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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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ABSTRACT

\

This report includes a project summary, copies of two papers
resulting from the work and the Ph.D. Dissertation of Dr. Mehdi
Golafshani entitled, "Stability of a Direct Contact Heat Exchanger".
Specifically, the work deals with the operational stability of a spray
column type heat exchanger subject to disturbances typical of those
which can. occur for geothermal applications. A computer program was
developed to solve the one-dimensional transient two-phase flow
problem and it was applied to the design of a spray column.

The operation and design of the East Mesa 500Kwg direct contactor
was assessed. It is shown that the heat transfer is governed by the
internal resistance of the dispersed phase, 1In fact, the performance
is well-represented by diffusion of heat within the drops.
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SUMMARY

i. Justification for Modeling Technique

The design of a direct contact heat exchanger prior to the
present work was based entirely upon empirical correlations. These
design methods predicted the size of heat exchanger necessary to meet
given requirements for steady state operation; however, they could not
be used to evaluate potential transient behavior.

In the use of direct contact heat exchangers for geothermal
applications, one must be aware of potential destabilizing influences.
Many geothermal fields are gassy and must be depressurized to release
the dissolved gas. This is done in a flash tank. Thus, if the
geothermal well burps a large amount of gas, it may be necessary to
lower the delivery pressure. In addition, there may be variations in
brine flow rate, brine temperature, etc., or even changes in working
fluid conditions. It is possible that any of the above may have
negative effects on the operation of the direct contactor which is run
close to the flooding point at some location within the column. Thus,
it is desirable to have a model to predict the column's transient
behavior.

The solution of heat transfer problems for multiphase flows are
extremely difficult. The prediction of the performance of a direct
contact heat exchanger is no exception. In a direct contact heat
exchanger operating without a phase change, one fluid is a continuous
phase and the other immiscible fluid is a dispersed phase. Ideally,
the two fluids flow in a counter-current manner due to a difference in
density. However, due to difficulties in designing the continuous
fluid injector large recirculation regions can occur. If the
dispersed phase injector plate is large, there also may be a dead flow
area above it. This dead flow region may result in a fraction of the
total column volume where no heat transfer can take place. Ideally,
however, one strives for counter-current flow. When the height to
diameter ratio for a column exceeds eight, the literature indicates
that recirculation regions are decreased. For geothermal
applications, current practice has been to design systems fitting this
length requirement. For situations where larger diameters are needed
due to throughput requirements, it is possible to utilize internal
vertical baffles so as to, in fact, maintain an equivalent 8:1 ratio
to provide for the needed hydrodynamics.

At present, the state-of-the-art of solving problems of
multiphase flow is such that two and three-dimensional problems cannot
be solved unless the distributed phase merely travels along the
streamlines for the continuous phase. While this is a reasonable
assumption for modeling extremely small loading of the dispersed phase
and is reasonable for co-current flows, it is not appropriate for
counter-current flows. Thus, at present, counter-current,
multi-dimensional, multiphase flow problems are intractable. This is
especially true for high dispersed phase loadings.



Unfortunately, the problems we wish to consider, those of density
driven multiphase flows are ones where the flow is counter current.
Further, we wish to deal with high density loadings of the dispersed
phase yet avoid flooding. (In this way, we can obtain close approach
temperatures between the two streams.) For these situations, there
can be a strong interaction between the flows of the two media. Thus,
the problem is not tractable unless a super computer is used and the
problem is posed in terms of Lagrangian coordinates. For these
reasons, our problem of transient performance of a d.c.h.x. has not
been dealt with previously. However, for geothermal applications, the
length of the preheater is normally fairly long when using light
organics such as isobutane, or pentane with moderate temperature
brines. For this application, then, the assumption of a
one~dimensional model should be reasonable.

ii. Results

The two papers and thesis in the Appendix present the work
carried out under this contract. The work has concentrated on the
analysis of the preheater section of a spray column. Results are
presented which are compared with experimental data from the 500KWg
facility at East Mesa.

In order to develop the transient model, it was important to
understand the steady-state operation of a direct contact
liquid-liquid spray column. Unfortunately, nearly all such work is
based on empirical correlations to predict either volumetric heat
transfer coefficients or heat transfer to single drops with the latter
also being primarily empirical.

