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PREFACE

This report is part of a continuing investigation of the applica-
bility of direct-contact heat exchangers to power production from

solar ponds. Earlier work on direct-contact boilers is documented
in SERI technical reports TR-631-1122R and TR-252-1401 (Wright

1981, 1982). The present report evaluates the use of direct-
contact condensers in a solar pond Rankine cycle.
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SUMMARY

Objective

The objective of this report is to explore the possibility of using a direct-
contact condenser to reduce the cost of producing electricity from an organic
Rankine cycle coupled to a solar pond.

Discussion

Direct-contact heat exchangers are often less expensive than equivalent shell-
and-tube heat exchangers because they are more simply constructed and require
less material. Heat transfer takes place efficiently as the interface between
the two fluids, without an intervening wall. Unfortunately, mass transfer, in
addition to heat transfer, may take place in the absence of a dividing wall.
The two fluids may contaminate each other during their stay in the heat
exchanger,

The system of interest is a power plant in which the working fluid (pentane)
is boiled by brine from the storage layer of the solar pond and condensed by
brine from the evaporating pond that provides concentrated replacement brine
to the solar pond. Three possible direct-contact condenser designs are con-
sidered: drop-type, bubble-type, and packed-bed. Simply replacing the shell-
and-tube condenser with one of these direct-contact options would result in
contamination problems. Air from outside would enter the condenser along with
the brine, and pentane would leave the condenser dissolved in the brine and be
lost to the atmosphere. In order to reduce these problems, we designed a

deaerator and a degasser to treat the brine stream before it enters and after
it leaves the condenser, respectively.

Size and cost are estimated for each direct-contact condenser and the
accompanying deaerator and degasser. For each piece of equipment, there is a
discussion of the correlations or models used for heat and mass transfer, par-
ticle terminal velocity, and particle production, as applicable.

Conclusion

The cost of electricity produced using a direct-contact condenser subsystem is
estimated to be less than the cost of the electricity produced in a plant with
a conventional condenser, for two of the three design options. However, the
reduction in cost was not significant enough to compensate for the
uncertainties involved in the relatively new technology of direct-contact heat
transfer.

iv
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NOMENCLATURE
Units*
A cross—-sectional area of direct-contact condensers,
deaerators, and degassers; surface area of shell-and-tube 9
heat exchangers m
A¢ total area of holes in a perforated plate ‘ m2
A, | total area of perforated plate (including holes) l m?
a specific area of packing n2/m3
ag surface area of a tube per unit length m2/m
aw/at ratio of wetted to total area of packing -
B ratio of the products of flow rate and specific heat,
defined as my, CpL/(mv va) _
C cost of cooling tower $
C; fictitious drag coefficient -
c, specific heat ‘ J/ (kg °¢)
CS cost of fabrication $
D diameter m
Dp characteristic diameter of packing m
d diffusivity mz/s
e efficiency -
F packing factor -
FI’FZ costing factors for cooling tower -
Fo Fourier number, defined as kLt/(pLCPLRS) -
f friction factor -
g acceleration due to gravity n/s?
* —~ in the units column mean that the term is dimensionless.
ix
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HTU

hfg
Ja

Ja*

PL

Pr

Oe

If

Re

St*

NOMENCLATURE (Continued)

Henry's constant ppm/atm
height of transfer unit ) m
20

film heat-transfer coefficient W/ (m C)
heat of vaporization J/kg
Jakob number, defined as hfg/[cpv(Tsat - Tavg)] -
modified Jakob number, defined as pLCpL (TSat - Tm)/(hfgpc) _
conversion factor, equal to 9.3

thermal conductivity W/ (m °C)
length m
number of manholes -
mass flow rate kg/s

number of nozzles, tubes, or holes -
Nusselt number, defined as hD/k -
coefficient in the correlation of Golshani and Chen

pressure Pa
parasitic losses W

Prandtl number, defined as Cpu/k —_

power W
rate of heat absorption or rejection W
radius m
resistance due to fouling | m2 Ooc/w

Reynolds number, defined as 2RVp/u- -
hourly cost of shop labor or fabrication of columns $/hr
modified Stanton number, defined as UVA/[&VCpVa (ay/ag)] -

temperature °c
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SR #

NOMENCLATURE (Continued)

t time s
UV volumetric heat transfer coefficient W/(m3 0C)
US overall heat transfer coefficient (for shell-and-tube 2 o

heat exchangers) W/ (m Cc)
\" velocity m/s
v volume ’ m3
W weight of material for a piece of equipment tons
We Weber number, defined as VgrDorpv/oL -
X concentration ppm
Y expansion factor for gases passing through orifices --
Z height m
A dimensionless height, defined Z/Dp -—
a coefficient in the correlation of Golshani and Chen
n viscosity kg/ (ms)
0 density kg/m>
o surface tension N/m
T dimensionless time, defined kLt/(PL CpL Roz) -
o effectiveness, defined for a drop-type condenser as the ratio

of the thickness of the condensate film to the radius of the

drop —
Sﬁbscripts
a air
avg average
c condensate (i.e,, pentane liquid)
d drop
da deaerator
eq equilibrium
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NOMENCLATURE (Concluded)

inner

interface

liquid (i.e., brine or water)

log mean

lateral

outer

orifice
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terminal
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SECTION 1.0

INTRODUCTION

A solar pond coupled to an organic Rankine cycle power plant converts sunlight
first to heat and then to electricity. The difference between the pond
storage zone temperature and ambient temperature is small (<100°C) in com-
parison to the temperature driving force for coal-fired or nuclear power
plants. A low driving force implies a low efficiency for Rankine cycles:
under typical operating conditions for a solar pond power plant, approximately
90% of the heat removed from the solar pond must be rejected into a cooling
pond. For that reason, heat exchangers, usually shell-and-tube, account for a
large part of the capital cost of this sort of power plant.

Previous work at SERI has investigated the possibility of replacing the shell-
and-tube preheater/boiler with a direct-contact heat exchanger, 1n which the
working fluid bubbles through the hot brine from the solar pond. On the basis
of its cycle efficiency and low solubility in brine, Wright (1981) selected
pentane as the best working fluid for a Rankine cycle with a direct-contact
preheater/boiler. 1In 1982, he sized the preheater/boiler and found its cost
to be about 10% of the cost of an equivalent shell-and-tube heat exchanger
(Wright 1982). Figure 1-1 is a diagram of the plant designed by Wright.

This report examines the feasibility of using a direct-contact condenser for
solar pond power production in a 5-MWe plant., Wright dismissed the idea in
his 1981 report because he found the pentane loss unacceptably high for the
system he selected: a condenser cooled with fresh water that flows directly

Surface . E
convective =% Turbine g
Solar pond layer 8
‘ ~f Organic Shell-and-tube
\_C\ power condenser
: . cycle
Nonconvective Brine |, Direct- l f T T
. insulating layer loop | contact p——

boiler
Convective : g
4 '“J

storage layer

OO
Expander G—“_‘l Mechanical-draft

- .
«wet cooling tower

]

>—
Recycle to condenser

Degasser

LIIIIIIII

Figure 1-1. Organic Rankine Cycle Coupled to a Solar Pond
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to a wet cooling tower. This report considers a different system, which has
much smaller working fluid losses for the following reasons: first, concen-
trated brine, in which pentane has a very low solubility, is used as the
coolant, and second, a degasser recovers some of the dissolved pentane. The
concentrated brine is obtained from evaporating pcnds that are required for
solar pond maintenance even if electricity is not produced. In this report,
we evaluate three possible direct—contact condenser designs: drop-type,
bubble-type, and packed bed, as well as one conventional design. The
evaluation is done by sizing and costing the options for a 5-MWe power plant
and comparing costs. Section 2.0 describes the components of the system.
Section 3.0 explains the method used to compare the different designs. 1In
Sections 4.0 and 5.0, correlations are presented for designing the direct-
contact and shell-and-tube condenser subsystems, respectively; Sections 6.0
and 7.0 provide designs and cost estimates. Section 8.0 gives cost estimates
for the entire plant for each option. Section 9.0 concludes that, within the
accuracy of this analysis, the use of a direct-contact condenser somewhat
reduces the cost of power. However, this cost reduction is probably not large
enough to compensate for the uncertainties still associated with the new
technology of direct-contact condensation.
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SECTION 2.0

SYSTEM DESCRIPTION

This section describes the organic Rankine cycle (Section 2.1) and, -within it,
the components of the condenser systems under consideration (Section 2.2). 1t
also states the performance requirements assumed in this study for each com-

ponent., ‘

2.1 RANKINE CYCLE

In an organic Rankine cycle, an organic working fluid travels in a loop from
boiler to condenser and back again. Between the boiler and the condenser, the
fluid does work on a turbine, producing electricity. After the liquid working
fluid leaves the condenser, work is done on it to pump it back to boiler pres—
sure. Figure 2-1 shows the components of the working fluid loop. 1In the sys-—
tem examined in the report, the working fluid is pentane, the heat source is
hot brine from the storage layer of a solar pond, and the heat sink is a
reservoir of brine or fresh water at atmospheric pressure and near ambient
temperature, The boller is a packed-column direct-contact heat exchanger
described in an earlier SERI report (Wright 1982).

Four types of condensers are examined in this report: three direct-contact
condensers and one shell-and-tube condenser. In the bubble-type direct-
contact condenser, bubbles of pentane vapor condense into drops of pentane
liquid as they rise through a continuous phase of brine. 1In the packed-bed

_ Turbine
Boiler Condenser

L_<_(D_‘_

Pump

003924

Figure 2-1. Working-Fluid Loop
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and drop-type condenser, however, pentane vapor is the continuous phase: in
the drop-type condenser, the pentane condenses in a thin film on falling drop-
lets of brine; in the packed-bed condenser, it condenses in a thin film on a
layer of brine that flows over packing. The three direct-contact condensers
are compared to a conventional shell-and-tube condenser that uses water as a
coolant. Water, rather than brine, was selected on the assumption that cor-
rosion problems would be severe if brine were used in a shell-and-tube heat
exchanger,

2.2 CONDENSER SUBSYSTEM

Because of the nature of direct-contact heat transfer, the components of the
coolant loop for a direct-contact system are different from those of a plant
using shell-and-tube heat exchangers. Figures 2-2 and 2-3 show the condenser
subsystems for a shell-and-tube condenser and for a direct-contact condenser,
respectively. The shell-and-tube subsystem consists of a shell-and-tube heat
exchanger and a cooling tower. The direct-contact subsystem consists of a
direct-contact heat exchanger, a degasser, a deaerator, and an evaporating
pond.

In the shell-and-tube condenser, pentane condenses on the outside of tubes
through which cool water is flowing. The pentane must reject enough heat to
change from a superheated vapor to a liquid. The water absorbs this heat as
it passes through the condenser; it must reject the same amount of heat into
the air in the evaporative cooling tower.

Because of alr leaks, it is impossible to keep the pentane vapor in the con-
denser entirely free of noncondensable gases. To maintain the condenser's
pressure at the low level required, these gases must be removed from the con-
denser continuously. Before being vented to the atmosphere, they pass through
the vent. condenser, shown in Figure 2-2, where some of the pentane carried
with them is condensed.

The direct-contact condenser subsystem is more complicated because the pentane
and brine can contaminate each other when they come into contact in the con-
denser., This subsystem still includes a condenser and a vent condenser, which
perform the same functions as those in the shell-and-tube system. In addi-
tion, it includes a deaerator and a degasser. The coolant is brine from the
most coacentrated of the evaporating ponds associated with the solar pond,” and
heat is rejected directly into this evaporating pond, without a cooling

tower., The rejected heat speeds up the process of concentrating brine for
solar pond maintenance.

Brine is pumped from the evaporating pond through a deaerator before it enters
the condenser. The deaerator is necessary in the direct-contact system for
three reasons that do not apply to the shell-and-tube system. First, the cor-
rosive effect of brine is greatly reduced when oxygen content is reduced.
Second, since the condenser operates at subatmospheric pressure, some air will
come out of solution and degrade condenser performance unless the brine is
deaerated before it comes into contact with the working fluid. Finally,
deaeration reduces the possibility of producing an explosive mixture of oxygen
and pentane vapor in the condenser or degasser. A deaerator is needed because

4
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Figure 2-2, Shell-and-Tube Condenser Subsystem
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brine is used as a coolant and a direct-contact condensation process is
employed.

We chose deaerator performance requirements on the basis of condenser perfor-
mance, and found that these requirements were stringent enough to reduce cor-
rosion and explosion problems drastically as well, A small amount of
noncondensable gas is present in any subatmospheric condenser, direct-contact
or shell-and-tube, because of air leaks. We arbitrarily assumed that this
amount would be 1% by volume of the pentane vapor present. A direct-contact
condenser without a deaerator may have a considerably larger percentage of
noncondensables, for the following reason: according to Henry's law, the
equilibrium concentration of air in brine is directly proportional to the
partial pressure of air above the brine. If the brine travels directly from
the evaporating pond to the condenser, the partial pressure of air, and con-
sequently the equilibrium concentration of air in the brine, are reduced to
approximately 1% of their value outside, and air is released. The function of
the deaerator is to reduce the concentration of air in the brine so that it
will be in equilibrium with the 1% noncondensables in the condenser. Thus,
the brine will not release any air in the condenser, and the direct-contact
and shell-and-tube condensers will have the same problems with noncon-
densables,

Removing 99% of the dissolved air reduces corrosion significantly, since the
dependence of the corrosion rate of steel on brine oxygen countent is
approximately linear. Diamant (1971) and Schumacher (1979) plot corrosion
rate versus oxygen content for dilute salt solutions. We can use these data
as estimates of corrosion rates for concentrated brine. Extrapolated from
data on solubility at high pressures in the Saline Water Conversion
Engineering Data Book (M. W. Kellogg Company 1975), the concentration of
oxygen in 25% brine at one atmosphere total pressure is 0.9 ppm (parts per
million, by weight). The deaerator will reduce that concentration to less
than 0.009 ppm. This reduces the corrosion rate for dilute brine from 0.08 to
0.02 mm of steel per year, or from 2.3 mm to 0.6 mm over the 30-year lifetime
of the plant.

