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ABSTRACT

A system model of open Rankine cycle ocean thermal
energy conversion (OC-OTEC) was used to examine the
effects of component performance and design on
plant cost. Three components are examined 1in
detail: an optional seawater deaeration subsystem,
the flash -evaporator, and a two-stage direct-
contact condenser. Preliminary data quantifying
noncondensable gas release iIn upcomers and a de-
bubbler chamber were used to evaluate the effect of
predeaeration (removing the dissolved gases in
deaeration chambers before the seawater enters the
heat exchangers) on system cost and performance.
Little data on the interactions between geometry
and performance of vertical spout flash evaporators
operating under OTEC conditions are available;
therefore, we performed independent parametric var-
iations. For the direct-contact condenser previous
numerical studies provide the basis for coupling
geometry and performance. Results of these studies
are useful iIn setting research priorities, in de-
fining operating conditions for further seawater
experiments, and in updating plant cost estimates.

1.0 INTRODUCTION

1l.1 Resource and Techmology

The oceans contain a great amount of stored thermal
energy. The temperature. difference between the
surface and deep water creates thermal gradients
that can be turned into electricity. The con-
version technology 1is similar to that used in con-
ventional power plants. The sensible energy
contained in the warm surface water 1s used to
vaporize a working fluid that 1s then expanded
through a turbine connected to an electric gen-
erator. A condenser maintains low pressure at the
turbine exit using cold seawater as the energy
sink.

Over a century ago, d'Arsonval1 first suggested
using ocean thermal gradients to generate power
using a closed-cycle system. This system uses a
secondary working fluid, such as ammonia, to drive
a turbine. Surface heat exchangers evaporate and
condense the working fluid while separating the
working fluid from the seawater. Using a secondary

working fluid allows the power cycle to operate at
a higher pressure.

In 1930, George Claude,2 a student of d'Arsonval,
proposed and demonstrated an altermative cycle, the
open cycle, that uses steam evaporated directly
from the seawater to power a turbine. Since the
seawater temperature 1is 1less than the normal
boiling point at atmospheric pressure, the power
cycle pressure must be subatmospheric. Low
pressure at the turbine exit may be maintained by a
surface condenser, which has an added benefit of
producing fresh "water as a by-product, or by a
direct-contact condenser 1in which the steam
condenses directly on the cold seawater.

In 1979, Westinghouse Electric Corporation com=-
pleted a comprehensive analysis of a IOO-MUe net
floatins, open cycle plant for the Department of
Energy. The analysis projected that floating
plants in the range of 35-100 MW, would be cost-
effective. The report identified several technical
uncertainties and unknowns along with their poten-
tial for improving the plant's performance and
economic viability. The 1largest potential cost
impacts were associated with the evaporator, mist
removal device, and condenser. Since that 'time,
research at the Solar Energy Research Institute
(SERI) and its-contrac%gg% has addressed these and
other important 1issues.

1.2 Open-Cycle System Description

A block diagram of the basic open-cycle system is
presented in Fig. l. Warm tropical seawater
(~25°C) 1s pumped from near the ocean surface into
an evacuated evaporator chamber where the pressure
is lower than the corresponding saturation con-
dition of the entering seawater. Flash evaporation
results, cooling the seawater and converting a
small portion of it (0.52) to low-pressure steam.

The cooler seawater (~20°C) 1s then discharged back
into. the ocean. For some evaporator designs, the
boiling process may entrain seawater in the steam,
causing corrosion and erosion of the turbine
blades. To mitigate this problem, a mist removal
device may be required.

The steam expands through a turbine and a diffuser
towards the condenser. A generator connected to
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the turbine produces the electric power, which also
operates the seawater pumps and the exhaust com-
pressors.

Cold seawater (~5°C) 1s pumped from depths of
around 1000 m into the condenser to maintain the
condenser pressure. Dissolved gases, present in
the seawater, may come out of solution. To prevent
an Increase in pressure and loss in efficiency in
the condenser, these gases, along with air leakage
into the vacuum enclosure, must be removed by an
exhaust system.