The best correlation to describe volumetric heat transfer
coefficients for organic droplets in a continuous brine or water phase
is that due to Plass, Jacobs and Boehm(l) which was developed under
this contract. Heat transfer coefficients for single drops are
described by Sideman in a survey article.(2) He presents the results
for external heat transfer coefficients, and internal heat transfer
coefficients for single drops as well as correlations for volumetric
heat transfer coefficients for some of the data used for the P-J-B
correlation, (1

In carrying out the analyses reported in the Appendix, we studied
situations where the drops were internally perfectly mixed and
perfectly rigid as well as using the volumetric correlations of
Reference 1. It was easily clear that the drops were not perfectly
mixed, since then, the heat transfer should be well-represented by the
heat transfer coefficient external to the drops. This drastically
under-predicted the required heat exchanger length.

The heat transfer was reasonably well-represented by the early
correlation developed in our laboratory. However, significant
differences in the accuracy of predicting the experimental resultis
from the East Mesa 500KW, facility indicated that alternate means of
describing the heat transfer needed to be examined.



When a liquid is injected from a nozzle into a second immiscible
liquid the liquid can enter as either discrete drops or jets. The
jets later break down to form drops. The drop diameters can vary
depending upon the nozzle size and construction, the interfacial
tension between the two liquids, the jet velocity, difference in the
two fluids' densities, etc. The drops may remain spherical, be
ellipsoidal or take on a hemispherical cap geometry. In designing a
direct contact heat exchanger it is desirable for the drop shapes to
be predictable. Thus, when designing the 500KWg d.c.h.x. for East
Mesa, experiments were carried out to insure that the injector plate
produced the type and size of drops for which they were designed. The
experiments were carried out in the laboratory at the University of
Utah using pentane and water. At the design flow conditions, pentane
drops of 3.2 mm diameter +10% were produced. These drops were
spherical and showed no tendency toward wobbling. This is consistent
with the behavior of drops with little or no internal circulation.
However, it is inconsistent with the behavior predicted by the mapping
of drop shape regimes presented by J. R. Grace 3) in his recent survey
article on the hydrodynamics of liquid drops in immiscible liquids.

Grace's map is based on the work of Wairegi(”) and Bhagi and
Weber.(S) Wairegi dealt with both liquid-liquid and gas-liquid
systems whereas Bhagi and Weber studied only air bubbles in liquids.
"The regimes are, of course, somewhat arbitrary because the
transitions tend to be gradual, rather than sharp," states Grace. The
regime map from Grace is shown in Figure 1. As can be seen the

p dU
regime mapping depends upon the drop Reynolds number, Re = —SEE—Q
c
2 4
Apgd, gu, Ap

and the EoTmos number, EO = and the M-group, M = —>3

p_

o]

For isobutane in water, .6 S E; S 1.1, 500 < Re £ 1500 and log

M = 1010 to0 10712, Thus, the map would indicate that the drops for
the 500KW, facility would be in the wobbling ellipsoidal regime.
However, our experiments indicated otherwise. Thus, one would expect
that the map should not be taken to be exact as was indicated by Grace.
Nonetheless, it is clear that slightly larger drops could well be in
the wobbling regime as Ej « de2.

The heat transfer model assuming transient conduction within the
droplets and accounting for drop growth due to density changes gave
very good agreement with the experimental data under all steady-state
operating conditions. It was thus argued, heuristically, that the
conduction heat transfer model of rigid drops should be used. It was
this model that was, thus, used to carry out the stability analyses.

As examples, the stability analyses were carried out for typical
operating conditions for the 500KW, facility at East Mesa. The
results indicated that modest fluctuations in input conditions could
cause the preheater length to change by as much as 1.1 meters



(3.5 ft.) and that the time constant for reaching a new steady-state
was three minutes,

It is clear that if larger drop sizes had been generated in the
500KWg facility that a shorter preheater length could have resulted
and thus, a lower time constant. Larger circulating spheres not only
would have reduced internal resistance to heat transfer, but could
have reduced drag(3) resulting in a higher rise velocity. This would
also reduce the response time to changes in operating parameters.

iii. Recommendations and Conclusions

The program developed in this work is readily altered to accept
different drag coefficients and heat transfer models. Further studies
are warranted to evaluate such models. In particular, studies should
be carried out for ellipsoidal drops which are fluctuating. The
hydrodynamics from Reference 3 and internal heat transfer coefficients
from Reference 2 for fluctuating ellipsoidal drops could be used to
ascertain the expected results. Such a study could result in an
optimization of drop sizes. However, care would have to be taken as
increasing the drop diameters could result in unstable behavior and
enhance secondary circulations in the column itself, These, of
course, could lead to degraded performance of the d.c.h.x.