According to Sax (1979), pentane vapor and air can form an explosive mixture
if the fraction of pentane is between 1.5% and 7.8%. So, the likelihood of
producing an explosive mixture is very small in the condenser, where there is
far more pentane vapor then air, or in the degasser, where more than 100 times
as much pentane as air is present in the brine. The likelihood becomes even
smaller when the deaerator is introduced.

Henry's law governs the absorption of pentane as well as the desorption of air
in the condenser. It is conservative to assume that the brine will become
saturated with pentane during its residence in the condenser, and that any
pentane that enters the evaporating pond with the brine will be desorbed and
lost into the atmosphere. Although pentane is much less soluble in concen-
trated brine than in fresh water (Hellstrom, Jacobs, and Boehm 1976; see
Figure 2-4), it is not economically feasible to lose as much pentane as can be
dissolved in brine at the condenser pressure., This would result in a pentane
replacement cost of over two million dollars during the lifetime of the plant,
the same order of magnitude as the cost of a shell-and-tube condenser. For
that reason, a degasser must be inserted between the condenser and the

6




TR~-2164

- S
SRl #
— K4

180.00

001425

150.00

® 0%. Salt
A 2.5% Salt
8 25% Salt

120.00 [ \
z \
& \
é 90.00 |- \
I

60.00

30.00 -
0.00 1 L. ) = J
0.00 30.00 60.00 90.00 120.00

Temperature (°C)
Source: Helstrom 1976

Figure 2~4., Solubility of Pentane in Aqueous Saline Solutioms




SEQI [@) » TR-2164

evaporating pond to retrieve some of the dissolved pentane. The degasser
releases pentane vapor, which can be sent either to the main condenser or the
vent condenser. For simplicity in the analysis, we chose to return it to the
main condenser. Condenser performance is impaired when water vapor and air
are returned to the condenser along with the pentane, but we neglected the
impairment because the water vapor is condensable and the amount of air is
very small.

The degasser must be designed to remove all but a certain amount of pentane
from the brine stream. One way to determine the design requirements is to
find the minimum of the sum of the degasser cost and the present worth of pen-—
tane lost over the lifetime of the plant. A more stringent condition on
degasser performance, based on safety, was used in this analysis. If the air
above the surface of the evaporating pond is stagnant, the partial pressure of
pentane, and thus the concentration of pentane in the layer of air nearest the
surface, is related to the concentration of pentane in the brine by Henry's
law. Thus, the degasser duty was determined by requiring that the pentane
concentration in the air above the evaporating pond be below the lower
explosive limit. This requirement is probably stricter than necessary, since
convection currents normally present over a cooling pond will disperse the
pentane vapor dquickly. The safety requirement reduces the cost of pentane
lost to a small percentage of the plant's operating expenses.
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SECTION 3.0

METHOD OF COMPARISON

This section describes how we compared the four condensers mentioned earlier,
which exhibit different vapor-side pressure drops and brine-side parasitic
losses, The fairest way to choose among the four options would be to optimize
each condenser subsystem on the basis of cost per net electrical output over a
typical year and compare these costs. Time constraints, however, necessitated
the use of a simpler, somewhat arbitrary, comparison procedure: we sized the
four condenser subsystems so that the plants that they belong to produce the
same gross amount of electricity under the same conditions. Section 3.1
specifies these conditions. Then, we compensated for the subsystems' dif-—
ferent parasitic losses. We computed the efficiency of each entire power
plant and increased the size of each power plant to produce 5 MW net. The
final comparison is based on the cost of these scaled-up plants. Section 3.2
gives the details of the scale-up and costing process, If there is a sub-
stantial cost difference between one of the direct-contact subsystems and the
shell-and-tube subsystem, this procedure should be sufficient to detect 1it.
If the difference is not large, then this technique and optimization may give
conflicting results, However, because of the many uncertainties associated
with direct-contact design, the direct-contact subsystem will be competitive
only if it 1s much less expensive than the conventional shell-and-tube sub-
system,

Before scale~up, the condenser subsystem is sized for the power plant
described in Wright's earlier reports (1981, 1982) and shown in Figure 1-1,
Wright designed the plant, which has a direct-contact boiler and a shell-and-
tube condenser, for a net power output of 5 MW_, However, this design neg-
lected the parasitic losses of the condenser subsystem. So, in each case, it
is necessary to enlarge the entire plant to produce 5 MW net after sizing the
condenser subsystem for compatibility with Wright's original plant design.
Wright's early cost estimates for plant components outside of the condenser
system will be used in the scale-up and costing process described here.

3.1 DESIGN CONDITIONS AND ASSUMPTIONS

In the first stage of the design procedure described above, all of the con-
denser subsystems under consideration must fit into plants that have the same
gross power output. This is achieved by requiring the same mass flow rate of
pentane (115 kg/s) and turbine exit pressure (73.8 kPa) for all designs. The
constraint on turbine exit pressure implies that the condensers have the same
pressure at the pentane inlet. However, the pressure at which condensation
occurs (taken as the average pressure inside the condenser) is different for
the different designs. For example, pentane vapor remains at approximately
the same pressure throughout the drop-type condenser, in which it is the con-
tinuous phase. On the other hand, the vapor in the bubble~type condenser
experiences a significant pressure drop as it passes through the orifice plate
and rises as bubbles through the brine. There is a penalty for condensers
that have large pressure drops: lowering the condenser pressure lowers the
saturation temperature of the pentane and thus decreases the driving force for

A}
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condensation. This decrease in driving force must be counterbalanced by an
increase in area of contact or residence time, and thus by an increase in con-
denser size and cost.

Aside from the requirements for pentane flow rate and inlet pressure, the main
constraints on the condenser subsystem design involve the coolant loop. We
assumed that the coolant is available at 20°C, and chose coolant flow rates to
give a reasonable pinch-point temperature difference in the condenser. The
saturation temperature corresponding to the turbine exit pressure specified
above is 300 K, or 26.85°C, but the temperature at which condensation actually
occurs may be lower, as explained in the previous paragraph, by as much as
1°c. To provide a minimum temperature difference on the order of 1OC, we
selected 25°¢c as the coolant condenser exit temperature. For the three
direct-contact designs, the coolant is assumed to be brine that is 25% sodium
chloride by weight. The brine mass flow rate is 2676 kg/s. The shell-and-
tube condenser uses fresh water, which has a higher specific heat than
brine. Consequently, it has a lower coolant mass flow rate, 2110 kg/s.

Another factor in condenser design is the amount of noncondensable gases pre-
sent. Section 2.2 describes how we assumed that 1% of the gases in the con-
denser would be noncondensable gases because of leaks, and then demanded that
the deaerator prevent any other noncondensables from entering. This condition
was used in the deaerator design, but not in the condenser design, because the
effects of noncondensables on condenser performance are known for only some of
the condenser options under consideration. In order to evaluate all four con-
denser types, we designed the condensers themselves assuming that there were
no noncondensables,

A final simplifying assumption involves the desuperheating duty of the con-
denser. According to Wright's 1981 design, pentane vapor should leave the
boiler superheated by 50C. So the vapor must be desuperheated before it can
be condensed. The desuperheating load is 28 kJ/kg pentane, or less than 10%
of the condensing load. To simplify the problem, we assumed that sensible
heat transfer takes place at the same rate as condensation for the systems
under consideration, In sizing the condensers, we replaced the heat of
vaporization, hf , with a pseudo-—hf equal to the sum of the heat of vaporiza-
tion and the desuperheating load per kilogram of pentane.

3.2 SCALE-UP AND COSTING PROCEDURE

Using the assumptions described in the preceding subsection and the heat
transfer and flooding relations given in Sections 4.0 and 5.0, we sized each
condenser subsystem. We then calculated the parasitic losses associated with
each condenser subsystem (PL__ . . ). Knowing this quantity, as well as the
heat absorbed and rejected by the power plant (Q;, @nd Qou , respectively) the
parasitic losses of the rest of the plant (PLyrper) and the turbine
efficiency, e, » We were able to calculate the overall thermodynamic efficiency

of the plant, e ,, for each design as follows:

workoye, i = et (Qin = Qut) ~ Plother ~ Plcondenser,i

e =
i heatqq Qi

10
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When the entire plant is enlarged, the efficiency should remain nearly con-
stant for the following reasons: first, as long as pressures and temperatures
are kept constant, 0i and Q at are directly proportional to the mass flow
rate of the working fluid, f%e main parasitic losses, too, are proportional
to pentane mass flow rate. In the condenser subsystem, the most important
parasitics (described in detail 1in Section 6.0) are proportional to the
coolant flow rate, which, in turn, is proportional to the working fluid flow
rate. In the rest of the plant, the major parasitics are the work of pumping
the working fluid from condenser to boiler and the work of pumping hot brine
from the storage layer of the solar pond to the boiler. Both of these are
proportional to working fluid flow rate. Thus, since the most important parts
of both the numerator and the denominator are directly proportional to working
fluid mass flow rate, the system efficiency is practically independent of the
size of the plant.

The fact that the efficiency can be taken as constant for each of the con-
denser types makes the scale-up process fairly simple. Using the efficiency
for each plant, we calculated the amount of heat the working fluid must absorb
(Qin) in order to produce a given net power output (5 MWe) as follows:

Qn,1 = (5 M)/ ey .

From the heat requirements, we calculated the working fluid and coolant mass
flow rates for a 5—MWe plant. We resized the condenser subsystem and costed
it by the method developed by Pikulik and Diaz (1979), described in
Section 6.0. Wright used the same method in his 1982 report,

For a fair cost comparison, it is necessary to include the cost of the rest of
the plant and of the solar pond scaled for the new flow rate. Instead of
resizing the entire plant, we applied the empirical "six-tenths rule" (Peters
and Timmerhaus 1968) to the cost estimates provided by Wright (1981, 1982) for
the components of the plant other than the condenser subsystem. According to
this rule, the ratio of the costs of two similar pieces of equipment is
roughly equal to the ratio of their capacities raised to the six-tenths
power. For the solar pond itself, we assumed that the cost is linearly depen-
dent on the amount of heat removed. The cost of the evaporating pond depends
on the weather conditions at the site and on the amount of heat rejected into
it by the condenser. Thus, an evaporating pond associated with any of the
direct-contact condensers will be less expensive than one associated with a
power plant that rejects heat into a cooling tower. However, this cost dif-
ference 1is neglected because the cost of the entire evaporating pond is a
fairly small part of the cost of the entire system.

11
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SECTION 4.0

RELATIONSHIPS USED IN SIZING DIRECT-CONTACT
CONDENSER SUBSYSTEMS

In this section, we present the Spray nozzle
experimental correlations and the-
oretical relationships used to size

003927

Brine
the components of the direct—contact
subsystems: the three condensers, l
the deaerator, and the degasser. We N—
also explain how each component's M M NIN
parasitic losses are calculated. 0°o;'.'o°::.°
The section is arranged component by .EﬁobgngH;e:
component. °in pentane : .

Pentane — °.°.°' .vapor.'; o

4.1 DROP-TYPE CONDENSER VAPOr o o8y bt e e
A schematic of the drop condensation
process is shown in Figure 4-1. The Ill
brine stream passes through nozzles _
and enters the condenser as a spray Brine and
of droplets. The pentane vapor from pentane liquid

the turbine enters the condenser

from the side and forms the con-

tinuous phase around the drops. Figure 4-1. Schematic Drawing of a
Pentane vapor condenses on the drops Drop-Type Condenser
and the coolant and condensate

collect at the bottom of the

condenser, From there, they travel to a settling tank, where the buoyant
pentane liquid rises from the brine.

The size of the condenser is determined as follows: heat transfer relation-
ships described in Section 4.1.1 specify the residence time required of the
brine as a function of droplet radius and other condenser conditions. The
residence time requirement can be converted to a height requirement using noz-
zle exit velocities and terminal velocity correlations. This procedure is
described in Section 4.1.2. The cross—sectional area of the condenser is
chosen on the basis of nozzle spacing. An average drop size can be predicted
for given nozzles and pressure drops using information supplied by the spray
nozzle manufacturer. Drop size and condenser area are chosen in Section 6.1,
in which the drop-type condenser is designed.

This condenser has the advantage of a low vapor-side pressure drop. For this
analysis, condensation is taken to occur at the turbine exit pressure, with no
pressure drop. The disadvantage of this choice of condenser lies in the high
parasitic losses assoclated with it. The brine has a large, nonrecoverable
head loss as it passes through the nozzles and as it falls through the pentane
vapor. Another problem is that the brine and pentane must be separated after
they leave the condenser.

