurization and Recirculation Study - Sumeary of Design
and Development Data®, HW~42529, April 16, 1956,
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Property
Cpemigal Formulg

Molecular Weight

Boiling Point (1 ATM)
Freezing Point (1 ATM)
Specific Heat (100°F)

Latent Heat of Vaporiza-

tion (1 ATM)

Density (1liquid) 68°F

Viscosity (liquid) 70°F

Color

Odor

Toxicity
Flammability

Cost(2)

ECLASSIFIED

TABLE .

Fraon=i3
G Clz F
137.38

4. T°F
~168,0°F
.21 Btu/ib

78,31 Btu/1b
92,8 1bs/ft>
.439 centipoises

Clear and water
white

Ethereal and
similar
Carbon Tetra-
chloride

5(1)

Non-f£iammable &
non-combustable

$0.30/1b

Freofel]
C20i3F3
187.39

117.6°F
~31,0°F

.22 Biu/ib

63,12 Btu/1b
98.4 lbs/£43
697 sentipcises

Clear and watler
white

Etbhereal and
similar to
Carbon Tetra-
chloride

6l1d -

Non=flammable &
non-~combugtable

$0.80/1b

(1) National Fire Underwriters Group, Number 1 - most toxdc,

HWe<43422
Page 5

PHYSICAL PROPERTIES OF FREON 13 AND 113, AND WATER

Water
Hz0
18,02
212.0°F
32,Q0°F

1.0 Btu/1b

970.3 Btu/1b
€2.4 1bs/ft3
. 978 centipoises

Clear and water
white

None

None

Non-flammable &
non-conbustable

Nil

(2) Costs are 75 per sent of the price of fluids scld in 200 pound cylinders,
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heater section where the temperature of the liguid is raised to within 4C°F of the

. saturated temperature and then forced into the evaporator to compiete the cycsle,
The pile effluent water is routed through the evaporator, into the heater section,
and then discharged to the existing 107 basins or to the river direstily. A moisture
and air separator is included in the loop to maintain the air and moisture content
at low level to prevent corrosion.

Net power produced using the Frecns as the working fluids in a power cycle with the
available heat source is shown in Figure 2. Rankine power cycles over s rangs of
saturation temperatures and pressures were calculated to determine the maximum power
that could be produced. Net power was assumed as 80 per ceni of the Rankine cycle,
allowing 20 per cent for turbine and exhaust losses. Also included on the chart
are steam cycles operating at aimost identical conditions, Steam is flashed
directly from the pile effluent water, expanded through the turbine, eondensed, and
discharged directly to the river, Pressures generatsd at temperatures indicated by
the dashed line section of the steam curve are too low to operate a turbine. Table
II lists the pressures, mass flow rates, cooling water requirements, ets., at
designated temperatures of the working fluids for operation of a power cycle at the
specified output.

Cycle Anslysis

The available work which may be obtained from a heat source is limited by the
absolute temperatures of the heat source and sink regardless of the working fluid.
A glance at the net power outpub of the power cycles shows approximately equivalent
amounts of energy can be recovered by any of the three different working fluids.
However, the conditions under which power is recovered is vastly different. Pres-
sures up to 60 psia can be generated by the Freons whersas steam produced would be
under atmospheric pressure. The specific volume of the Freon vapors is at least

50 times less than steam, yet due to the low specifiie heat and latent heat of .
vaporization approximately 17 times more mass flow is required for the Freon fluids
than steam, These conditions effect the physical size of the turbine and piping.
It ic probable that smaller turbines can be designed for a Freon system than is
possible for a steam system at low pressurss,

Superheating cannot increase the cycle efficiensy of the Freon fluids and thus
reduce the required large mass flow. To illustrate this point, power cycles are
plotted on temperature~entropy charts of the respective fluids on Figures 3, 4 and
5, Line 1-2 represents isentropic expansion of the wvapor through the turbine,
line 2-3, condensation of the vapor by the absitraction of latent heat of vaporiza-

. tion with cooling water, line 3-4i, heating the liguid to the boiling point, and
line 4~1, evaporation of the liquid to the vapor. As can be seen with the saturated
vapor cycles, the heat converted to work includes the specific heat of the fluid