Some - of the. dissolved noncondensable. gases may be
removed from the warm and cold seawater before
entering the main power system. These optional
seawater predeaeration components operate at
pressures gredter than the seawater vapor pressure
but low enough to allow noncondensable  gas
desorption.

1.3 Current Status

Recent studies have shown that small-scale, land-
based plants can be economic in the short term.
The longer seawater supply pipes required by land-
based facilities increase parasitic pumping power
and capital cost but eliminate the technical risk
and uncertainty associated with mooring or station
keeping of 1large floating structures, delivery of
energy to shore, and the effects of plant motion on
the power cycle.

Smaller capacity plants (on the order of 10-50 MW,)
are expected to penetrate the high energy cost
island market in a much shorter time than large-
capacity plants. In addition, many of these island
communities are 1in need of increased freshwater
supplies. If a surface condenser (i.e., shell and
tube or plate-fin) 1s used, an OC-OTEC system
produces a significant amount of fresh water,
nearly 200 kg/s (4 million gal/day) for a 10-MW,
plant. Another factor 1s that the perceived
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investment risk for a first generation OC-OTEC
plant 1is high. By concentrating research on a
smaller plant, which would require a much lower
total capital investment, the difficulty of finan-
cing 1s lessened. Our research has shown
preliminary costs of around $7200/kW for a typical
10-MW =capacity plant.

The technical feasibility of OC-OTEC was estab-
1ished 'when Georges Claude demonstrated the
principles in an operating plant in the 1930s.
Numerous studies have addressed the simultaneous
heat and mass transfer processes in the direct-
contact heat exchangers __both analytically and
experimentally.l“:‘scﬂ"i12’17-22 These studies have
considerably increased our understanding of the
candidate geometries for the evaporator and direct-=
contact condenser. A major limitation at this time
is that most experiments have used fresh water.
Performance with seawater might be significantly
different, and only limiteg experiments with sea-
water have been performed. 0 “The effects of the
presence of nucleation sites as well. as other
differences between fresh water and seawater, such
as surface tension, natural surfactants, and
boiling point elevation, are not well understood.

Performance and life expectancy of the low-pressure
turbine is an area of continuing investigation. 1In
their 1979 _study and 1in a follow=up study,
Westinghouse3’24 identified the potential for
manufacturing very large (45-m) turbines corre-
sponding to a gross power of 140 MW,. The blade
manufacturing concept used composite manufacturing
techniques similar to helicopter rotor tech=
nology. More recently, smaller scale metal blade
(1-3 Mwe) concepts have been presented using con-
ventional lw-presgufg stage rotors and slightly
modified stators.“”? We believe a turbine of
this type could be designed with very little dev-
elopment work. The 1largest remaining turbine
unknown 1is the amount and the magnitude of the
effects of seawater droplets entrained in the steam
(which could cause erosion and corrosion of the



blades). Another 1issue 1s off-design point per-
formance and the best control strategy to maintain
maximum output,.

Seawater pumps and exhaust compressors are avail-
able as off-the-shelf items, and 1little research
has addressed these components. Corrosion and
maintenance in the seawater environment 1is a
problem, but these issues are not critical and are
being examined by manufacturers for many
applications.

For 5-10 MW, capacity plants the technology exists
for manufacturing conventional seawater supply
pipes of sufficient diameter (2-4 m). However, the
diameter dictated by larger plants would require
manufacturing technology development. For
relatively small rigid pipes the major remaining
unknown 1s related to deployment. In addition,
many 1issues remain regarding steep undersea slope
stability, currents, storms, etc., and their effect
on different pipe designs. Several advanced
concepts such as undersea drilling and "inflatable"
pipes with a submerged pump can greatly reduce cost
to the level of the long-term DOE goal and are
currently being examined. It 1s beyond the scope
of this paper to thoroughly address research in
this area, but several critical issues remain.