12
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4.1.1 Heat Transfer in Drop-Type Condenser

The heat transfer relationships selected for this analysis were developed by
Jacobs and Cook (1978), using a theoretical model of a single, noncirculating
drop. Their model is more applicable to the system under consideration than
most of the literature on barometric condensers because it takes into account
the resistance to heat transfer of the film of condensate surrounding the
drop. Most other published papers are concerned with the condensation of
steam on water, for which condensate resistance is much less important.

Jacobs and Cook derive a relationship between drop radius and residence time
as follows: first, they assume that the only form of heat transfer within the
drop is conduction, and that the condensation rate is controlled by the liquid
side. Then, they simplify the problem by neglecting the thermal capacitance
of the condensate and assuming that the condensate film has a linear tem-
perature profile. These simplifications are valid when the film of condensate
is thin., This leaves them to solve a simplified energy balance and the con-
duction equation for the coolant drop. They perform a numerical solution and
present their results in graphs, such as Figure 4-2, of dimensionless drop
residence time required for a given degree of utilization of the coolant as a
function of temperature driving force. An index of the degree of coolant
utilization is the effectiveness, ¢, defined by Jacobs and Cook as the ratio
of condensate thickness on the drops at the bottom of the condenser to the
maximum thickness attainable with the temperature driving force available.
Results of the numerical solution are provided for ¢ = 0.5 and ¢ = 0.75. We
selected the higher utilization of the coolant, ¢ = 0.75. Figure 4-2 shows
the residence time requirement as a function of temperature driving force, in
terms of v, the dimensionless time, which is defined as kLt/(ROpLCpL).

0.301— g
= = 75Y% <}
p ¢ 0 P‘,\\
£
g pentan®
=
2
@ 0.10|-
[o}]
£
o)
0 | | |
0 5.0 10.0 15.0
Tsal - TO (OC)

Source: Jacobs and Cook 1978

Figure 4-2., Dimensionless Drop Residence Time Required for 75% Effectiveness
Source: Jacobs and Cook 1978.
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Figure 4-3 is derived from the information in Figure 4-2 about the conditions
under which the condenser will operate. It gives the residence time require-
ment in terms of drop size.

Jacobs (1984) recommends that this heat transfer relationship be combined with
information about the distribution of droplet sizes from the nozzle for design
purposes. For a preliminary design, he advises that the design be based on
the largest drop size produced by the nozzle, because a large drop contributes
more to condensation than a small one. Since the information provided by the
spray nozzle manufacturer gives the mean drop radius, and not a maximum or
size distribution, we used twice the median radius in our design.

There is some inaccuracy involved in applying Jacobs and Cook's model to the
analysis of a drop-type condenser. The model treats drops as rigid, noncir-
culating spheres, an approximation that is accurate only for very small
drops. According to Clift, Grace, and Weber (1978, p. 178), only drops
smaller than 400 microns should be treated as rigid spheres. Because the pro-
duction of small drops entails a substantial energy loss, it is not feasible
to design the condenser with drops in the rigid sphere range. Larger drops
are likely to have internal circulation and a nonspherical shape, with a
larger surface area. Since both of these phenomena should enhance heat trans-
fer, the rigid, noncirculating sphere assumption is a conservative one.

The other main difference between the model and the real system under con-—
sideration concerns drop interactions. Jacobs and Cook analyze a single drop
falling freely through vapor; in a real condenser, drops collide and interact
with each other in other ways. Collisions could either imprdve or worsen the
overall heat transfer rate., Collisions enhance heat transfer because they

20
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Figure 4~3. Drop Residence Time versus Drop Diameter
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promote circulation within drops and because they sometimes result 1in an
increase of surface area., However, some collisions end in the coalescence of
the colliding drops, decreasing the surface area available for heat trans-
fer. 1In addition, drops affect each other's velocity even when they do not
collide. An ensemble of drops falls at a “"hindered velocity" which is slower
than the terminal velocity of a single drop. This increases the time avail-
able for heat transfer in a given height, but it also implies that the vapor
undergoes a measurable pressure drop. Finally, the presence of an ensemble of
drops may hinder heat transfer. As they fall, some drops will be partially
shielded by others from pentane vapor. Thus, the heat transfer process may be
controlled by the availability of vapor rather than by the conduction rate
through the drop. Because of this variety of effects, it is not clear whether
the single drop assumption is conservative or optimistic.

4.1.2 Drop Velocity

The height of a drop-type condenser is determined using heat transfer rela-
tionships (Section 4.1,1) and knowledge of the drops' velocities. For termi-
nal velocities of 1liquid drops falling in gases, Clift, Grace, and Weber
(1978, p. 179) recommend the correlation of Garner and Lihou, based on experi-
mental data on 1liquid drops in air. Drop interactions and wall effects are
negligible in the experiments used for their correlation, shown in dimensional
form in Figure 4-4, Since the drops may leave the spray nozzle with a
velocity greater than terminal, the time available for heat transfer may be
shorter than that predicted by using the terminal wvelocity correlation
throughout the fall of the drop. The deceleration of a drop can be calculated
from the drag coefficient, but correlations are not available for the drag

o
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Figure 4-4. Terminal Velocity of Drops
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coefficient of a liquid drop in a gas. In order to approximate the decelera-
tion, we used the terminal velocity correlation of Garner and Lihou to create
a fictitious drag coefficient as follows. We computed the drag coefficient
required to balance gravitational and drag forces at terminal velocity Vq,
using the equation

4 3 _ _% 2 2
T7 Rdg [pL pv] =7 0% VT T Rd ’

where Ry is the drop radius (m), g is the acceleration due to gravity (m/sz),
oL issthe Qensity of the brine (kg/m”), p, is the density of the pentane vapor
(kg/m”), Cp is the fictitious drag coefficient (dimensionless), and Vy is the
terminal velocity (m/s). We assumed that tBe drag coefficient derived from
this expression, Cb = (8/3)g(py, - py)Rq/(py V), was valid through the entire
fall of the drop, and not just at terminal vgiocity. With this assumption, a
force balance leads to a differential equation easily integrated to give the
following expression for the height a drop has fallen as a function of time:

C'
PL” Py | _3|Pv{2D 2

dz = Vdt = vdV/{¢g 8 oL | R

This expression is used to calculate the condenser height needed for a given
drop residence time. The drag coefficient is evaluated with Rd equal to twice
the median drop radius for the reasons described in the preceding section. No
allowance is made for the increase in drop size due to condensate accumula-
tion, which should change the radius by 10% or less.

4.2 BUBBLE-TYPE CONDENSER

The bubble-type condenser, shown schematically in Figure 4-5, works as fol-
lows: Brine enters the condenser on one side near the top and flows out the
other side, near the bottom. Pentane enters a chamber below the brine and
then passes through the holes of a sieve tray, forming bubbles in the brine.
The bubbles condense as they rise. They become drops of pentane liquid, which
collect in a layer on the top of the brine. This layer leaves the condenser
through its own outlet and is pumped to boiler pressure.

The sizing procedure for the bubble-type condenser is similar to that for the
drop-type condenser. Heat transfer and bubble velocity relationships,
described in Sections 4.2.1 and 4.2.2, determine the condenser height required
for heat transfer, The cross-sectional area is chosen to prevent flooding.
That process is discussed in Section 4.2.3, The correlation used to predict
bubble size is presented in Section 4.2.4.

The bubble-type condenser has the lowest parasitic losses of the three
designs. Because the brine is the continuous phase, the gravitational
potential energy that it loses in moving downward in the condenser is
recovered in the form of increased pressure. This design is preferable to the
other two with respect to liquid separation as well. The pentane separates
from the brine in the condensation process, removing the need for a settling
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Figure 4-5., Schematic Drawing of a Bubble~Type Condenser

tank. The disadvantage of the bubble-type condenser is that it has a high
vapor-side pressure drop. Pentane must overcome both the pressure drop across
the orifice plate and the hydrostatic pressure of the brine above. Since all
three designs are compared on the basis of constant turbine exit pressure, the
high pressure drop has the effect of decreasing the driving force for conden-
sation and thus increasing the height of this particular condenser. This, in
turn, increases the pressure drop, so the process of determining condenser
height is iterative. As bubble size increases, so does the height of the
column of brine required for condensation. For bubbles larger than a certain
size, it is impossible to maintaln the turbine exit pressure at the desired
level and at the same time achieve complete condensation. For that reason the
condenser must be designed with small bubbles.

4.2.1 Heat Transfer in Bubble-Type Condenser

The considerable literature on condensation of vapor bubbles is reviewed in a
recent article on direct-contact condensation by Sideman and Moalem-Maron
(1982). Much of the article concerns the series of papers on bubble collapse,
both theoretical and experimental, published by Sideman, Moalem—Maron,
Isenberg, and coworkers, The earlier articles in this series concern the col-
lapse of a single bubble of vapor in an expanse of liquid at a uniform tem-
perature, Later articles analyze the collapse of a train of bubbles and of
several trains of bubbles taking into account the presence and distribution of
noncondensable gases., Most of these studies involve numerical solutions, but
approximate analytical solutions are presented for the condensation of a
single bubble in motion and for a single train of bubbles. More recent work
on bubble collapse includes the derivation of an analytical expression for the

17

003931




-— AN TR-2164
=2 @

single-bubble case by Jacobs, Fannar, and Beggs (1978) that considers the
thermal resistance of the condensate inside the bubble. This resistance 1is

important to the case under consideration because pentane liquid has low ther-
mal conductivity.

Sideman and Moalem-Maron point out that the multi-bubble models predict a
slower collapse rate than the single-bubble models for the following reason:
the presence of other bubbles makes the water warmer around a given bubble,
reducing the driving force for condensation. We chose to use the single-
bubble model for ease of analysis, but compensated for the effects of other
bubbles by using the average brine temperature, not the cooler inlet brine
temperature, to compute the driving force.

We specifically chose the single-bubble collapse model of Jacobs, Fannar, and
Beggs, shown in Figure 4-6, The model consists of a vapor bubble surrounded
by a film of condensate and then by a thermal boundary layer, the thicknesses
of which may change with time. A parabolic temperature distribution is
assumed in the boundary layer, and a linear one is assumed in the condensate
film, As we mentioned in Section 3.1, noncondensables are assumed to be
absent from the condenser. In order to satisfy a no-slip condition at the
boundary between the brine and the condensate, the velocity at which the con-
densate drains to the bottom of the bubble is taken to be equal to the tangen-—
tial component of the brine's velocity relative to the bubble. The problem of
solving an overall energy balance equation for the bubble is simplified by the
assumption that the pool of condensate is negligibly small, an assumption that

. results in only a small inaccuracy until the bubble is 95% condensed.
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Figure 4-6. Condensation of a Bubble
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Making all these assumptions, Jacobs, Fannar, and Beggs arrive at the fol-
lowing expression for bubble radius as a function of time:

1/2 T - T o —-p 2/3
int © * "¢ v
= <1 - 0.6049 [ReLO PrL] 7 —— Ja > Fo>
sat @ v

WIW

[o}

In this expression, R is the instantaneous radius of the bubble (m), and R jg

the initial radius of the bubble (m). Re,, is the Reynolds number, defined as
2R0Vp /u_, where V is bubble velocity (m}é&, P; is brine density (kg/m”), and
by, i& ine wviscosity (kg/ms). Pr. is the Prandtl number, defined as
C uL/k , where C L is the heat capagity of the brine and k; is the thermal

cgkductivity of thg brine. TiQt is the temperature at the interface between

the condensate and the brine. I . is the saturation temperature of the pen-
tane vapor, and T_ 1is the temperature of the bulk liquid sgrrounding the bub-
bles. Fo is the Fourier number, defined as kLt/(pLC 1R.5), where t is the
time glapsed from bubble formation; Pe is the densitf)of the pentane 1liquid
(kg/m”); and Py is the density of the pentane vapor (kg/m”). Ja* is the
modified Jakob number, defined as pLCpL(Tsat - Tm)/(pchfg)'

This equation has the same form as the one derived by Isenberg, Moalem, and
Sideman (1970), who neglected the condensate resistance. Both are shown for
comparison in Figure 4-7 in dimensional form. The model of Jacobs et al. pre-
dicts a faster collapse than that of Isenberg et al. However, both models
predict an extremely quick collapse for the bubble size under consideration.
Section 6.1.2 shows that, in order to prevent flooding, the bubble-type con-
denser height must be much greater than either of these heat transfer correla-
tions require.
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Figure 4~7. Bubble Colliapse
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Both models shown in Figure 4-7 are most valid for the early stages of col-
lapse, and show physically impossible behavior for later collapse. They show
the radius of the bubble decreasing to zero, although a pentane bubble con-
densing in an immiscible liquid can become no smaller than a liquid drop con-
taining the same amount of pentane. That 1limit 1is represented by the
horizontal line Rm/Ro in Figure 4-7, below which the predictions of the two
models should be ignored.

This model has not been directly confirmed by experiments, since the effect of
noncondensable gases is significant in all reported experiments. However,
when the model is expanded to account for noncondensables (Jacobs and Major
1982), it agrees very well with experimental results.