Although the present work is not directly applicable to other
types of direct contact heat exchangers, much of the work could be
adapted. For example, the work is applicable to sieve tray towers
directly only in terms of determining a drop heat transfer model. For
drops of the same size range, the basic heat transfer model of a
non-circulating drop should describe the heat transfer between trays.
The hydrodynamics, of course, are different. Thus, for a sieve tray
column, one would have to analyze the heat transfer in such a way as
to depict the hydrodynamics. Such a device would be idealized as a
cross-flow heat exchanger for each tray. The buildup of the dispersed
phase below each tray would be modeled as an isothermal process above
each heat transfer zone. Thus, a tray model composed of two parts
could be made. One part would describe the heat transfer, the second
a mass conservation to depict the mass buildup. This would have to be
done for each tray. Such a model is being developed for the
continuing work under Contract DE~ASO7-84ID12552 at The Pennsylvania
State University.
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A HFEURISTIC EVALUATION OF THE GOVERNING MODE OF HEAT TRANSFER
IN A LIQUID-LIQUID SPRAY COLUMN

Harold R. Jacoba
The Pennaylvania State University
Department of Mechanical Engineering
Univeraity Park, Pennnylvania

ABSTRACT

A ateady state one-dimenaionnl multi-phane flow
model is developed to deacribe the characterintics of
a apray column type direct contact liquid-liquid heat
exchanger. Several modela are asaumed to desacribe the
interphase heat exchange between water as the contin-
uous phase and organic liquids am the dispersed phase.
For small diameter droplets, it i{a shown that existing
experimental data is beat deacribed by a model which
assumes the heat tranafer {s controlled by conduction
within the drops.

NOMENCLATURE

Cp Drag Coefficlent

Cp Specific heat

G Volumetric flow rate

g Gravity

h Enthalpy

Fm Mean surface heat transafer coefficient
k Thermal conductivity

K Interphase friction factor

LMTD Log mean temperatiure difference
m Masa flow rate

Nup Average Surface Nusaelt Number

Ng Number of droplets of dispersed phase
P Preasure

Pr Prandtl Number

Q Heat tranafer rate

Mehdi Golafshani
Thiokol Corporntion
Brigham City, titah

r Radial coordinate

Ryq Radius of droplets

neDc Reynolds number pg | (Vo-Vgq) | D/ue

t Time

t Time for a droplet to rise through the column,
X/Vq

T Temperature -

Uy Volumetrlc heat tranafer coefficient

v Velocity in X d;rnntion

Vol Volume

x Vertical coordinatr menaured from the bottom of
the column

¢ Holdup, fraction of volume occupled by the
dispersed phane

[ Densaity

n Dynamic visconity

« Thermal diffunivity

Subsertpta

[ Cont {nuous phnae

d Diaperse phaan

1 At the interface hntween the droplets and
cont {nuous phane

[} At entrance oonditions

INTRODUCTION

Direct contact heat rxchangera of the apray
column type have many potential uses in industry.

ot i

%,



Among them i{s the extraction of heat from low temper-
ature sources such as geothermal brines. Since the
1960'a, a number of investigators have proposed corre-
lations to predict the volumetric heat transfer rate
in such devices,

Btu

Uy = 1.2 x 100y
neee3 oF (5)

(for ¢ < 0,05)

Spray column liquid-1iquid heat exchanger experi-~ and
ments have been conducted in laboratory scale equip-
ment for the following fluids as the dispersed phase
with water as the continuous phase: benzene(l), Uy = [4.5 x 10%(4-0.05)e 057D/ CC, goo] —BEL__ (4
toluene(2), cc1y(3), Shell 0il A and spray base and ' heetd oF
kerosene . mercury(S). isobutane(ﬁ), nexanel(7),
R~113 and insulating 011(8) and also pentane in recent
design studies carried out at the University of Utah.
Defining a volumetric heat transfer coefficient as

(for ¢ > 0.05)

s

g
48

QU Vol
LMTD

several different correlations have been proponed
based on moderate temperature changes and overall
column heat transfer. These correlations for Uy have
generally been written as a function of holdup, ¢, and
the ratio of the volumetric flow rates of the dis-
persed and continuous phases, GD/GC.(‘{"- in many
of the experiments the actual holdup was not measured,
but was instead calculated based on drop size, and
relative bouyancy as well as flow rates and ratios for
a given column. This was due to the difficulty in
making actual holdup measurements.

U' bd (l)

Garwin and Smith{1) presented two correlations
for their experiments for benzene dispersed i{n water.
For the benzene being heated their data showed

Uy = 1.09 x 10% Bt‘; (2)
hett> oF

and for benzene being cooled

Uy = 1.67 x 108y —B84 (3)

hrft3 oF

However, their experiments were conducted with two
different size drops. For the benzene being heated
the drops were 7.34 mm in diameter and for the benzene
being cooled the diameter of the drops was 6.71 mm.
Rosenthal 's{2) data for toluene shows a similar trend.
Rosenthal used two different orifice diametersa for his
injection plates, 7.2 mm and 3 mm. Higher heat trans-
fer was achieved with the smaller drops.