Currently, the Natural Energy Laboratory of Hawaii
(NELH), located on the west coast of the island of
Hawaii at Keahole Point, is investigatiq% gany of
the research issues assoclated with OTEC with
funding from DOE, the state of Hawaii, and private
ccmpanies., Other projects--for example, maricul-
ture and seawater corrosion--are also being
performed at NELH with both public and private
funding. NELH 1is the only laboratory experimenting
with actual seawater. Existing seawater supply
pipes deliver around 32 kg/s (500 gal/min) of cold
seawater at 8°C and 65 kg/s (1000 gal/min) of warm
seawater at 26°C, Future plans include expanding
the facility to accommodate critical component and
integrated cycle experiments.

2.0 SYSTEM MODEL

2.1 General Description

The computer model of an open-cycle system consists
of subroutines that simulate the components shown
in Fig. 1. Besides these subroutines the model
includes a subroutine that calculates the inter-
component steam pressure losses. The component
performance m01%1&2g equations are described by
Parsons et al. with the exception of the
condensef model, which has been updated since these
reports. A brief description of the solution
method i1s as follows: four temperatures are chosen
at the onset, the warm water inlet, the evaporator
steam outlet, the turbine .outlet, and the cold
water inlet. For a given warm water flow rate the
warm water outlet temperature 1is found from the
evaporator effectiveness (e) defined as:

€ = (Tyy = Tuo)/(Tyg = Tg) (1)
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where T is the warm water inlet temperature,

is the warm water outlet temperature, and Ty is tge
steam outlet temperature. In this paper we used an
IR~ lOO—;ward—winning vertical spout evaporator
design with a nominal effectiveness of 0.90. The
steam mass flow rate 1s then found from_a heat
balance. We can find the noncondensable gas
release from the warm seawater from inlet condi-
tions and the 1input percentage of equilibrium.
achieved. Alr leakage 1into the vacuum chamber 1is
included as an input. Pressure (and corresp%nding
temperature) drops in the mist eliminator® and
steam passageways are found using input pressure-
drop coefficients ("K" factors). With the turbine
inlet temperature, outlet temperature, steam mass.
flow rate, and a specified isentropic efficilency we
can compute the turbine power output. By applying
a generator efficlency we can find the gross
electric power of the plant. A diffuser component
converts some of the steam velocity head at the
turbine exit into 1increased steam temperature and
pressure using an input diffuser recovery factor.
The condenser model calculates four quantities:
percentage of steam condensed, percentage of
dissolved 1inert gas release, steam outlet
temperature, and vapor side pressure drop for the
cocurrent and countercurrent sections from
equations derived from the results presented in
Bharathan et al, The fitted curves of
performance are functions of inlet conditions such
as steam temperature, superheat, and noncondensable
gas content 1in the steam plus condenser design
conditions such as vapor loading, Jacob number,
condenser height, and liquid-vapor interfacial .area
per unit volume. The cold seawater flow rate 1s
found from the Jacob number, steam loading, and
steam temperature. A vent compressor train.with
interstage coolers then exhausts the uncondensed
steam and noncondensable gases to the atmosphere.
The power required to run the compressors 1is
subtracted from the gross generator output. In
addition, head 1losses 1in the seawater supply and
discharge pipes are found for specified pipe
lengths and flow velocities. The model then finds
the parasitic pumping power and the net electric
output of the plant.

Component sizing is found from flow rates and load-
ings or velocities. Costs are compute?3 as a
function sizg using Block et al. and
Valenzuela et al, with small modifications, such
as 1including a cost for condenser fill such as
packing or plates associated with a falling film.
We then estimate additiomal costs such as plant
design and engineering, land, support buildings,
controls, etc. The installed power cost in $/watt
is simply the net electric output divided by the
total cost, The interested reader may find the
details of the system model and the coded equations
in the earlier 1listed reference citatioms. For
this study the nominal net 1installed power value
was approximately 10 MW_. The key 1input and
reference parameters are fisted in Table 1.