- from t% to tp and with Freon~ll and steam about 2 and 11 per cent of the latent
heat of vaporization. Freon-113, after expansion, is superheated approximately 20°F
above the temperature of condensation. By superheating the Freon fiuids 300F at the
beginning of the eycle (line 56 on Figures 3 and 4) it can be seen that the fluids
will be superheated about 20°F above the temperature of condensation after expansion
with Freon-11 and about 46°F with Freon~il3. In the case of Frecn-113, as shown on
Figure 4, about 5 Btu/lb is added %o the enthalpy of the £iuid by superheating 30°F
whereas about an additional 7 Btu/lb of fluid must be abstracted durivg the

LISSIIED
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condensing process, There is actually a loss in powsr recovery per pound of fiuid.

. This condition is true as long as the saturated vepor line of a fluid slopes Yo the
right, With water whers the saturated vapor line siopes to the left superheating
improves the cycle efficiensy, Then, the heat sourcs.determines whether superheat-
ing is feasible which in thig case 1t is no® feasible,

Cooling water requirements of the various eycles of the flulds are shoun on Figure
6, The difference betuwsen stgam and the Freon rates is due to the condensing
temperature of steam being 80°F instead of 72°F. A ons inch Hg condenssr pressurs
is the lowest practieal prsssure which can be maintained,

Plant Cost and Equipment

The first real cost which can bs easily caliculated is the power coycle working fluid
cost. A time cycle in a closed loop would at the minimum be at least five minutes.
Working f£luid cost for maximum powsr recovery of Fracn 11 and 113 respecitvely are

$56,000 and $167,000,

Heat transfer equipment required in the ¢losed loop ars evaporators, condensers,
and preheaters., Tuwo fastors will increase the size of the equipment above the size
needed in a closed steam cycle, (1) mass flow rate, 17 times greater than steam,
and (2) heat transfer, Frescn fluids have lower £ilm ccefficients than water, While
similar type surface condengsrs are ussd in both the Freon and steam oysles, the
evaporators of the systems are differsnt. The evaporator in an open steam cycle is
a flash tank which is simple in construction as compsred to a tube and shell type
required for the Freon cycle.

The condensate pumping stations of the Freon systems will be large. Approximately
120,000 to 140,000 gpm capacities with heads up 45 psig are required.

As vas mentioned bafore turbines for the Freen systems are a more conventional
design and are smaller in size for squal power output rating than turbines needed
for a sub-atmospheric pressure steam eycle, but a large turbine manufac‘% er hag
stated that a turbine using 6 psia steam could be designed and operated(®), How-
ever, the costs of turbines for either Freon or steam systems would probably be
about equal.

A preliminary estimate of construction cost of a Freon power recovery system as
compared to a sub-atmospheris steam system of comparable power output would be
approximately dovble in cost,

- Cycle Operation

’ With the available pressure which can be generatsd at low temperatures, Freon
systems could be operated ascording to standard power plant practises., Provisions
must be made to pravent air and water leakage into the system, Some difficulty
will be experienced ag Freon fluids are not easily contained bezause of their low
surface tension. Corrosion in the system will practizally be non-~existent if the

moisture and air content is below the minimum ailcwable.

(6) Letter, G, B, Warren from C, W, Elston, Manager, Turbine Engineering, Large -
Steamn Turbine Generator Department, July 2, 1954.
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CONCLUSIONS

The investigation of the possible use of refirigerants as the working fluids for
low temperature power system have shown the following results:

1. The use of refrigerants as the working fluid in low temperature power
cycles is technically feasibls,

2., Net power recovery are approximately equivalent from reactor effluent
water at 253°F using either Freon or steam.

3. Working pressures up to 60 psia can bs generated from the reactor effluent
water by substitubing Freon fluids in the power cycle,

L. Larger mass flow rates are required with Freon fluids.
5., Larger cooling water rates are required for Freon systems than steam.

6., Substitution of Freon fluids for steam in a low temperature power recovery
system does not appear feasible economically,

£ é}féw:c%
Reactor Design & Devel nt Unit

Design Section
ENGINEERING DEPARTMENT

EL. Etheridge:me
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