Woodward's(%) data for Shell 0il A, spray baae
and kerosene was accumulated for a single volumetric
flow ratio, Gp/Gc = 2.5 and a single drop size, 3.5 mm.
For this condition, the data correlates as

Bty ()

Uy = 1.2 x 10% 3
hret’ oF

In 1979, a research team at the University of
Utah carried out a study of liquid-liquid heat trans-
fer characteristics of a 6' x 6" diameter spray column
using water as the continuous phase and i{nsulating oil
as the dispersed phase. An orifice plate was
chosen which yielded 3.5 - 4.0 mm diameter drops.
Data was acquired for very small holdups up to near
the flooding 1imit. Using their data and all of the
existing data for organic liquids, they arrived at the
following correlations

The above correlations yielded conservative
results and appeared to be accurate to within $+20% not
only for thome organic fluids lighter than water, but
also for the data for R-113 which is 1.4 times as
heavy as water. No attempt was made to use the
correlations for the existing liquid metal-water
system.

Attempts to rationalize the organic liquid data
on the basis of single drop studies even for low
hold-up proved unsuccesaful, thus Letan and Kehat(10)
tried to develop a model based upon hydrodynamic
observations in a glasas column., They pointed out that
when a drop is firat released it undergoes a wake
forming phase, then a wake shedding phase and finally
an agglomeration phase at the top of the column where
the drops coalesce. Since it is generally necessary
to have a tall column in order to prevent back
mixing(9) the heat transfer 13 generally dominated by
the wake-shedding regime. If this were true, Letan
and Kehat argued that a constant value of U, would be
achieved through most of the column. This would, it
appeared, justify the use of experimentally determined
Uy correlations.

In 1980, Barber-Nichols Engineering, under U.S.
Department of Energy -funding, began construction of a
direct contact geothermal demonstration power plant at
East Mesa, California. The direct contact heat
exchanger for this system was designed by the first
author. The column (nee Figure 1) combined a boiler
section at the top of the column with a liquid-liquid
preheater section. Isobutane was injected at the
bottom of the column as the disperased phase and the
geothermal brine at the top. For operation at 90% of
flooding with a pinch point temperature of S°F
(2.8°C), Eq. (6) indicated a preheater (liquid-liquid)
length of about 22 feet (6.7 m) above the isobutane
distributor plate asauming 3.5 mm diameter drops. The
nature of the potential drop behavior was studied
uaing a small distributor plate in a glass column with
normal pentane aa the working fluid inatead of
isobutane. This was done so that the experiments
could be conducted near atmospheric pressure. Drops
of 3.2 mm diameter +0.2 mm were formed. They
maintained a nearly spherical shape with no
fluctuation or oscillation which is contrary to the
empirical curve of J. R, Grace. The column was
successfully operated over a 2.5 year period.

However, temperature profiles measured in the
preheater section appeared to be anomalous from that
expected for a conatant value of Uy.

In order to gain some insight into the opera-
tional characteristics of the East Mesa Column, the
largest spray column yet constructed, the U.S.
Department. of Energy funded the present authors to
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Figure 1. Schematic of 500KW,
direct contact heat
exchanger.

carry out the study described herein. 1In this paper,
we concentrate on the preheater section of the column.
Rather than using the simple correlation equationa
that have normally been used (or design for both the
hydrodynamics and heat tranafer we have formulated the
problem in terms of the basic conservation equations
for multiphase flows. We then investigate several
models for the interphase heat tranafer.

MATHEMATICAL MODELING

In a spray column, where the column diameter is
very much larger than the droplet size, and if the
continuous phase does not have significant recircula-
tion zones, the flow can be asaumed to be effectively
one dimensional.

Assuming steady state, the one dimensional conti-
nuity equations for the continuous phase and dispersed
phase are respectively,

d

& ((-9)peVg) = © N
and

L (gpgvq) = 0 (8)
ax dv¥d

The conservation of momentum equations for a
two-component system of immiscible fluids can be
written in terms of the conservation of momentum of
one fluid and for the mixture as a whole. Thua, we
have for the dispersed phase

d dP =
I (#pa¥a?) = -¢q K(Vo-Va) - epqge 9

and for the mixture as a whole

Iﬂ.

((2-9)peVe?) + :—; (#pa¥q?)

=Y

X
d (10)
=~ g5 ((1-#)pg + dpale

where K is the interphase friction factor. Note that
the interphase friction factor does not occur in the
mixture equation as {t acts with equal magnitude but
opposite direction on each of the two phases.