2.2 Optimization

The design parameters included in Table 1 corre-
spond to typical OTEC conditions or standard
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Table 1. Constant Plant Parameters

Component Parameter Value
Warm seawater flow rate 34620 kg/s
Warm seawater inlet temperature 25%¢
Cold seawater inlet temperature 5°¢
Evaporator height 0.5 m
Evaporator passage K factor 0.5
Mist removal K factor 10.0
Turbine passage K factor 1.0
Turbine efficiency 0.8
Generator efficlency 0.9
Turbine hub-to-tip ratio 0044
Diffuser efficiency 0.9

Cocurrent condenser Lype
Countercurrent condenser type
Combined compressor and

falling film
packed column

motor efficiency 0.72
Intercooler pressure drop 150 Pa
Compressor pressure ratios 1.6
Combined pump/motor efficiency 0.78
Warm seawater supply pipe length 300 m
Cold seawater supply pipe length 2200 m
Mixed discharge pipe length 1100 m

1200 $/m length
m diameter

Pipe cost

industrial component performance and design. These
parameters were not varied during optimization
studies. Other design parameters (Table 2) may be
varied to obtain a minimum installed power cost
design. For example, the temperature distribution
between components is varied by changing the value
of the evaporator steam temperature and the turbine
outlet temperature. Another variable that was
examined in the overall optimization was the steam
velocity through the mist eliminator. Increasing
velocity causes a larger pressure drop (ihich
reduces the energy extracted by the turbine), but
reduces the area and cost of the device. The other
main variables examined in this paper are related
to the heat exchanger design conditions.

Geometric design variables such as evaporator spout
diameter, seawater velocity in the spouts, spacing
between spouts, and spout height affect not only
the evaporator cost but the structure cost (mainly
because of vacuum containment size) and seawater
pumping power as well. Varying these design para-
meters will most likely affect evaporator
effectiveness, but the coupling between the above
geometric variables and performance is not avail-
able. Therefore, we chose nominal conditions for
each variable and did not include evaporator per-
formance and geometry in the overall system optim-
ization. Individual parametric variations and the
nominal values of evaporator variables are
discussed later.

Condenser design parameters affect the system
installed power cost by changing the component
cost, structure cost, cold seawater pumping power,
the pipe design, and vent compressor parameters in
a fashion similar to the evaporator design. In
contrast to the evaporator, however, we use
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relations coupling the geometry and inlet
conditions to the condenser performance.
Therefore, overall system optimization 1includes
condenser loadings and geometry as variables. The
geometric variables iIncluded 1in optimization
include gas loading (kg/s m“), condenser height,
liquid-vapor interfacial area per unit volume, and
a modified Jacob number defined as:

Ja = mCo(Tyy = Tygd/mgheg » (2)
where m, is the water flow rate, C; is the specific
heat of seawater, mg 1s the steam flow rate, and
hg, is the enthalpy of vaporization. Changes in
pe%formance and required capital are reflected in
the overall system installed power cost,

The final set of parameters included in this
optimization determines the seawater supply pipe
cost and head losses. For a predetermined water
flow rate, the flow velocities of the seawater are
varied to determine pipe diameter. Lower velocity
decreases head loss and parasitic pumping power
while increasing pipe costs. All these parameters
are varied until the optimum lowest installed power
cost plant is found.

A third category of parameters 1is also of
concern. A large uncertainty exists in the struc-
ture costs associated with the vacuum containment
vessel. A preliminary estimate was developed fgr g
10-MW,,  land-based plant of  $10,000/m%.!
Depending on the portion of the structure costs
that are independent of planform area and the
relation between total planform area and heat
exchanger area, the incremental change in structure
cost for small changes in heat exchanger size could
vary from around $5,000 to $25,000/m“. Condenser
and evaporator studies were performed at both of
these values to access the effect of changing the
structure cost penalty on optimum design
conditions.

Table 2. Plant Parameters Varied in Optimization

Component Parameter
Evaporator Steam outlet temperature
Turbine Steam outlet temperature

Warm seawater
supply pipe
Cold seawater
supply pipe
Mixed discharge pipe
Mist eliminator
Cocurrent condenser

Seawater flow velocity
Seawater flow velocity

Seawater flow velocity
Steam flow velocity
Height

Gas loading

Jacob number
Surface area to
volume ratio
Height

Gas loading

Jacob number
Surface area to
volume ratio
Number of stages

Countercurrent
condenser

Seawater predeaeration
subsystems
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A similar situation exists with the seawater piping
costs. Pipe costs have been estimated at anywhere
from $500 to $25,000 per meter diameter meter
length. For the studies %resented in this paper we
used a value of $1,200/m“, but additional studjies
have been performed using pipe costs of $5,000/m2.