4,2.2 Bubble Velocity

The problem of making a theoretical prediction of the rise velocity of a con-
densing bubble is a difficult one, since both the size and the density of the
bubble are changing constantly. Furthermore, the problem is coupled to the
heat transfer problem described earlier. Fortunately, experiments indicate an
approximately constant bubble rise velocity, at least for pentane bubbles with
initial radii between 2 and 4 mm, rising in water (Jacobs and Major 1982). The
experiments cited study the condensation of a single bubble; it is not known
whether multiple trains of bubbles behave the same way. However, it is
reasonable to expect the presence of other bubbles to slow bubble rise rather
than hasten it,

In this analysis, we assumed that a bubble rises constantly at the terminal
velocity associated with its initial properties. Clift, Grace, and Weber
(1978, p. 175) review the literature on terminal velocities of drops and bub-
bles and recommend a correlation from Grace, Wairegi, and Nguyen for systems
that are not exceptionally pure. That correlation is shown in dimensional
form for the pentane-brine system in Figure 4-8, and is based on a large body
of data.

4,2.3 Flooding

The cross-sectional area and height of the bubble-type condenser must he large
enough to keep flooding from occurring. Flooding takes place in a two-phase
device in one of two ways, depending on the relative flow rates of the two
phases. First, if the discontinuous-phase (i.e., pentane) flow rate is high,
then particles of the discontinuous phase may crowd together and become the
continuous phase. Then, if the continuous-phase (i.e., brine) flow rate is
high, then its superficial velocity may be high enough to entrain particles of
the discontinuous phase. (The superficial velocity is the velocity at which
the continuous phase would travel in an empty column.) We designed the con-
denser to avoid both of these forms of flooding.

The first form of flooding should be avoided because it would change the
geometry drastically and render the heat-transfer relationships derived above
invalid. To prevent this, it is necessary to set a condition on the spacing
of the ©bubbles when they are largest; i.e., as they leave the orifice plate.

20




S=vI (@ TR-2164

0.3

0.2

Vi (m/s)

0.1

] ! ] ] ] ! | I |

1
Bubble diameter (cm)

Figure 4-8. Terminal Velocity of Bubbles

We required that the distance between holes in the orifice plate be at least
twice the initial radius of a bubble. (At twice the initial radius, bubbles
barely touch as they form.) There is still some danger that consecutive bub-
bles from the same orifice may crowd together and combine. For this reason,
the cross-sectional area selected here should be regarded as a lower limit.

The danger of the second form of flooding lies in the fact that a significant
amount of pentane will leave the condenser through the exit provided for the
brine. It is important to avoid this increase in working fluid loss. If the
pentane bubbles rise with a velocity VT (see Section 4.2.2) through a

height Z, and the brine has a lateral velocity vV, at its exit, then any pen-
tane bubbles formed within a radius of Vl Z/VT of the brine exit will be
entrained. This means that the portion of the condenser within this radius
cannot be used. If the brine velocity is high, then this can be a substantial
portion of the cross—sectional area. For a given condenser cross-sectional
area, chosen to avoid the first type of flooding, the brine velocity can be
reduced by increasing the height of the column of water or by providing more
than one brine inlet and outlet orifice.

4.2.4 Bubble Formation

The problem of predicting bubble size has received extensive treatment in the
literature, both theoretical and experimental, Mersmann (1978) summarizes
recent results about bubble formation and presents them in a nomograph for
convenience. The nomograph, shown in Figure 4-9, is based on Beer's equation,
which correlates over 1000 experimental results. Except for the work of one
investigator, all the data agree with Beer's predictions of bubble radius to
within 10%.
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The pressure drop across the orifice when a bubble is formed is calculated
using the nomograph reproduced in Figure 4-10, Smith and Van Winkle (1958)
measured the pressure drop experienced by air flowing through an orifice plate
and put their results in the form

m 21 - (Ap/Ap)2

AP = K =X 7 gp ,

where m is the mass flow rate of the fluid (kg/s);ZAf and At‘are the collec-
tive area of the holes and the total plate area (m~), respectively; Y is the
expansion factor and is approximately 1 f the system under consideration; g
is the acceleration due to gravity (m/s ); p 1is the density of the fluid
upstream of the orifice plate (kg/m ); and AP is the pressure drop across the
orifice (Pa)., C is obtained from Figure 4-10, and K is a conversion factor,
equal to 9.8, that puts the results in the metric units given above, Smith
and Van Winkle's results show the dependence of C on Reynolds number, hole
diameter and spacing, and plate thickness,

4.3 PACKED-BED CONDENSER

The third type of condenser, shown in Figure 4-11, consists of a column filled
with packing. Brine enters the column from the top and forms a thin film on
the packing. Pentane vapor enters from the bottom and condenses on the brine,
and the brine and pentane liquid leave together through a hole in the bottom
of the column,

The packed-bed condenser is sized as follows: heat transfer relationships are
given in terms of a volumetric heat transfer coefficient, which determines the

Z 110 3
o~ g
3
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c|s 1.00f- 20,000
g 8 4000
3 2500
2| s ~—— 2000
215 — 1500
o|2 0.90} T 1000
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.o el
0.80 400
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O
0.70 1 i i 1 ] ] |
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Ratio of plate thickness to hole diameter

Source: Smith and Van Winkle 1958

Figure 4-10. Orifice Plate Coefficient C
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active volume of the condenser. The
cross—-sectional area is chosen to

Brine 2 give a desired vapor-side pressure
2 drop for the flow rates and type of
l packing under consideration. The

heat transfer correlation used in
this analysis is described in Sec-
tion 4.3.1, and the superficial-
velocity/pressure-drop relationship,
which gives the cross-sectional
area, is presented in Section 4.3.2.

Pentane

vapor One advantage of this condenser
design is that condensation occurs
~ with the two fluids 1n counter-~
Ill flow. Another advantage is the low
Brine and vapor-side pressure drop. The dis-
pentane liquid advantages are the necessity of
separating the brine and pentane,
and the fairly high parasitic
losses. Parasitic losses occur
Figure 4-11. Schematic Drawing of because the height that the brine
a Packed-Bed falls over the packing 1is non-

Condenser recoverable.

4.3.1 Heat Transfer in Packed-Bed Condenser

An experimental heat transfer correlation formulated by Jacobs, Thomas, and
Boehm (1979) is used in this analysis. Jacobs, Thomas, and Boehm studied the
condensation of R-113 on fresh water in a packed hed and compared their
results to those of previous investigators' experiments on the condensation of
steam on Aroclor and of methylene chloride on water. They correlated the data
in terms of the following important dimensionless quantities: the Jakob num-
ber Ja ho /IC (T - T._ )}, a modified Stanton number St* =
UVA/[mvvaa egi/aJSﬁ, asﬁgmensi%%ﬁess column height Z' = Z/D_, and a ratio of
the products, of mass flow rates and specific heats for the J%por and coolant,
B = mLCpL/(mVC v). [In these expressions, hfcr is the heat of vaporization
(J/kg); C__, the specific heat (J/kg °C); T.” , the saturation temperature
(°C); andp§v, the mass flow rate (kg/s), of ERé vapor., T is the average
temperature °cy; ¢ L the specific heat (J/kg °c)3 aﬁd ﬁL,agBe mass flow rate
(kg/s) of the coolant; a, the specific area (nt/m>); aW/a , the ratio of
wetted to total area (dimensionless); and D _, the %haracteriéiic diameter (m)
of the packing. A is the cross-sectional area (m %; Z, the height (m); and
U , the volumetric heat transfer coefficient (W/m Oc) of the condenser.]
ngewhat surprisingly, they found no dependence on the thermal conductivity of
the condensate although the experiments involved fluids with a large range of
thermal conductivities. They obtained the correlation

stx = 0,40 B—0.21 g=0.67 j5 |,

Jacobs now considers a theoretical approach to packed-bed heat transfer more
reliable then the expe:imental correlation given here, Jacobs, Bogart, and
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Pensel (1982) theoretically predict the condensation rate on an adiabatic
sphere wetted by coolant. They adapt their results to conventional tower
packings by treating each piece of packing as a sphere of the appropriate
wetted area and assuming that coolant and condensate come to the same tem-—
perature as they fall from one piece of packing to the next, According to
Jacobs, this approach predicts a more rapid condensation rate than the one
reported by Jacobs, Thomas, and Boehm, probably indicating the presence of
some noncondensables in the experiment.

4.3.2 Vapor-Side Pressure Drop in Packed Columns

Tower packings are designed to provide a high wetted surface area and low
vapor-side pressure drop. Packing manufacturers provide plots such as
Figure 4-12, which relate flow rates, areas, densities, viscosities, and pres-
sure drops. The plot shows that for a given ratio of brine and pentane flow
rates, pressure drop increases as area decreases (i.e., as the free area
through which the vapor must pass gets smaller).

Different types of packing are represented by different packing factors F,
given in the figure for packings considered in this report, In general,
larger packings give lower pressure drops for given flow rates and cross—
sectional areas.,

4.4 DEAERATOR AND DEGASSER

The deaerator and the degasser have essentially the same design, since their
function is the same: to remove a small quantity of dissolved material from
the brine stream. A schematic of the deaerator is shown in Figure 4-13. The
deaerator is a packed column maintained at low pressure. Brine enters the top
of the deaerator and falls onto the packing, where it forms a thin film, This
facilitates gas desorption, since it exposes a very large surface area. The
desorbed gas is vented to atmosphere by compressors. The degasser works
exactly the same way, but the desorbed gas, mainly pentane, is returned to the
condenser by compressors. Gas desorption requirements determine the number of
transfer units (described below) in the column, a function of both the area
and height of the column.

The desorption requirements are so stringent that the deaerator and degasser
both experience large parasitic losses, both from brine head loss and from the
work of the compressors. As in the packed-bed condenser, the height that the

brine falls over the packing is nonrecoverable. The work of the compressor is
computed assuming adiabatic compression.

The deaerator and degasser operate under the principle of Henry's law, which
states that the equilibrium concentration of a sparsely soluble gas in a
liquid is directly proportional to the partial pressure of the gas above the
liquid. The constant of proportionality is called Henry's constant, H, and is
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Figure 4-12. Gas-Liquid Packed Tower Correlations

(Source: Norton Chemical Process Products Bulletin, reproduced
from Wright 1982, in his notation)
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shown in Figure 2-4 for pentane dis-
solved in brine of various concen-
trations. Henry's constant for air
in 25% salt water is approximately
4,18 ppm/atm.

003938

The deaerator is maintained at a
very low pressure, Pda’ and the par-
tial pressure of the air over the
brine in the deaerator is
Pga ~ Pyurine’ where Porine 1s the
saturation pressure of brine at that
temperature. Thus, the equilibrium
concentration of air in the brine in
the deaerator is X, =H
(Pda - Pbrine)’ and can be tdduced
as much as desired by reducing the
deaerator pressure. However, the
brine will not reach this equi-
librium concentration in the deaera-
Figure 4-13. Schematic Drawing of tor. How close it comes depends on

a Deaerator residence time, initial concentra-
tion, flow rate, and surface area
exposed.

We used the correlation of Golshani and Chen (1981) to predict the rate of
approach to equilibrium. Their correlation is based on experiments on the

desorption of air from fresh water, and was intended for use in the open-cycle
ocean thermal energy conversion program. It is expressed in the form recom-
mended by Sherwood and Holloway for mass transfer in a packed column,

m n 0.5
ey = L [T L B[R (045
a A]J.L pLd

where a and n are experimentally determined numbers that depend on the sjze
and type of packing; up is the viscosity (kg/ms); pL» the density (kg/m”);
and mp, the mass flow_rate (kg/h) of the liquid; d is the diffusivity of the
gag in the liquid (m“/h); and A is the cross-sectional area of the column
(m“). Values for « and n are given in Table 4-1. Since this equation is
dimensional, the correlation should be used only in the units given above,
which are, in some cases, different from the units given in the nomenclature

of this report. ‘

The correlation is expressed in terms of a height of transfer unit (HTU),
related to the desorption rate as follows: the concentration, X, of a gas in
the brine decays exponentially, approaching its equilibrium value, as shown in
Figure 4-14., The desorption rate can be expressed by the equation

o NTU _ Xg;;; " Xeg
X, -X ’
in eq
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Table 4-1. Coefficients in the Correlation of
Golshani and Chen

Packing a n
3.81-cm ceramic Raschig ring 19.57 0.25
2.54=-cm plastic Pall ring 113.6 0.34
3,81-cm plastic Pall ring 34,86 0.28
where xin’ Xout’ and Xe are, respectively, the initial, final, and

equilibrium concentrations of gas in the brine in the column. This equation
serves as the definition of the number of transfer units (NTU). The HTU is
the height of column required for one NTU. If HTU is small, then gas is
desorbed quickly. Figure 4-15 shows HTU plotted against cross-sectional area
for the desorption of air and pentane from brine for the flow rate of
interest. Golshani and Chen give an upper limit on flow rate per unit area
for each of the packings they consider, listed in Table 4-1 and represented by
the point at which the curve of Figure 4-15 begins. This 1limit is the
"loading point" calculated by the method of Treybal. As area is decreased
beyond this point, gas-side pressure drop increases rapidly, and desorption is
hindered. In the range above this 1limit, the area can be chosen through a
rough trade-off between deaerator cost and parasitic losses.
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Figure 4-14. Concentration of Dissolved Air in Deaerator Brine
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SECTION 5.0

RELATIONSHIPS USED IN SIZING SHELL-AND-TUBE
CONDENSER SUBSYSTEMS

In this section, we summarize the well-known and widely used relationships for
sizing and calculating parasitic losses of shell-and-tube condensers and
cooling towers. These relationships, cited in various handbooks, elementary
texts, and costing articles, were used to size the shell-and-tube subsystem.