The energy equation for the droplets is

& (#paVghg) = -a1/vol (11)

and for the mixture

d d
ax ((1-e)pcVche) + o= (4pgVahg) = O (12)

where Q; ia the rate of interfaclial heat transafer per
unit volume. As was the case for the interfacial fric-
tion, no Interfacial heat tranafer term occurs in the
mixture equation.

The set of differential equationsa given in
Eqa. (7-12) has to be solved in conjuction with
obaervance of variables represented by algebraic
relationa. The denaity and temperature for each fluid
must be represented by an equation of state written in
terms of that fluid's enthalpy and pressure.(12,13)

The interfacial friction factor, K, may be
written aa

K = Ng % Rg2Cq 1729, ' vd-veI - (13)

where the number of droplets per unit volume, N4, is

Ng = i.!.__
L (14)
3 d

Substituting Eq. (13) into Eq. (14) ylelds

X = % Cpec I Va-Ve I (15)

The drag coefficient, Cp, i{s in general a func-
tion of the Reynolda number of the droplet, which in
turn ia a function of the droplet radi{us, kinematic
viacosity of the continuous phase and the relative
velocity between phanea, However, in the present
analysisa, the drag coefficient can be assumed to be of
a constant value of 0.4 which is approximately valid
for a droplet Reynolda number in the range of 103 -
105. This range ia typical of that calculated for the
rise of hydrocarbon liquid droplets in water or geo-
thermal brine.

There are several ways of establishing the
interfacial heat transfer per unit volume, Qj/Vol.
Utilizing the concept of a volumetric heat transfer
coefficient, Uy, we could write



9
VO-]-. - u'(Td‘rc) (16)

in Eq. (11). 1In so doing, we would be able to utilize
any of the correlationa found in the literature. The
correlations most representative of all existing data
are those given in Eqs. (5) and (6). As these correla-
tions were not based on actually measured values of
holdup, but rather on empirical correlation, we could
use that correlation instead of the calculated values
of ¢ from the governing equationa.

A third possible way to evaluate Uy is to asnaume
that the heat tranafer to the working fluid droplets
is controlled by the convective heat transfer outside
of the drop. Thia ia eanentially the same as assuming
no internal to the drop reaiatance to heat tranafer,
{while this may be accurate for liquid metal drops,
organic liquids auch an refrigerants, oils or
hydrocarbons normally have very low thermal
conductivity, and thus, such an ansumpt%on is sunpect.)
If we were to use such a model, Sideman recommends
the following correlation for the surface heat
tranafer coefficient h. :

Nup = 2.0 + 0.6 Re 172 pr;1/3 _ amn
c c

The relationship between U, and hy can be shown to be

Uy = ONg ¥ RgZhy (18)

] A final method for establishing Q;/Vol which we
will consider for establishing the mechanism of heat
transfer between the phases {a to assume that the
outside heat transfer coefficient is large and that
the heat transfer inside the drop ia the controlling
mechanism., Since the droplets remain apherical as
noted earlier, the internal circulation should be
small. For such fluids as refrigerants and hydro-
carbons which are notorioualy poor conductors, a
small radius could well cause conduction to dominate

at ReD above S500. (Note: This would require only

‘a amulf shift in the boundary of the empirical curves
of Grace({11) wnich are used to define drop behavior.)
In order to facilitate the use of this idea, one could
use the one-dimenajional tranalent spherical conduction
equation with a time dependent boundary condition.
This equation is

aT
3(pCpTig Irdky =—
e, ___Cor (19)

aty r2 r

Here t; is defined as the elapsed time from the point
of origin to x which is equal to x/V4. The asso-
cfated initial and boundary conditions are

Tg = Tgo @t t; = O
Tq is finite at r » 0 (20)
and Tg = To at r = Rq

Tdo {8 the temperature of the droplets at the injec-
tion point.

In order to solve Eq. (19) subject to the
conditions given in Fq. (20), one may assume two
differential approaches. If py, Cpq and kg do not
change significantly there would result an analytical
solution for the menn temperature of the droplet
utilizing the Duhammel superposition integral

-“d"’tl
B -
Tam(t1) = Tgo * S=d I o Ra »
Rg2 \n=1

(21)

t1 cdnzwza
j e Rdz (To‘Tﬂo)dB

Obtaining the nolution of Eq. (19) in this manner
precludes the solutfon of Eq. (11). However, Eq. (19)
must be molved aubjent to aimultaneously satisfying
Eqs. (7, 8, 9, 10, and 12).