2.3 System Model Uses

The systems model 1is used in three principal
ways. First, it can be used to identify the opti-
mum operating conditions for particular components,
such as the condenser or seawater predeaerator.
The operating conditions identified in this study
are being used to help define experimental condi-
tions for future component tests at NELH.
Secondly, the model provides information on the
sensitivity of plant cost to various unknowns.
These sensitivities can be used to rank research
issues based on potential cost reductions. Even
with uncertainty in the absolute cost predictioms,
relative differences are easily quantified.
Finally, the model can be used (albeit cautiously)
to predict costs and cost-effectiveness of open-
cycle OTEC plants.

3.0 PASSIVE SEAWATER PREDEAERATION

3.1 Description

Natural seawater contains a small but significant
amount of dissolved noncondensable gases, maégly
nitrogen and oxygen [approximately 15 ppm total“-].
These noncondensable gases come out of solution
when the pressure is decreased on the fluid (for
example in the evaporator or condenser). A
significant parasitic power 1loss arises from the
need to continuously exhaust noncondensable gases
from the condenser to maintain the system vacuum.
In addition, the presence of noncondensable gases
degrades the condensation efficiency. It 1is
possible to remove a portion of the dissolved gases
without significant water vapor evolution by
exposing the seawater to a pressure higher than the
vapor pressure of the water before it enters the
heat exchangers. Less power 1is then required
because the desorbed gases are compressed and
exhausted to the atmosphere from a pressure higher
than the pressure in the condenser. A major factor
influencing the desorption rate is the vapor-liquid
interfacial area. Active methods for increasing
this interfacial area, such as packec; czlur%nsB have
been examined in several studies, »14,22,2 but

results indicate that the benefits of predeaeration.

are counteracted by the additional seawater pumping
power required to provide the additional 1liquid
head.

Recent rfgults of experiments at NELH using natural
seawater indicate that these surface area pro-
moting devices may not be required. A significant
portion of the noncondensable gases was found to
evolve in the supply upcomer for both warm and cold
seawater. Figure 2 shows the fraction of equil-
ibrium gas release for nitrogen and oxygen as a
function of pressure in a debubbler chamber where
the gas was vented to a compressor train. Fraction
of equilibrium is defined as:
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FIG. 2 HAWAII DEAERATION DATA: COLD SEAWATER

faq = (xqn = Xoue)/(xgn ~ x*), &)
where Xin is the inlet dissolved gas concentration,
Xout 18 the measured outlet. dissolved gas con-
centration, and x* 1is the equilibrium outlet

dissolved gas concentration defined by Henry's law:
x* = He p; (&)

He 1is Henry's constant for the gas and 1is a
function of temperature, and p, is the partial
pressure of the gas above the liquid. The solid
lines are data fit to curves used 1in the
predeaeration subsystem model. The use of this
data in the open=-cycle systems model is preliminary
since the mechanisms of gas release are not well
understood at this time,

The fitted curves assume that gas release is a
function only of chamber pressure. In fact, gas
release 1is probably affected by the presence of
nucleation sites, flow  velocity, and pipe
configuration. More extensive tests will be
performed at the NELH including improved
instrumentation such as in-line dissolved gas
measurements. However, the present data are useful
for examining the effects of passive predeaeration
on system performance.