5.1 SHELL-AND-TUBE CONDENSER

The shell-and-tube condenser consists of a group of tubes inside a pressure
vessel, The coolant (water) flows through the tubes, and pentane vapor, which
fills the rest of the vessel, condenses on the outside of the tubes. We neg-
lect any vapor-side pressure drop in the condenser under the assumption that
it is very small in a well-designed condenser. The main source of parasitic
losses for this type of condenser is the brine head loss due to friction with
the tube wall, The sizing of the shell-and-tube condenser is done on the
basis of a rough design, taking into account only the diameter and total sur-
face area of the tubes. All effects of the configuration of tubes are neg-
lected. The surface area required for heat transfer is calculated from the
overall heat transfer coefficient. The correlations used for this coefficient
are given in Section 5.1.1. Parasitic losses are calculated from frictional
head loss correlations described in Section 5.2.1.

5.1.1 Heat Transfer in Shell-and-Tube Condenser

Heat transfer relationships for a shell-and-tube heat exchanger arxe usually
experessed in terms of an overall heat transfer coefficient, U_ (W/m® °C). Ug
relates the heating or fooling load, Q (W), to the outside surgace area of the
heat exchanger, A (m"), and the log mean temperature driving force AT.,,
oc) follows: °Q = U A fent is ©
( » as follows: "Q = AT .. The overall heat tranfer coefficient is the
\ i L% .

reciprocal of the sum of all the resistances to heat transfer between the two
fluids separated by the tube wall per unit area:

1
U = ,
’ 1/h  + + %o an Oo/Py) * ﬁ’- + io— L
o ' Tfo 2 k A, 'si VA W,
1 1

where ho and h. are the film heat transfer coefficients outside and inside the
tube (W/m C); T and r are the thermal resistances due to fouling on the
outside and inside of the tube (m2 °C/W); D and D, are the outer and inner
diameters of the tube (m); k is the thermal conductivity of the tube material
(Wém °c); and A, and A; are the outside and inside surface areas of the tube
(m“) The resistances are arranged in the order that they occur, from the
outside to the inside. The AO/A- factors are necessary in the latter terms
because US is defined in terms of the outside area of the tube., The film heat
transfer coefficients for deposits (the reciprocals of the fouling resistances
r and re ) are tabulated for common heat exchange fluids by Perry and
Chilton (1553) From the values given for heated boiler feed water and
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organic condensing vapors, the same reg%stange due to fouling is obtained for
the outside and the inside, 1.761 x 10 " m~ C/W. The resistance of the tube
wall is easily obtained from the thermal conductivity of the material and from
tube size. The correlations for film heat transfer coefficients ho and h1 are
described below,

The coefficient for heat transfer from the brine inside the tubes to the tube
wall, hi’ is given by the empirical Sieder-Tate equation for fully turbulent
flow (Perry and Chilton 1973). The equation relates the Nusselt number Nu =
hiDi/kL (where kL is the thermal conductivity of the liquid), the Reynolds
number Re = D;V;p /uL (where V; is the velocity, py, the density, and Wy, the
viscosity of the %iquid), and the Prandtl number Pr = Cpr,L/kL (where CPL is
the specific heat of the liquid).

0.21
Nu = 0.023 Re¥+B pr1/3( M1 butk
M. wall

We set the final term equal to one, on the assumption that the liquid bulk and
wall viscosities are approximately equal.

The film coefficient for condensation h on the outside of a single horizontal
tube is given by a theoretical equation derived by Nusselt:

D3 2 h 1/4

0 pg & fg

b
uckCAT

Nu = 0.73

where_the Nusselt number and D are defined as before; p jg the density
(kg/m”); hf , the heat of vaporgzation (J/kg); kc, the thefmal conductivity
(W/m 0C); u,, viscosity (kg/ms) of the condensate; AT is the temperature dif-
ference (OCS between the saturated vapor and the tube surface; and g is the
acceleration due to gravity (m/s®), For a collection of horizontal tubes,
Nusselt's model requires a modification to the film coefficient predicted
above. To account foi/zhe thickening of the condensate layer, the coefficient
must be divided by N where N is the number of tubes aligned vertically.
However, experimental data have shown that Nusselt's model underpredicts the
film coefficient for a single tube considerably, and the assumption of laminar
flow makes the correction for bunches of tubes conservative as well. For
those reasons, following the Perry and Chilton (1973) recommendation that the
correction factor be omitted for inviscid condensates, we used the relation
above to size the condensers for this study.

5.1.2 Parasitic losses in Shell-and-Tube Condenser

Parasitic losses due to frictional head loss inside the tubes depend on tube
diameter, length, and roughness, and on coolant velocity, Tube diameter and
coolant velocity are specified in Section 7.2, following recommendations for
geothermal power plants. The material of the heat exchanger is selected in
that section as well. Using this information, heat transfer relationships
described in the preceding section determine the total tube surface area, and
thus the length of the tubes. '
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The Stanton-Moody diagram for friction in pipe flow can be used to calculate a
friction factor from the quantities listed above and the physical properties

of the liquid. The friction factor f is related to pressure drop by the fol-
lowing equation:

2

P,V
L _
AP = f 9

o

’
i

where AP is the pressure drop (Pa), L and Di are the length and inner diameter
of the tube (m), and p; and V are the density (kg/m”) and velocity (m/s) of
the liquid. From the pressure drop, the parasitic loss, or the power required
to pump the liquid throygh the tubes, is easily calculated, as power
loss p = (mL/pL) AP, where my, is the liquid mass flow rate.

5.2 COOLING TOWER

The mechanical draft cooling tower is a direct—contact counter-flow heat
exchanger, in which the cooling water transfers heat to the air by evaporation
as well as forced convection. Since cost correlations are available for
cooling towers as a function of flow rates and temperatures, it is not
necessary to size the cooling tower in any detail.

There are two main sources of parasitic. losses in the cooling tower. The
water loses head nonrecoverably as it falls down the tower, and work is
required to blow air through the tower. The first contribution to the
parasitic losses can be computed from the flow rate and tower height. Perry
and Chilton (1973) provide estimates of tower height, but only for systems in
which the liquid must be cooled by approximately 15 C, considerably more than
our plant requires. Assuming that tower height is roughly proportional to
cooling ‘load for a given flow rate, I calculated the height requirement to be
approximately 3.5 m. The contribution of the fans to parasitic losses is com-

puted using an empirical formula provided by Vatavuk and Neveril (1981).
p=2C . x 0,497, where p is the power of the fans (W) and C _, is

ad justed ] , ad %sted
the adjusted cost of the cooling tower ($) from their costing nomograph.
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SECTION 6.0

SIZE AND COST OF DIRECT-CONTACT CONDENSER SUBSYSTEMS

In this section, we size and cost the three direct-contact condenser sub-
systems, using the correlations presented in Section 4.0 and following the
procedure described in Section 3.0. In Section 6.1, the components of each of
the condenser subsystems are sized for a pentane flow rate of 115 kg/s. In
Section 6.2, parasitics are listed and thermal efficiency is computed for each
of the three plant designs. Then, in Section 6.3, each of the condenser sub-
systems is scaled up for a plant producing 5 MW npet, and costed. All types

of plants are scaled up to 5 MW, for comparison fn Section 8.0.

6.1 INITIAL SIZING

This section describes the design of the three direct-contact condensers, the
settling tanks, and the deaerator and degasser. These components are sized so
that their parasitic losses can be evaluated. The three condensers are sized
in Sections 6.1.1 through 6.1.3, and the deaerator and degasser 1in
Section 6.1.4. The settling tank 1s not sized until Section 6.2, since its
parasitics are negligible.

6.1.1 Drop-Type Condenser

The main design variable for the drop-type condenser is the drop size, which
determines residence time and terminal velocity. Drop size depends on spray
nozzle size and pressure drop, as shown in Figure 6-1, provided by Spraying
Systems Co. The different curves describe the performance of different spray
nozzles. Information about the capacities of these nozzles at various flow
rates is provided by the manufacturer on a separate sheet. Drop size
increases with nozzle size for a given pressure drop, and decreases with
pressure drop for a given nozzle.

The pressure drops for which drop size information is provided are con-
siderable. The smallest pressure drop shown is 68.95 kPa (10 psi), which
corresponds to a parasitic loss of 155 kW (3% of the plant output) for the
brine flow rate under consideration. For that reason, we considered only
nozzles operating at the lowest pressure drop. At this pressure drop, we had
to choose among nozzles of different capacities. This choice involved a rough
trade—off between condenser height (and thus gravitational parasitic losses)
and condenser area (which depends on the number of nozzles). Small nozzles
produce small drops which require small heights for condensation. However, a
large number of small nozzles, and thus a large cross—sectional area, 1is
required. We calculated dimensions of the drop-type condenser for several
sizes of spray nozzles operating with that pressure drop and selected a nozzle
which has a capacity of approximately 0.89 kg/s. The median drop diameter,
shown on the figure, is 650 microns.

The condenser was designed for a drop with twice the median diameter, for the
reasons mentioned 1in Section 4.1, Heat transfer relationships (see
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Figure 4-3) gave a residence time requirement of 0.43 seconds for a
l.3-mm-diameter drop under the operating conditions of the condenser, This
corresponds to an active height of 1.98 m (see Figure 4~4). The condenser
itself must be somewhat taller than this (3.0 m) to allow space for the spray
nozzles and brine distribution system, but only the active height contributes
to parasitic losses.

The cross—sectional area of the condenser is chosen on the basis of nozzle
spacing. We arbitrarily chose to place the nozzles 25 cm apart, in an
equilateral triangle arrangement. Thus, since approximately 3000 spray noz-
zles are required, the condenser must have a cross-sectional area of 163 m®.
Since cost information is not readily available for pressure vessels of this
size, we chose to design this condenser (and other large system components) as
a group of smaller units in parallel. Each unit has a diameter of 3.65 m
(12 ft) or less, so that it can be transported by truck from the manufacturer
to the plant site, The drop-type condenser will consist of 16 units of this
sort.

6.1.2 Bubble-Type Condenser

Condenser dimensions are determined by the size of the particles of the dis-
persed phase for this design, as they were for the drop-type condenser. How-
ever, this parameter canm not be varied freely. Bubbles must initially be
between 4 and 8 mm in diameter to guarantee an essentially constant rise velo-
city., We selected an intermediate value for the design, 6 mm. This sort of
drop can be produced through orifices that are 1 mm in diameter. The number
of holes is chosen to prevent weeping. If vapor flow rate through an orifice
is low, then brine from above the plate may "weep"” down into the chamber con-
taining the wvapor. Mersmann (1978) supplies a correlation that gives a
minimum flow rate through each hole or, equivalently, a maximum number of
holes for a given total flow rate, to prevent this phenomenon. We use the
maximum number of holes, 7,834,000, to keep the vapor-side pressure drop
low. Once the number and size of holes have been selected, the pressure drop
across the orifice can be computed, using the correlation of Smith and Van
Winkle. The pressure drop of the vapor as it passes through the orifice is
calculated to be approximately 100 Pa,

Once the bubble size is known, cross-sectional area can be estimated on the
basis of bubble spacing. If 7,834,000 holes must be placed one diameter (or
6 mm) apart, gn the vertices of equilateral triangles, then a cross-sectional
area of 245 m" is required. Like the drop-type condenser, this condenser will
be built of smaller modules in parallel. Twenty-four modules are needed.

Bubble size determines the height required for heat transfer as well., The
heat transfer relationship of Jacobs, Beggs, and Fannar, along with terminal
velocity correlations, predicts a very small active height for the condenser
(only a few centimeters). However, the condenser must be designed with a much
taller column of brine to avoid substantial entrainment of pentane.

We designed the condenser so that the lateral velocity of the brine at its
outlets would be roughly the same as the r%ﬁe velocity of the pentane
bubbles. For a volumetric flow rate of 0.078 m”/s per module, this leads to
the requirement that the pentane exit pipe be at least 70 cm in diameter. In
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order to reduce the size of the pipe, we chose to have two brine outlets (and
two brine inlets), each with a diameter of 50 cm. This should promote a bet-
ter flow arrangement in the condenser as well as reducing the height require-
ment. This choice of lateral velocity implies that bubbles should not be
formed within a distance of 50 cm of the brine exit orifices, reducing the
useful area of the condenser by 7% and necessitating two additional modules.