If the integration {n done along sufficiently
small stepa in time, t;, then T, could be considered
conatant during each of these intervals and the
reaulting expreasion for Tgy would be

2x2
» « ncn<ty M
) 1 - d
Tdm - Tdo + 2 Z 2 a 2 Z (Tc-Tdo)
ws n=1n Rd~ t=1

(22)
aqn?y?
(e ""2' (Atg - At:,-l)) .
Rq

where At =« time atep equal to Ax/Vy and M = number of
time ateps to reach time t;.

 The mecond method for solving Eq. (19) subject to
the conditions of Eq. (20) is to account for the
change of the disperned phase properties py, Cpq and

‘kq as the droplet traveraes the height of the column.

When this is required due to a density change, then
the droplet radius also changes.

[
(92,173

o Pd
The change in radiur leads to changes in drag,
holdup, and phase velocity along the length of the

column resulting {n a computationally much more 4diffi-
cult problem.

4 = Ry (23)

Typically in carrying out an analysis for the
design of a direct contact liquid-1iquid heat
exchanger, the two fluida, their maas flow rates and
their temperatures aa they enter the column are speci-
fied as well as the pressure at the top of  the column.
The column diameter {s almo apecified in such a way as
to insure that flooding would not take place i{n an
isothermal column. Next one can aspecify the exit
temperature of one of the fluids or the length-of the
column. This is, of courne, analogous to the proce-
dures used in deaigning ahell and tube heat exchangers.
For the case of the latter, one must worry about
excessive pressure drop; however, for direct contact
heat exchangers one must conecern himself with flooding.
If such a condition exiata, one must either change the



flow rates or the column diameter. Although in an
isothermal column it is only neceasary to check the
flooding condition at one axial location, in a column
with heat exchange the holdup may change anywhere
along its length. Thus, one doea not design at the
flooding point although the correlations for U, would
indicate the higher the value of holdup the higher the
heat transfer. Typically, one designs for 90% of
holdup as a maximum with the column.

For steady state operation of a spray column with
inlet and outlet temperatures specified the unknowns
are the length of the column and the holdup, tempera-
ture distributions and pressure along the length of
the column,

NUMERICAL SOLUTION

In carrying out the numerical solutions the
governing equations are firat converted into a set of
algebraic equations using an upwind differencing
technique. As the finite difference equations are
strongly coupled and non-linear they have to be solved
by an iterative guess and correct technique, The
method used closel; followa that of Spalding and
coworkers.(‘5'16'1 ) An outline of the procedure
follows. Detalils of the programming ma¥ be found In
the dlssertation of the second author.(18)

(1) Determine the boundary conditions at the
upper and lower limits of the solutlon
domain., Estimate a length for the
exchanger,

(2) Select appropriate guesses for all
dependent variables.

(3) Determine the pressure distribution which
{s appropriate to the finite difference
equation of the mixture momentum equation.

(4) Solve the energy equationa for the
dispersed phase and the mixture and update
the densities of the fluids.

(5) Using the pressure diatribution, solve for
the velocity of the working fluid droplets.

(6) Check for continuity of the two fluids,
Assume any error {8 due to pressure. The
net error when the two fluid continuity
equations are added together is a "source
tera". This term (s uned to modify the
pressure so that continuity is assured.

(7) Correctiona are made to the velocitles and
densities using the prensure corrections
and the two momentum equations.

(8) Using the corrected densities and veloci-
ties the holdup is calculated along the
column using the continuity equation for
the dispersed phase.

(9) A second phase of correction is tntroduced
by using the continuous phase continuity
equation to rind Vy(x).

(10) Steps (3)-(9) are repeated until the con-
tinuity errora computed at step (6) are
sufficiently small.

The finite difference equationa for a given vari-
able, over the integration domain, at a given stage of
the whole solving procedure are solved using a tri-
diagonal algorithm.

RESULTS AND DISCUSSION

In order to evaluate the five methods of
predicting the heat trannsfer in a direct contact
preheater discussed in thia paper, it is necessary to
compare the predictions with experimental data. The
final report on the operation of the 500KWg facility
at Eaat Mesa(l9) provides such {nformation.

The 500KWg direct contact heat exchanger, shown
schematically in Figure 1 is a 80 inch finside diameter
apray column, The Fast Mesa brine contains typically
leas than 2000ppm dinaolved solids and a small amount
of COp gan, The brine wan preflashed to drive off
most of tne COp prior to entering the heat exchanger.
The perforated plate distributor was designed to
deliver the isobutanc as 3.2 mm diameter drops.
Laboratory experiments using pentane indicated that
for a range of +10% of deafgn flow rates that this
diameter was obtained for virtually all of the
droplets,

The column was operated as a combined preheater--
boller. 1Inlet and outlet temperatures for the two
fluids as well as flow.rates and preasure were
reported. In addition, temperatures were recorded
using reaistance thermometers along the length of the
column, An adequate heat tranafer model should be
able to predict thenc temperatures as well as heights
of the preheater uaing only the inlet parameters.