3.2 Seawater Predeaeration Subsystem Model

The noncondensable gas release curves shown in
Fig. 3 were integrated into a seawater
predeaeration subsystem model. A schematic of the
model is shown in Fig. 4. The deaeration chambers
and compressors for removing gases are staged.
Referring to the diagram, the seawater first enters
deaerator stage N, which is only slightly below
atmospheric  pressure. A portion of the
noncondensable gases 1is released according to
Eqs. 2 and 3. The seawater then progressively
enters lower pressure chambers, releasing more
gases., The seawater then enters the direct-contact
heat exchangers. Because of the predeaeration,
much less noncondensable gas 1is released in the
main power cycle vacuum chambers. We assume the
seawater head loss associated with each deaeration
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FIG. 3 DEAERATION SUBSYSTEM

stage to be negligible; therefore, we do not need
to 1increase the seawater pumping power. Staging
the deaerators maximizes gas release while
minimizing the power requirements of the
compressor. Interstage vent condenser and coolers
are included to lower the temperature of the gas
exiting a compressor and to reduce the water vapor
flow rate in the next compressor. Compressor and
intercooler cost equations are iilgntical to those
of the condenser exhaust system. We assume the
deaeration chamber cost to be negligible since it
only consists of a small gas collection area in the
seawater supply stream with a gas venting tap. In
the predeaeration studies presented in this_paper
we used a structure cost of $25,000/m2 (as
discussed in Sec. 2.2).

3.3 Predeaeration Assumptions and Results

System evaluations  were made to quantify the effect
of adding seawater predeaeration subsystems to the
basic OC-OTEC plant. First, we optimized a plant
without seawater predeaeration. Then, without
changing the parameters that were varied to obtain
the optimum plant, seawater predeaeration sub-
systems were added to both the warm and cold sea-
water flows. The  number of compressor and
deaerator stages was systematically increased to

1.05 2
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2 .
Q @
o 2
§ 2
. . . "
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2 )
N S
s 2
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(=]
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Fraction of maximum deaeration

FIG. 4 EFFECTS OF DEAERATION ON SYSTEM PERFORMANCE
AND COST

change the level of predeaeration. For this paper
all the compressor pressure ratios were fixed at
1,60 Larger values of pressure ratio lead to
increased parasitic power and would not allow us to
examine many levels of deaeration. Smaller pres-
sure ratios are not generally available for large
volumetric flow rates and may lead to design prob-
lems and difficulty in estimating costs. The
intercooler vapor pressure drop was set to 150 Pa,
which corresponds to values from experimental and
numerical 9sl:udi.es for an efficient direct-contact
device.7’l With this pressure drop and pressure
ratio, the maximum number of stages on the warm
side was 7 and on the cold side, 10. Additional
stages lead to boiling in the 1lowest pressure
deaerator,

The reduction in normalized installed power cost in
$/watt and the increase in net/gross power ratio

for varlous fractions of maximum deaeration,
defined as
f0d = Caea ~ Pain)/ Patm =~ Psar) » (5)

where P tm is atmospheric pressure, P is the
lowest 3eaerator stage pressure,. and Psat is the
water vapor pressure, are shown in . Fig., 4. Two
cost curves are presented. One 1s for a single
compression train where the vapor from each
deaeration chamber 1s fed 1into the condenser
exhaust compression train at the appropriate
points. Another 1s for separate ‘compression trains
for the warm seawater predeaeration subsystem, the
cold seawater predeaeration subsystem, and the con-
denser exhaust subsystem. Separate compression
trains may allow for a greater degree of plant
control, ©but <costs are 1increased since the
compressor cost versus volumetric flow relation
does not have a =zero intercepts The use of
separate trains does not affect the net power of
the plant since power 1s directly proportional to
vapor flows A maximum cost reduction of around 7%-
8% 1s found at a fraction of maximum deaeration of
0,95, If the plant conditions were reoptimized or
the pressure ratios were fine tuned by not assuming
a constant value, a further reduction in cost would
be realized. Larger fractions lead to increased
installed power cost because adding another stage
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Table 3. Effect of Evaporator Geometry on Installed Power Cost

Resulting
Geometric Parameter Nominal Value Parametric Range Normalized
Cost Range
Spout height 0.5 m 0062 - 2.0m 0.98 - 1.05
Spout diameter 0.13 m 0.05 - 0.5 m 1.01 - 0,995
Spout seawater velocity
(constant 1liquid loading) 2.0 m/s 0.5 = 4.0 m/s 0.98 1.04

does not significantly reduce the amount of non-
condensgb%ﬁ gases removed. Unlike previous
studies™? examining active deaeration schemes,
this study 1indicates that 1including seawater
predeaeration subsystems with passive deaerators is
worthwhile in OC-OTEC plants because of the ease of
gas desorption and the lack of any detrimental
l1iquid head loss. “Predeaeration subsystems were
used in subsequent optimization studies.