The actual height of each module will be 1 m, with a generous allowance for

the height of the vapor chamber and the layer of pentane liquid above the

brine. Since this is fairly short, several modules can be stacked to form

larger pressure vessels. Figure 6-1 shows a pressure vessel that consists of

6 modules. It is less expensive than six individual vessels because the cost

of ends and supports is greater than the cost of plates to separate a column
| into compartments.

| Figure 4-~5 shows the brine entering one side of a compartment and leaving at
the other side. To prevent the formation of stagnant areas in the condenser,
it is necessary to distribute the brine with a system of baffles, These baf-
fles have not been designed, so their parasitic losses are not included in our
calculations. The only parasitic Jloss included in the analysis of this
condenser design is the small amount of extra work that must be done to pump
the 1liquid pentane to boiler pressure. For each condenser design, work is
required to pump the peuntane from the turbine exit pressure (73.76 kPa) to the
boiler pressure (300 kPa). 1In the bubble~type condenser, the pentane liquid
starts at slightly lower pressure (67.81 kPa), equal to the turbine exit
pressure minus the orifice pressure drop and the hydrostatic pressure of the
layer of brine. The extra pumping work associated with this design is 1.3 kW,
or less than 0.5% of the plant's output,

6.1.3 Packed-Bed Condenser

The correlation of Thomas, Jacobs, and Boehm expresses heat transfer in terms
of a volumetric heat transfer coefficient, but the correlation determines the
height, not the volume of the packed-bed condenser when it is put in
dimensional form. Thomas, Jacobs, and Boehm performed experiments on two

’ types of packing: 3.8l-cm (1.5 in.) Berl saddles, and 5.,08~cm (2-in.) Raschig
rings. Our design uses Berl saddles, which require less height for heat

| transfer and a smaller cross—sectional area for a given vapor-side pressure
drop. The column 1is designed for a pressure drop of 1.2 kPa per meter of
height (1-1/2 inches of water per foot of height), with a 10% safety factor in
area., According to the heat transfer correlation, the condenser must have an
active height of 2.95 m. According to the flow rate/pressure correlations
reproduced in Figure 4~-12, the condenser must have an area of 91 m“, This
corresponds to 9 modules. The main source of parasitics is the head loss of
the brine as it falls over the packing. The power lost in this process is
77.4 kW,

6.1.4 Deaerator and Degasser

For a given deaeration load, the active height and area of the deaerator are
interrelated, The duty of the deaerator can be described as a number of
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transfer units (5.7 in this case) required to reduce noncondensables in the
condenser to 1% by volume. The active height of the deaerator is the product
of a number of transfer units (NTU) and height of a transfer unit (HTU)., Fig-
ure 4-15 shows how HTU decreases as area increases. So, the sizing of the
deaerator involves a trade-off between the cost of increasing area and the
cost (in enlarging the plant) of the parasitics caused by a large active
height.

We made a rough calculation of the impact of parasitics on plant cost for com-
parison with the cost of enlarging the deaerator and concluded that the least
expensive design was the one with the smallest deaerator cross—sectional area
permitted by flooding considerations. The same conclusion applies to degasser
design.

Both the degasser and the deaerator use 2.54—cm (1~in.) plastic Pall rings as
packing. According to the flooding calcula%}ons of Golshani and Chen, the
maximum flow rate per uniE area is 47,5 kg/s m~, which corresponds to a cross-
sectional area of 56.3 m“ for the system under consideratiom. @F applied a
safety factor of 10% and arrived at a cross-sectional area of 62 m-.

The deaerator and degasser operate at low pressures (between 2 and 3 kPa,
where about 2 kPa corresponds to the partial pressure of the brine), Because
they are at lower pressures than either the preceding or following points in
the brine loop, brine must be pumped out of them., To reduce the work of
pumping somewhat, the brine enters the degasser and deaerator by barometric
lift. Some of the brine's energy, lost when pressure is reduced, is converted
into recoverable gravitational potential energy.

For the design conditions, Figure 4-15 shows that the HTUs for air and pentane
desorption are, respectively, 1,14 m and 1.90 m. The NTUs set by the desorp-
tion requirements are 5.7 for air and 4.4 for pentane, This leads to a
deaerator with an active height of 6.5 m, and a degasser with an active height
of 8.4 m. These heights correspond to parasitic losses of 170.6 kW and
219.7 kW, respectively. The other source of parasitic losses is the work of
the compressors that remove the desorbed gases and whatever water vapor is
released. In the deaerator, the compressor work is 34.1 kW; in the degasser
it is 9.2 kW. There are two reasons for the difference in the work of the
compressors. Although the mass fractions of air and pentane released from the
brine are comparable (on the order of 4 ppm), the volume of pentane vapor to
be compressed is much smaller than the volume of air. The second reason for
the difference is less important. The deaerator compressor returns air to
atmospheric pressure while the degasser compressor returns pentane vapor to
the condenser, overcoming a smaller pressure difference,

6.2 PLANT EFFICIENCY

The parasitic losses of the three direct—contact condenser subsystems and of
the rest of the power plant are summarized in Table 6-1. Parasitic losses due
to pipe friction are neglected since they should be more or less the same for
all the plant designs. Section 7.2 describes how the parasitics of the rest
of the plant were calculated, and lists the efficiencies assumed for pumps and
compressors, ‘
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Table 6~1., Parasitic lLosses

Direct-Contact Condenser Subsystems

Deaerator
Gravity headloss 213.2 kW
Compressor work 48,7 kW
Condensers
Drop—-type condenset
Nozzle headloss 194.9 kW
Gravity headloss 65.0 kW
Bubble-type condenser
Extra pumping for pentane liquid 1.3 kW
Packed-bed condenser
Gravity headloss 96.8 kW
Degasser
Gravity headloss 274.6 kW
Compressor work 13.1 kW
Total for drop-type condenser subsystem 809.5 kW
Total for bubble-type condenser subsystem 550.9 kW
Total for packed-bed condenser subsystem 646.4 kW

Rest of the Plant

Work of pumping pentane from condenser to boiler 53.8 kW
Work of pumping brine from pond to boiler 256.4 kW

Total for the rest of the plant 310.2 kW

The efficiency of each plant is calculated from parasitics and thermodynamic
information as follows. Efficiency is defined as the ratio of useful work
leaving a system to heat entering the system. We know that the pentane
absorbs 50.945 MW, from the hot brine as it passes through the boiler, and
that it rejects 44,9305 MW_ in the condenser. The difference between these
two quantities (6.0145 th) is converted to work in the turbine and then to
electricity. This conversion process is assumed to have an efficiency of 907%,
so the gross power output of the plant is 5.413 MW, . The remaining 10% of the
6.0145 MW_ is heat generated either in the turbine or the power—generating
equipment, We assumed that none of this remaining heat is reabsorbed by the
pentane stream. The net useful work produced by the system (in the form of
electricity) is found by subtracting the parasitic losses from the gross out-
put of the plant., The parasitic losses from the condenser subsystem must be
expressed in terms of the electricity required to operate pumps and com-
pressors, i.e., the ideal work must be divided by the efficiency of the pump
or compressor, Throughout this report, pumps are assumed to have an
efficiency of 80%, and compressors, 70%. The parasitics listed in Table 6-1
are corrected for these efficiencies.
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The parasitics of the rest of the plant are derived as follows. For an ideal
pump, the power required to pump the pentane liquid from the condenser back to
the boiler is the product of the pressure difference and the volumetric flow
rate of the pentane. For a real pump, this power must be divided by the
efficiency (0.8). Similarly, the power required to pump the brine from the
solar pond to the boiler is (my/pp) AP/e ump* This is a considerable amount
of work, more than 107 of the plant's electrical output. According to
Wright's design, some of this work can be recovered if a hydraulic turbine is
inserted between the boiler exit and the solar pond. If the hydraulic turbine
has an efficiency of 70% and the mechanical work that it produces is used by
the brine pump with an efficiency of 80%, then the power requirements can be
reduced by slightly more than half.

Following the steps outlined above, we calculated the net useful output and
efficiency for the plant for each design. These quantities are reported in
Table 6-2.

6.3 SCALE-UP: SIZING AND COSTING

The designs of condenser subsystem components given in Section 6.1 are based
on the same brine and pentane flow rates (2675.6 kg/s and 115 kg/s, respec-—
tively). Section 6.2 shows that the plants containing these subsystems pro-
duce different amounts of electricity. For a fair evaluation of the condenser
subsystem choices, each plant must be enlarged to produce the same net amount
of electricity (5 MW ), For each plant, the pentane and brine flow rates must
be multiplied by the ratio of desired output (5 MW, ) to output as designed in
Section 6.1,

For the bubble-type condenser, for example, this ratio is 5/4.552. This
scale-up procedure is used on the assumption that the same amount of elec-—
tricity is produced per unit flow rate of pentane before and after scale-up,
i.e., that cycle efficiency is unchanged by a small change in the size of the
plant.

In this section, the three direct-contact condenser subsystems are scaled up
and costed. The costing method is described in Section 6.3.1, and the three

subsystems are enlarged and costed in Sections 6.3.2, 6.3.3, and 6.3.4., The
cost of the rest of the plant scaled up to produce 5 MW is estimated in Sec-

tion 8.0.

Table 6-2. Cycle Efficiency

Useful
Condenser Output Efficiency
(W)
Drop-type 4,293 8.43%
Bubble-type 4,552 8.94%
Packed-bed 4,456 8.757%
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6.3.1 Costing Method

We used the costing method of Pikulik and Diaz (1977) to estimate the cost of
the system components. This is the method Wright used (1982) to estimate the
cost of direct-contact boilers. The costs are given in 1977 dollars, which
are converted to 1980 dollars using the Marshall and Swift equipment cost
index provided by Chemical Engineering Magazine. All prices will be presented
in 1980 dollars unless otherwise mentioned.

Diaz and Pikulik recommend the following costing procedure once the dimensions
of a piece of equipment are known. First, the cost and weight of the material
for the walls, ends, support, internals, and orifices are estimated using
nomographs. Then, the cost of fabricating the equipment is calculated using
the following empirical formula:

C. =S (3.1D+ 1,2L + 3M + N + W)

S s

where CS is the shop cost (or cost of fabricating); S is the hourly rate for
shop labor, given by Pikulik and Diaz as $28.50 for the fabrication of towers;
D and L are the diameter and height of the vessel; M is the number of manholes
(2 in this analysis); N is the number of orifices; and W is the weight of
material in tons. The material cost and shop cost are added to give the fab-
ricated cost. Finally, the fabricated cost is multiplied by a factor between
1.25 and 1.16 to account for engineering and administrative costs, etc. The
factor decreases as the fabricated cost increases. We assumed that it was a
constant 1.16, the factor for items more expensive then $75,000, for the fol-
lowing reason. Although individual modules may cost less than $75,000, they
would be part of an order of several identical items. Thus, the engineering
and administrative costs should be applied at the rate given for large,
expensive items.

The final result of this costing procedure is an F.0.B., cost, i.e., the total
cost to be paid to the manufacturer before shipping. The costing of the
deaerator for the drop-type condenser subsystem is described in detail, as an
example, in Section 6.3.2.

6.3.2 Drop-Type Condenser Subsystem

Because of parasitic losses, the flow rates in the drop-type condenser sub-
system must be increased by a factor of 5/4.293 to 134 kg/s for pentane and
3116 kg/s for brine. The increase in flow rates affects the cross-sectional
area but not the height of the components. The cross-sectional area given in
Section 6.1 must be increased by precisely the same factor as the flow rates.

The deaerator Qfsigned in Subsection 6,1.4 had an active height of 6.5 m and
an area of 62 m“. For cost estimates of the enlarged plant, the active height

remains the same, but the total height of the vessel is 7.5 m to allow room
for packing supports and 3 brine distribution system. The cross-sectional
area is increased to 72 m ., The deaerator will consist of 7 modules each
3,62 m in diameter. One such module is shown in Figure 6-2.
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Figure 6-2. Deaerator Module. (Seven modules are required.)

Each module has 3 orifices (brine inlet and outlet and gas outlet), a packing
support and bed limiter to hold the packing in place, two manholes, and a
weir—and-trough distributor for the brine. The walls and ends of the vessel
are made of 1,l-cm-thick (7/16-in.) carbon steel, and the vessel support is
made of Q.6-cm-thick (1/4-in.) carbon steel., The active volume of the column
is filled with 2.54~cm (l-in.) plastic Pall rings. The costs and weights of
these items are listed in Table 6-3.

The total material cost of the deaerator is $63,300. The shop cost is
$3200. This gives a fabricated cost of $66,500 and an FOB cost of
1,16 x $66,500, or $77,200. The 1980 cost is calculated by multiplying the
1977 cost by 659.6/505.4. It is $100,700. The cost for 7 units of this sort
is $705,100.

The cost of the degasser 1is calculated in precisely the same way. The
degasser is 9.4 m tall, of which 8.4 m is the active height. Since its total
cross—sectional area is the same as that of the deaerator (72 m“), the
degasser too is built as seven modules in parallel. The cost of a single
module is $118,300 the total degasser cost is $828,100.
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Table 6-3. Cost of Deaerator for Drop-Type Condenser Subsystem

Unit Mass Total Mass Unit Cost Total Cost

Quantity (kg) (ke) ($) ($)

Walls 7.5 m 916/m 6,880 681/m 5,110
Skirt (i.e., support) 2.5 m 532/m 1,330 488/m 1,220
Caps 2 3 2,870 3 7,530 5,833 3 11,670
Packing 74.1 m 88.2/m 6,530 494 /m 36,610
12 in. nozzles 2 68 140 630 1,260
3 in. nozzle 1 10 10 190 190
Manholes 2 300 600 1,500 3,000
Distributor 1 210 210 1,190 1,190
Support plate 1 3,600 3,600 1,090 1,090
Hold-down plate 1 8,940 8,940 1,990 1,990
Total material mass 33,960
Total material cost 63,330

Shop cost 3,210
Fabricated cost 66,540

Engineering cost, etc. 10,650
F.0.B. cost (1977) 77,190
F.0.B, cost (1980 dollars) 100,700

The enlarged drop-type condenser is des%gned with a height of 3.0 m (active
height 1.98 m), and a total area of 190 m“, This area can be attained with 19
modules, ‘each 3.57 meters in diameter, Each module costs $45,800., The total
condenser cost is $870,000, One condenser module is shown in Figure 6-3.