Figurea 2-4 show data from three different opera-
ting conditions of the 500KWg direct contact heat
exchanger. Figure 2 compares the three possible
methods described earlier for calculating Uy. Method
I uti{lizea Eqs. (5 and 6) with the holdup calculated
from

0.81(m+1) ((1-¢)Vg-éVy)d ¢ 0.09(m+2)Vgé-Vy = O (2)

where m = 1.39 for droplet ReD > 500, while method II
[of

utilizes Fqs. (5 and 6) with the holdup as calculated
from the multiphase flow rgquations. Method 11l
results from the use of Eqs. (17 and 18) and is
applicable to a perfectly mixed drop. It i3 clear
from Figure 2 that the latter model 18 unacceptable as
it overpredicts the heat transfer. This is {llus-
trated by the fact that the ebullition temperature is
reached far below the length required experimentally.
Thus, Model 1II was eliminated from further
consideration.

If one looked only at Figures 2 and 3 he would
think that the entirely empirical Model I would best
describe the heat transfer; however, Figure U4 {ndi-
cates that Model II best fita the data. The primary
difference between the operating conditions for
Flgures 2 and 3 as opposed to Figure 4 is in the flow
rate,
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As the heat tranafer was clearly not governed by
the external heat tranafer coefficient, at least as
described by ‘Eqa. (17 and 18), a fourth model was
introduced. If one postulates that the dispersed
phase was made up of droplets which had no internal
circulation, then-the heat tranafer could be dominated
by internal conduction. The heat transafer would then
be described by a transient conduction model such as
the one described by £qs. (19 and 20). Initially such
a model was developed by assuming the droplets would
be. of constant diameter even though it was known that
a conaiderable change :in densily would be experienced
by the isobutane .for the operating conditions of the
500KWe direct contact heat exchanger. The reason for
this assumption waa to cut down on the computer time
of the solution, since an analytical solution was
available as indicated by Equations 21 and 22. In
Reference 16, more than nine different experiments
vwere analyzed assuming constant drop radii of 1.6 mm
and 2.0 mm., Figures 5 and 6 {llustrate typical
results. It 1s clear that ‘to approach duplicating all
of the data neither choice of constant radius is
always acceptable. Figure 7 {lluatrates a clear
example where the heat transfer near the bottom of the
column was well represented by the smaller radius, yet
the total preheater length and temperature
distributlion at the top was better represented by the
larger radfus. Since both the higher temperature and
lower preasure which occur as the iaobutane droplets
approach the top might-.explain this behavior, the
Ffifth model tried wan the variable property, variable
radius conduction model. Figures 8-10 are the same
cases as presented in Figures 5-7, It is clear that
this latter model accurately predicts the preheater
length as well as the temperature except for the
depreasion of temperature near the three meter
location. This depreasion appears in all of the East
Mesa 500KWe direct contactor data. It could be due to
recirculation within the column or temperature
depreastion due to the maanive central flange located
Just above {t. 1In order to ascertain which, it would
be necessary to carry out two-dimensional multiphase
analyses.
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Figure 5. Temperature profilc of the brine and the

working fluid along the length of the
column using constant diameter model,
me = 11.698 Kg/sec, md = 12.259 Kg/sec.
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CONCLUSIONS

Previous inveatigatora, including the first
author, have attempted to argue that the rate of heat
transfer from water to diapersed organic liquids or
visa-versa in a spray column was governed primarily by
flow phenomena. The current study, however, clearly
indicates that the controlling mechanism for small
diameter drops is the i{nternal tranafer of heat. For
drops which remain spherical little circulation takes
place. Thus, the mechaninm i{s probably controlled by
conduction. Variable properties as a function of
temperature and pressure must be accounted for in
order to accurately predict preheater length {n iso-
butane systems.

Since in large drops internal circulation can
take place, it may be poasnible to reduce the preheater
length in spray columns by going to larger drop sizes
than the 3-4 diameter currently being used in the
deaign of direct contactors for geothermal or solar
applicationa, Care would have to be taken to {nsure



that drop integrity is maintained. Continued studies
of internal drop heat transfer are warranted.