4.0 EVAPORATOR PARAMETRIC STUDIES AND RESULTS

Parametric variations of vertical spout evaporator
geometry and performance were completed so we could
evaluate their effects on normalized installed
power cost 1in $/watt. As mentioned earlier, no
interactions between geometry and effectiveness are
included in the model. Table 3 1lists the nominal
condition, parametric range, and effect on normal-
ized 1installed power cost of several geometric
parameters. The nominal plant in this case 1Is an
optimized IO-MWe plant using the best seawater pre-
deaeration subsystems defined in the study of
Sec. 3.

Figure 5 shows the effect of varying the 1liquid
loading and evaporator effectiveness, defined
earlier, on normalized cost. Two sets of curves
are presenteds The first uses a vacuum structure
cost of $25,000/m“. The effect of liquid loading
and evaporator effectiveness on 1installed power
cost 1s much more pronounced than the effects of
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0 100 200 300 400 500

o
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s
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2 11 Case 1: $25,000/m?
g Case 2: § 5,000/m?
3 1.0fF
]
3
N oo
L]
£ .

2

2 0.8} L,
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FIG. 5 EFFECTS OF EVAPORATOR PERFORMANCE AND
LOADING ON POWER COST

the parameters presented in Table 3. Changing the
vacuum area cost to $5,000/m“ significantly reduces
the total cost aud reduces the effects of these
variables. In a practical iystem liquid loadings
greater than 100~150 kg/s m~ may lead to severe
vapor escape problems.

These parametric studies are useful in defining the
variables of importance in evaporator design. They
suggest that further seawater experiments should
concentrate on verifying the high-effectiveness
values obtained in fresh water and the limited sea-
water tests and on examining the effect of
increasing the 1liquid loading.. The height of the
spout required to maintain a high effectiveness is
also of concern. Once interactions between spout
geometry and performance are established, the
results will be incorporated into the systems model
for further optimization and study.

5.0 DIRECT-CONTACT CONDENSER STUDIES

5.1 Coufiguratiom and Model Basis

The condenser included in these studies 1s a two-
stage, direct-contact device schematically showm in
Fig. 6. Although surface condensers have also been
studied for use in open-cycle OTEC, they are not
discussed in this paper. A cocurrent followed by a
countercurrent configuration is used. A cocurrent
first ‘stage 1s used for several reasons. In most
open—cycle plant designs steam exits the turbine
above the barometric level of the condenser either
horizontally or vertically downward. By directing
the steam downward the cost and pressure drop
associated with a large steam passage to redirect
the steam is avoideds In addition, the vapor side
pressure drop (which is very important in low driv-
ing potential systems like OTEC) of a cocurrent
section is low. After a large portion of the steam
is condensed (70%-95%), the steam is turned upward
and directed through a countercurrent section.
Even though only a small portion of the steam is
condensed iIn the countercurrent section, con-
centrating the noncondensable gases greatly reduces
the exhaust pumping power.

The condenser model wused iIrn these studies 1s
deriv7d19 from results of det:aileé:l9 numerical
codes’? using the Colburn~Hougen approach,.
Output was compared with results from freshwater
condenser experiments with reasonable agreement.
Because of the relatively large concentration of
noncondensables in the steam, the detailed model
evaluates local heat and mass transfer coefficients
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FIG. 6 TWO-STAGE, DIRECT-CONTACT CONDENSER

at discrete intervals. To keep computer costs at a
reasonable level integrated results of the detailed
numerical model were fit to curves with geometric
and design variables as parameters 1n the systems
ccde condenser subroutine.