Since brine and pentane liquid leave the condenser together for this design, a
settling tank is required. We sized the tank to give th§ brine and pentane
two minutes to separate, This requires a volume of 343 m~ (90,600 gal). The
Diaz and Pikulik method does mot provide nomographs for such large vessels, so
we used a correlation for large storage tanks provided by Guthrie (1969). For
a 100,000-gal horizontal carbon-steel pressure storage vessel, Guthrie esti-
mates a cost of approximately $64,300 (converted to 1980 cost). There is a
great deal of uncertainty in this cost estimate because a settling tank may
have quite a different cost from a storage tank of the same capacity, and
because two minutes' residence time may not be adequate for full separation of
the two liquids. '

The pumps and compressors are the only remaining equipment in the condenser
subsystem. The brine loses 265 kPa (38.4 psi) as it travels through the
deaerator, condenser, and degasser., This means that pumps must perform on the
brine at a rate of almost 700 kW. The height of the components of the
condenser subsystem can be selected to allow this work to be added at any
point in the loop. Pikulik and Diaz provide a nomograph for pump cost as a
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Figure 6-3. Drop-Type Condenser Module (Nineteen modules are required.)

function of the product of flow rate and pressure gain, but not for pumps
large enough to carry the entire pumping load for this system. In order to
use the correlation, we decided to use four pumps, each of which cost
$23,500. The compressors for the deaerator and degasser, on the other hand,
are smaller than those costed by Pikulik and Diaz. I extrapolated the curve
and estimated that both would cost approximately $65,000.

The prices of the components of this condenser subsystem are summarized in
Table 6-4 along with the costs of the condenser options. Since the costing
procedure is very similar for the three options, only sizing information is
presented in the text of the remainder of the section.

6.3.3 Bubble-Type Condenser Subsystem

The scaling factor for the bubble~type condenser subsystem is 5/4.552, which
leads to a pentane flow rate of 126 kg/s and a brine flow rate of 2939 kg/s.

For these flow rates, the deaerator has a total area of 68 mz, which can be
achieved with 7 modules, each with a diameter of 3.52 m. The degasser area
requirements are exactly the same, and the heights of both deaerator and
degasser are unchanged from the drop-type subsystem design.,

The condenserzhas a height of 1 m, of which 60 cm is filled with brine. Its

area is 270 m, which corresponds to seven modules, each one consisting of a
stack of 4 condenser units. The diameter of each module is 3.5 m.
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Table 6-4. Cost of Subsystems

Number of Total Cost Total
Médules Arﬁa per Module Cost
(m) ($) (s)
Drop-Type
Deaerator 7 72 100,700 705,100
Condenser 19 190 45,800 870,000
Settler 1 64,300 64,300
Degasser 7 72 118,300 828,100
Pumps 4 23,500 94,000
Compressors 2 65,000
Total 2,626,500
Bubble-Type
Deaerator 7 68 95,900 671,100
Condenser 7 270 72,600 508,400
Settler
Degasser 7 68 112,600 787,900
Pumps 3 19,600 58,800
Compressors 2 65,000
Total 2,091,200
Packed-Bed
Deaerator 7 70 97,800 684,600
Condenser 10 59,500 595,100
Settler 1 102 64,300 64,300
Degasser 7 70 114,800 803,900
Pumps 4 18,300 73,100
Compressors 2 65,000
Total 2,286,000

All costs in 1980 dollars.

This condenser subsystem does not require a settling tank. Costs of pumps and
compressors and components described above are given in Table 6-4. Figure 6-4
is a drawing of the bubble-type condenser.

6.3.4 Packed-Bed Condenser Subsystem

The brine and pentane flow rates for this subsystem are, respectively,
3002 kg/s and 129 kg/s, corresponding to a scale-up factor of 5/4.456. The
scale-up area requirement necessitates 7 deaerator modules and 7 degasser
units, each with a diameter of 3.56 m. The heights of these components are
unchanged from those given in Sections 6.,1.4 and 6.3.2.
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The condenser consists of 10 modules, each with a diameter of 3.61 m and an
active height of 2.95 m. The physical height of each module is 4 m and the
packing used is 3.8l-cm (1.5-in.) Berl saddles. The costs of all the com-
ponents of this condenser subsystem are given in Table 6-4, and a drawing of
the packed-bed condenser is given in Figure 6-5.
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SECTION 7.0

SIZE AND COST OF SHELL-AND-TUBE CONDENSER SUBSYSTEM

This section gives the sizing and costing of the shell-and-tube condenser sub-
system, following the method outlined in Section 3.0 and using the correla-
tions described in Section 5.0. In Section 7.1, we size the condenser
subsystem to fit into the initial plant (with a pentane flow rate of
115 kg/s). In Section 7.2, we calculate the thermal efficiency of this
plant. Section 7.3 contains a description of how the plant is scaled up to
produce 5 MW, net and how the size and cost of the condenser subsystem are
computed for the larger plant, The cost of the entire enlarged plant is
calculated in Section 8.0 and compared with the costs of the three direct-
contact plants,

7.1 INITIAL SIZING

In order to use the heat transfer correlations presented in Section 5.1, it is
necessary to select a tube diameter. Robertson (1980) recommends an outer
diameter of between 1.6 and 2.5 em for condensers in geothermal power
plants. Below the lower limit, clogging of tubes i1s a problem. Above the
upper limit, excessive amounts of coolant are required to attain 1.8 m/s, the
coolant velocity desired for good heat transfer. We selected an intermediate
value, 2,0 cm, as the tubes' external diameter, and 1.9 cm as the internal
diameter. The tubes are assumed to be made of carbon steel, which has a ther-
mal conductivity of 47.6 W/m °C.

Using this information, we calculated the film heat transfer coefficients2
For condensation on the outside of the tube, the coefficient is h0 = 2700 W/m
OC. For heaE 5ransfer from the coolant inside the tube, the coefficie&tois

hi = 6030 W/m C. The overall heat transfer coefficient is US = 1090 W/m c,

which is within the range given by Perry and Chilton for organic vapors con-
densing on tubes containing water. The surface area of the tubes required for
the condensing load is calculated from the hiat transfer coefficient and tem-
perature change of the coolant to be 11,000 m .

The number of tubes required is N = m/(py, VA pe) or 4144, where mp, is the
mass flow rate of water (kg/s), g is the velocity of water in the tubes (m/s),
P1, is the density of water (kg/m”), and Atube is the cross-sectional area of a
tube (m“), The length of the tubes is L = AS/(NaS), or 42,2 m, where A, is
the surface arga required (m“) and a_ is the surface area per unit length of a
single tube (m“/m). From this information, we calculated the frictional head-

loss of the water in the condenser, 189,8 kW,

We costed the cooling tower in order to compute the fans' contribution to
parasitic losses. The costing plot of Vatavuk and Neveril (1981) is shown in
Figure 7-1. First, a cost is read from the main plot. For a flow rate of
2.115 m”/s and range (i.e., change in water temperature) of 5.6°C (slightly
more than is required), the cost is $180,000., Then, the cost is adjusted by
two factors shown in the figure, which depend on the approach temperature
(temperature difference between water leaving the cooling tower and air
entering it) and the ambient wet-bulb temperature. These factors are not
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(Range is the difference between water temperature at the inlet and the outlet of the cooling
tower;

Approach is the difference between water exit and air wet-buib inlet temperature.)
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Figure 7-1. Cost of Cooling Towers
Source: Vatavuk and Neveril 1981.
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available for the operating conditions under consideration, so we used the
closest available factors: F, = 1,54 and F, = 1.6. The cost, adjusted using
the formula recommended by Vatavuk and Neveril Cadiu teq = (C - 34,500) F| Fy
+ 34,500, becomes $400,000., Thus, according to  the empirical formula for
parasitics, the fans will use 198.8 kW of electricity.

The other contribution of the coolant tower to parasitics 1s the water's head-
loss in falling the height of the tower (3.5 m). This nonrecoverable 1loss
contributes 72.4 kW to the parasitics.

7.2 PLANT EFFICIENCY

The parasitic losses of the entire plant are itemized in Table 7-1. The
losses of the condenser subsystem were computed in Section 7.1, and then
divided by the efficiency of the pump, where appropriate, to give the elec-—
tricity requirements, Throughout this report pumps are assumed to have an
efficiency of 80%; compressors, 70%; and the turbine, 90%.

Plant efficiency is calculated from the parasitics listed in Table 7-1 and
from the heat absorbed and rejected by the system. In the boiler, the pentane
absorbs 50.945 MW, from the brine. In the condenser, it rejects
44,9305 MW, . Thus, the work performed by the brine on the turbine 1is
6.0145 MW, The turbine converts 90% of this to electricity, so the gross
power output is 5.413 MW_. The net work out, obtained by subtracting the
parasitic losses from this, is 4.576 MW. This gives an efficiency of 8,98%.
The use of a cooling pond rather than a cooling tower would improve the
efficiency substantially, as shown in the next section.

Table 7-1, Parasitic Losses

) Losses
Parts of the Plant (kW)
Condenser Subsystem

Frictional headloss in shell-and-tube condenser 237.2
Gravity headloss in cooling tower 90.6
Work of fans in cooling tower 198.8
Subtotal ' 526.6

The Rest of the Plant
Work of pumping pentane from condenser to boiler 53.8
Work of pumping brine from pond to boiler 256.4
Subtotal 310.2
Total 836.8
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Wright's analysis of the solar pond power plant (1981), concerned mainly with
a comparison of boiler systems, neglects the parasitic losses associated with
the shell-and-tube condenser system, but these parasitic losses are signi-
ficant and reduce the output of the plant to 4.58 MW,- (This is not simply
equal to the difference between 5 MW, and the new parasitics of the condenser
system because the assumptions that Wright made in that analysis are different
from the ones made in this report. Under the assumptions used in this report,
Wright's plant, as designed, would have produced 5.103 Mwe if there were no
parasitics in the condenser subsystem.)

7.3 SCALE-UP: SIZING AND COSTING

In order to produce 5 MW, net, it is necessary to increase the heat input and
thus the pentane flow rate over those selected by Wright (1981) by a factor of
5/4.58. So, the pentane mass flow rate of the new system must be 126 kg/s.
This affects the size and cost of the condenser subsystem and of the rest of
the plant as well, including the solar pond.

The surface area of the shell-and-tube condenser is proporticnal to the heat
that must be rejected and thus to the mass flow rate. _ So the tube surface
area for the enlarged condenser is approximately 12,000 m~. The cost of large
heat exchangers is essentially proportional to the heat transfer surface
area., Stearns—-Roger (Dubberly et al. 1981) provides a co&t estimate 13 1980
dollars for carbon-steel heat exchangers of $215 to $270/m”. At 8215/m”, the
shell-and-tube condenser should cost $2,580,000.

The cooling tower must be costed again using Figure 7-1 and the new coolant
flow rate, 2300 kg/s of water. The adjusted cost is C = ($196,000 - $34,500)
x 1.54 x 1,6 + $34,500, or $433,000 in 1977 dollars? In 1980 dollars, the
cooling tower costs $565,000. The cooling tower cost includes the cost of
pumps, motors, and fans. However, it does not include the cost of a pump to
overcome the pressure drop in the condenser. This pump will cost approxi-
mately $28,800. The costs of the subsystem components are listed in
Table 7-2.

Table 7-2. Cost of Shell—and-Tube
Condenser Subsystem

Component %g;;
Condenser 2,580.0
Pumps ' 28.8
Cooling tower 433,0

Total 3,041.8
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The cost of the shell-and-tube condenser subsystem could be reduced signi-
ficantly if the cooling tower could be replaced by a cooling pond. This would
reduce parasitics. The plant's efficiency would be 9.55%, and the flow rates
would have to be increased from Wright's design by a factor of only 5/4.87.
This implies a condenser cost of $2,430,000,

51




o

S=?I .@ TR-2164

SECTION 8.0

SCALE-UP AND COSTING OF THE REST OF THE PLANT

In the preceding two sections, the cost of the four condenser subsystem
options are estimated for plants producing 5 MW_ net. This section provides
cost estimates for the solar pond and the rest o? the plant, scaled up to pro-
duce 5 MW_ with each of the condenser subsystems. The first subsection out-
lines the scale-up procedure, and the second one applies this procedure to the
plant and the solar pond.

8.1 SCALE-UP METHOD

The cost of the power plant, excluding the condenser subsystem, is estimated
by the ratio method., It is assumed to be proportional to plant capacity (or
pentane flow rate) to the six-tenths power. The first column in Table 8-1
shows Wright's estimate (1981) of the cost of an entire organic Rankine cycle
power plant with direct-contact boiler and shell-and-tube condenser in 1980
dollars. The estimate was derived by scaling up an estimate by Daedalean
Associates for a 0.8 MW plant (Weinreich 1980). The scaled-up version has a
pentane flow rate of 195 kg/s and was designed to produce 5 MW .,  However,

that design neglected parasitic losses in the condenser subsystem, which would
be considerable, and so the plant would produce only 4.58 Mwe as designed.