5.2 Assumptiouns and System Results

The direct-contact condenser model used in the
system studies has several inherent assumptions.
The performance fitted curves assume a constant
cross—-sectional area and interfaclal surface area
per unit volume. It may be possible to improve
performance by talloring these parameters to best
fit the local conditions at a given height 1in the
condenser, but these second-order refinements are
not yet included in the code. The code assumes a
water distribution and drain collection height of
0.5 m. For conservative predictions condensation
in these areas 1s not considereds In addition to
the piping, floor, and vic:ixum structu{e costs dis~
cussed 1in Block et al., a $225/m” charge fo§
packing 1in the countercurrent secticn and $l4/m
for plate plus a water manifold charge for the
falling film cocurrent section are included. Steam
pressure losses past the water distribution
manifold are assumed to be negligible.

Table 4. Comparison of System Operating
Conditions for Twe Vacuum Area Costs

$5,000/m?  $25,000/m°

Cocurrent section

Height (m) 1.75 2.00

Percentage condenseg 91 87

Gas loading (kg/s m“) 0.7 1.0

Outlet superheat (°c) 0.8 2.1
Countercurrent section

Height (m) 2,00 2.75

Percentage coundensed 99 99

Gas loading (kg/s m2) 0.4 0.5

Outlet superheat (°C) 2.9 4.8

We optimized the condenser for the two vacuum area
costs used 1n the evaporator studies. Table 4
compares the resulting condeuser design
parameters. At higher vacuum area cost the optimum
vapor loading 1s increased in spite of higher pres-
sure 1losses. In addition; contactor height 1is
increased to make up for a slightly lower con-
densation efficiency. The increased outlet vapor
superheat 1s a result of the larger pressure
drop. We also studied the parameters of each
design variable to examine the sensitivity of the
optima. An example of this procedure 1s shown in
Fig. 7 where uormalized installed plant cost 1is
plotted as a function-of the coclurrent section
helghto. The relatively low sensitivity of plant
cost to cocurreut height allows a unominal height of
1l.75 m to be selected for experiments even without
certainty in the structure cost.

These results have been used to define reasonable
ranges of design variables for condenser seawater
tests. Verification of these performance pre-
dictigqns with seawater 1s critical. However, 1if
the current model 1s accurate, condenser design
parameters may vary over a fairly wide ' range
without largely affecting installed power cost.
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FIG. 7 EFFECTS OF VARYING THE COCURRENT HEIGHT ON
POWER COST
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6.0 CONCLUSIONS AND RECOMMENDATIONS

Using preliminary data on the performance of low-
nead deaerators quantifies the effect of using sea-
water predeaeration subsystems on open-cycle OTEC-
installed power cost. Reductions in cost of 8% and
an increase 1In the net/gross power ratio of 4% were
demonstrated; further improvements are possible by
fine tuning the predeaeration subsystem and reopti~-
mizing the overall system. The cost difference
between using a single compression train and
separate compression trains for the warm pre-
deaerators, cold predeaerators, and condenser
exhaust was around 47%. It must be emphasized that
the data must be verified and the mechanisms of gas
release in these devices must be understood. This
could 1lead to enhancing the performance and
improved overall design.

Parametric studies that varied vertical spout
evaporator geometry and performance indicate that
the key parameters are maximum liquid loading and
evaporator effectiveness. Experimeats at NELH will
concentrate on verifying model predictions and
establish the needed relations between geometry and
performance.

Using the systems model, optimum condenser oper-
ating conditions for two structure cost algorithms
were 1dentified. Large variations 1in parameters
were not observed. These results have been used to
define operating conditions for seawater experi-
ments. Sensitivity of the plant cost to changes in
condenser design conditions was generally less than
5%e Future efforts at SERI will 1include an
expanded analytical effort to examine other direct-
contact condenser geometries and the effects of
transfer coefficient variations.

There 1s a critical need for seawater experiments
to verify .analytical model results, establish
relations for interaction that are not addressed in
the current models, and examine component coupling
and 1ntegration effects. Planned future efforts
include developing analytical models for addittiomal
condenser geometries and component seawater
experiments at NELH.
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