The first ten items in the list are estimates of the FOB costs of major pieces
of equipment and of support structures and equipment. The sum of these, a
labor charge, and the dindirect cost (temporary facilities, construction
equipment, project accounting, etc.), is the total field cost. Fees for
engineering, contingency, escalation, owner costs, and AFDC are added to the
field cost to give the total capital cost. Engineering service refers to the
cost of the detailed design and construction supervision provided by the
engineering firm that builds the power plant. The contingency factor is an
estimate of the investment required to compensate for weather-related
problems, strikes, small design changes, estimation errors, and other
unforeseen costs. Escalation is a factor in accounting for price increases
due to inflation during construction. Owner costs are the expenses incurred
by the utility in overseeing construction and licensing the plant for start-
up. AFDC (allowance for funds during construction) is the interest paid on
the money used to construct the power plant. Each of these fees 1is a
percentage of the preceding total.

The second column in Table 8-1 shows a revision of Wright's estimate, omitting
the plant components in the condenser subsystem. The cost of the cooling sys-
tem and half the cost of the pumps is omitted, and the cost of the direct-
contact boiler is replaced by a cost estimate from Wright's more recent report
(1982) for a packed-bed direct-contact boiler. The total field cost of this
column is multiplied by a scaling factor for each of the four plant designs.
Then the cost of the condenser subsystem, estimated in Sections 6.3 and 7.3,
is added, and the capital cost is computed from this sum using the method
employed in the first column.

52




SEQ' [@] ] TR-2164

Table 8-1. Capital Costs of Organic Rankine Cycle Power Plant ($K)

Revised Version,

Wright's excluding Condenser
Estimate
Subsystem
Direct—contact boiler 156 138
Cooling system
(shell-and-tube condenser/
evaporative cooling tower) 1,800 : L -
Turbine (axial) 200 200
Control system 285 285
Valves and piping 765 765
Pumps 251 126
Other mechanical equipment 135 135
Electrical 225 225
Civil works 250 250
Miscellaneous hardware 440 440
Labor 1,200 1,200
Direct field cost 5,708 3,764
Indirect cost 600 600
Total field cost 6,308 4,364
Engineering service (12%) 763
7,071
Contingency (20%) 1,414
Total construction cost 8,485
Escalation (7%) 594
9,079
Owner's cost (8%) 726
9,805
AFDC (12%) 1,177
Total Capital Cost 10,981

The other capital costs associated with producing power in this way are the
cost of the solar pond and, for direct-contact heat exchangers, the cost of
pentane lost to the atmosphere. The solar pond size and cost are assumed to
be linearly dependent on the amount of heat transferred to the working fluid
in the boiler, and thus to the mass flow rate of the working fluid. The cost
of lost pentane, treated as an operating expense in Wright's 1981 report, can
be converted to a capital expense as follows: assuming a plant-life of 30
years, a fixed-charge rate of 17%, and an annual escalation rate of 7%, the
present worth of a system can be obtained by multiplying total capital costs
by a factor of 1.6 and operating costs by a factor of 20.1 (Dubberly et al.
1981), If all costs are to be compared on the basis of capital costs, as in
this analysis, operating costs must be multiplied by a factor of 20,1/1.6, or
12.56. The only operating cost that enters into our comparison is the cost of
replacing lost pentane.
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8.2 SCALE-UP OF PLANT AND SOLAR POND

Table 8-2 summarizes the scaled-up costs of power plant and solar pond. In
this section, we describe how these figures are derived for the drop-type con-

denser plant, as an example.

8.2.1 Plant Costs

According to the "six—tenths rule” (Peters and Timmerhaus 1968), the cost of a
to the six-tenths

power. We assumed that the capacity of each of these plants is proportional

plant is roughly proportional

to the working fluid mass flow rate,

its capacity,

raised

and thus to net power output.

So, in

order to enlarge the drop-type condenser plant described in Table 8~2 (which

produces 4,29 Mwe) to produ%f
scale-up factor of (5/4.29)"°

e?

6 or 1.096.

the plant cost should be multiplied by a
Since the condenser subsystem for

the enlarged plant is costed separately in Section 6.3.1, this factor is

applied to the field cost of
$4,781,000, To this 1s added

the rest of
the cost

the plant

($4,364,000),
of the condenser subsystem from

Table 8-2. Scaled-Up Costs of Power Plant and Solar Pond

giving

Type of Condenser

Shell-and-
Drop-Type Bubble-Type Packed-Bed Tube
Scale—up factor for plant 1.096 1.058 1.071 1.055
Total field cost of plant excluding
condenser subsystem 4,781 4,617 4,676 4,602
F.0.B. cost of condenser subsystem 2,626 2,091 2,286 3,042
Total field cost of plant 7,408 6,708 6,962 7,644
Total capital cost of plant 12,898 11,669 12,121 13,309
Total capital cost of pond 14,833 13,982 14,290 13,916
Capital cost of pentane replacement 52 49 50 3
Total Capital Cost 27,783 25,700 26,461 27,228
Capital cost per kWe 5.557 5.14 5.292 5.446
Plant efficiency 8.437% 8.947 8.75% 8.98%
Brine flow rate (kg/s) 3,116 2,939 3,002 2,3002
Pentane flow rate (kg/s) 134 126 129 126

All costs are in 1980 S$K.

8rresh water.
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Table 6-4, $2,626,500. The sum of these costs, $7,408,000, is the total field
cost of the plant. With the addition of engineering and contingency fees,

escalation, owners cost, and AFDC, the total capital cost of the plant is
$12,898,000.

8.2.2 Solar Pond Costs

For large solar ponds, it is reasonable to assume that heat extracted and pond
cost are proportional to pond areg. If the year-round average 1Incident solar
radiation on the pond is 250 W/m“, and 16% of this amount is stored in the
pond, then energy can be extracted from the pond at a rate of 40 W/m~., (The
16% conversion efficiency is an extrapolation from the performance of small
ponds to large ponds, for which losses of energy to,the grou should be
small.) Cost estimates for solar ponds vary from $5/m  to $18/m , depending
on whether a liner is used, how much construction work is required, and how
large the pond is (Jet Propu%sion Laboratory 1982; May et al. 1982). We chose
an intermediate value, $10/m", for our calculations.

The cost of the solar pond for the drop-type condenser plant is calculated as

follows: first, the required rate of heat removal from the pond is com-
puted. Since this power plant operates at an efficiency of 8.43% and pro-

duces 5 MW, of power, it must absorb 5 MWe49.0843, or 259.3 MW fron% tge
pond. This determines the pond area, 59.3 x 10° W %+ 40 W/m“ = 1.485 x 107 m“,
At $10 per square meter, the pond costs $14,833,000. ) :

8.2.3 Pentane Loss Costs

The loss of pentane to the atmosphere is proportional to the brine flow rate
and the concentration of pentane in the brine as it leaves the degasser. For
all of the direct-contact designs, the exit concentration of pentane in brine
is 0.0818 ppm (by weight). For the drop-type condenser subsystem with a brine
flow rate of 3116 kg/s, the pentane loss is 22.0 kg/day, or 8000 kg/year. (We
assume that all the pentane dissolved in the brine of the evaporating pond is
desorbed into the air.) If pentane costs $0.49/kg (Chemical Marketing
Reporter, quoted by Wright 1981), then the cost per year for pentane replace-
ment is $3,900. To this must be added the cost of replacing the pentane lost
through the direct-contact boiler, $200/year, according to Wright's loss rate
calculations (1981). The capitalized cost of this operating expense is
$4100 x 20.1/1.6 = $52,000. From the point of view of plant cost, obviously
it would be advantageous to lose more pentane and reduce the size of the
degasser. However, the upper limit on the loss rate is set by the safety con-
straints described in Section 3.0.
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SECTION 9.0

CONCLUSIONS

The purpose of this report is to determine whether a direct-contact condenser
is a feasible replacement for the conventional shell-and-tube condenser for a
5 MW golar pond power plant. Three direct-contact design options are com-—
pared to the shell-and-tube condenser., Sizing and costing are performed in
Sections 6.0 through 8.0, and final cost results are presented in Tables 6-4,
7-2, and 8-2. Table 8-2 shows that some of the power plants using direct-
contact condensation cost less then the plant with the shell-and-tube con-
denser, by as much as 5%. The condenser subsystem price was reduced by as
much as 30%, but the rest of the system was more expensive because of its
reduced efficiency. Moreover, because the uncertainty associated with the
design is far 1less for shell-and-tube condeunsers than for direct-contact
condensers, the shell~and-tube option would probably be preferable unless the
direct—contact condenser subsystem were less expensive by at least 50%. So,
the direct—contact condenser subsystems, as designed, are not inexpensive
enough to justify the risks inherent in a relatively new technology.

It is important to note that the deaerator and degasser, not the condenser
itself, account for the major part of the cost of the direct—-contact condenser
subsystem. The deaerator and degasser contribute between 637% and 75% to the
cost of the condenser subsystem, and are responsible for between 68% and 997
of the subsystem's parasitic losses. (The parasitic losses caused by pipe
friction and the work of the compressors associated with the vent condenser
are neglected. The figure of 997, calculated for the bubble-type condenser,
may be unrealistically high.) Thus, the plant's efficiency would be increased
significantly if the degasser and deaerator could be eliminated. There may be
types of deaerators and degassers that are less expensive and have smaller
parasitic losses than the packed-bed design that we have considered here. A
literature search of degasser and deaerator designs and an evaluation of com-
mercially available equipment might uncover a better design, which could
change the cost of direct-contact options drastically.

In order to understand the possible impact on plant cost of smaller deaerators
and degassers, we made a cost estimate of a plant with a bubble-type condenser
and no deaerator or degasser. The cost of the condenser subsystem was reduced
to approximately 20% of the cost of the shell-and-tube subsystem; the cost of
the rest of the system was also reduced because of higher efficiency. The
final cost was approximately 207% of the cost of the shell-and-tube plant.

Another major area of uncertainty lies in particle spacing and multiparticle
effects in the bubble-type and drop-type condensers. The choice of bubble and
spray-nozzle spacing was arbitrary. The effect of changing this spacing can
be seen from Table 6-4. The cost of the condenser is roughly proportional to
cross—sectional area, and parasitic losses are independent of area. Thus,
changing spacing will affect the cost of the condenser, but not of the other
components or the pond and the rest of the plant. Since the condenser cost is
outweighed by the combined cost of deaerator and degasser, a moderate change
in spacing is unlikely to change the conclusions of this report.
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Even if the use of a direct-contact condenser with deaerator and degasser 1is
not competitive, there are other possible subsystems using a direct-contact
condenser, Figure 9-1 shows two of these possibilities along with (a) the
shell-and-tube subsystem and (b) the direct—contact subsystem considered in
this report. Option (a), the shell-and-tube subsystem, consists of a shell-
and-tube condenser and a wet cooling tower, which is a direct-contact air-
water heat exchanger, Option (b) dincludes two direct-contact heat
exchangers: the condenser and the evaporating pond. The deaerator and
degasser are necessary to reduce contamination with air of the working fluid
and loss of working fluid to the air.

Option (c) was designed to remove the possibility of working fluid contamina-—
tion and loss, and thus the need for the deaerator and degasser. Pentane
vapor condenses by direct contact with water, which is cooled in a shell-and-
tube, liquid-liquid heat exchanger. Thus, the water never comes into contact
with the atmosphere, and can neither desorb pentane nor absorb air. The water
traveling through the other side of the liquid-liquid heat exchanger is
exposed to air in the cooling tower, So, the secondary heat exchanger
separates the working fluid loop from the air, allowing heat transfer but no
mass transfer. This subsystem is of interest only if the combined cost of the
direct-contact condenser and the shell-and-tube, liquid-liquid heat exchanger
is smaller than the cost of a shell-and-tube condenser that performs the same
function for the same overall temperature difference between air and pentane,
i.e., if it compares favorably with option (a). We examined this possibility
briefly and found that the shell-and-tube, liquid-liquid heat exchanger has a
higher overall heat transfer coefficient U_, than the shell-and—tube con-
denser. However, it must operate over a smailer temperature difference than
the condenser option (a). In the subsystem of option (c), the pentane-air
temperature difference is split between two heat exchangers, This more than
compensates for the enhanced heat transfer coefficient. The area required for
the liquid~liquid heat exchanger, which is inversely proportional to USAT, is
greater than that required for the shell-and-tube condenser of option (a).
Thus, even neglecting the cost of the direct-contact condenser, option (c¢) is
more expensive than the conventional option (a).

The final possibility, option (d), is not analyzed in this study, and may
merit further consideration. It consists of a direct-contact condenser and a
dry cooling tower, which is not a direct-contact device. In the cooling
tower, water travels through finned tubes. Heat transfer can be further
enhanced by spraying water on the outside of the tubes. As in options (a) and
(c), there is no problem of working-fluid loss or contamination. However, it
seems unlikely that this design will result in a substantial cost reduction
over option (a). Option (a) is expensive because the condenser must have a
very large metal heat transfer surface. In option (d), the cost of the con-
denser will be reduced because of direct contact between the coolant and con-
densing vapor, but a large expensive metal surface will be required in the
cooling tower,
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