Further studies using two-dimensional multiphase
modeling are recommended so as to investigate the pre-
valent temperature depression in the middle of the
East Mesa 500KW, direct contact heat exchanger. Such
a model should investigate the role of the masa of the
direct contactor, and the external envirorment as well
as potential internal recirculation and droplet
agglomeration and redivision as possible sources of
the anomaly.
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STABILITY OF A DIRECT CONTACT SPRAY COLUMN HEAT EXCHANGER

Mehdi{ Golafshani
Thiokol Corporation
Brigham City, Utah

ABSTRACT

The governing equations for the transient
multiphase flow in a liquid~liquid spray column are
developed. Using the model, numerical calculations
are presented which represent typlcal fluctuations
observed in the operation of the direct contact tower
of the U.S. Department of Energy's 500KWg geothermal
power plant at Eaat Mesa, California. The time
conatant is determined for the column and conditions
leading to local flooding are determined.

NOMENCLATURE

Cp Drag Coefficient

Cp Specific heat

G Volumetric flow rate

g Gravity

h Enthalpy

k Thermal conductivity

ji Interphase friction factor

LMTD Log mean temperature difference

i Mass flow rate

Ng Number of droplets of dispersed phase
P Pressure

Pr Prandtl Number

Q Heat tranafer rate

r Radial coordiﬁate

Rq Radius of droplets

Re

ty

']

Subscripts
b

Harold R. Jacobs
The Pennsylvania State University
Department of Mechanical Engineering
University Park, Pennsylvania

Reynolds number po | (Vo-Vg4) | D/ug -

Time

Time for a droplet to rise through the column,
X/Ng

Temperature
Velocity in X direction
Volume

Vertical coordinate measured from the bottom of
the column

Holdup, fraction of volume occupled by the
diaperse phase

Denaity
Dynamic viscosity

Thermal diffusivity

Brine

[ Continuous phase

d Disperse phase

r Conditions at flooding

1 At the interface between éhe droplets and
continuous phase

o At entrance conditions

w Working fluid

INTRODUCTION

The design of direct contact heat exchange (dchx)

equipment has been a subject of increased interest



&
b

since the mid-1960's. This intereat orginated in the
need for low-cost systems for the desalination of sea
water.(1,2,3) n the 1970's, Jacobs and Boehm,(%:5)
at the University of Utah initiated investigationa
into their use as primary heat exchangers for
recovering heat from high sceling, high salinity
geothermal brines. More recently dehx's have been
proposed for use with solar ponds and waste heat
recovery systems. Today, they are even being
considered for use in space power syatems; although,
the latter requires the development of an artificial
gravity as a means of separating the two immiacible
fluids which would be used.

A spray column is a type of direct contact heat
exchanger that has attracted considerable interest.
This device is wmade up of an injector for a continuous
phase and an injector for either a less or greater
density dispersed phase in an otherwise open vertlical
column having exit ports as shown in Figure 1. This
type of device first received attention for mass
transfer applications. The continuous phase for
example might contain a aubatance aoluble in both it
and the disperse phase which {s immiscible with the
continuous phase. Reduction of the solute in the
continuoua phase solvent 1s achieved by absorption
into the dispersed phase. Early intereat in heat
transfer attempted to utilize the heat tranafer - mass
tranafer analogles. Studies of mass tranafer
equipment for use as heat transfer equipment clearly
indicated the preference of a spray column when the
continuous phase was either highly scaling or
corrosive aa might be the case with some geothermal
brines. Prior to the work of Letan and Kehat, (10
however, all studies of direct contact heat exchange
using spray columns were carried out with only small
laboratory equipment (3" - 6" diameter), 7.6 to 15.2
om diameter columns.(5:10) The work pointed out that

i o ) | o

INTERFACE

o INJECTION PLATE
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Schematic of a counter
current spray column heat
exchanger.

Figure 1.

to eliminate back-mixing that column height to
diameter ratios of greater than eight were required
and that even with this ratio, care must be taken in
designing the injectors. Elimination of back-mixing
is of course, necessary if one wishes to achieve near
counter current operation.

As noted in the paper by Plass et al.{1l),
experimental data exists for a variety of fluids
including benzene, toluenc, CCly, kerosene, Shell Ofl
A, spray base, hexane, iaobutane insulating oil, R-1l13
and mercury as the dispersed phase with water as the
continuous phase. Plass et al. were able to correlate
the preponderence of -data to $20% in terms of a
volumetriz heat tranafer coefficient for liquid-liquid
operation., In their work they define the volumetric
heat tranafer coefficient as

Q/Vol
Uy = Gfip- 1)
where Q {8 the total heat tranaferred per unit time,
Vol is the volume of the column between injector
plates, and LMID {s the log mean temperature
difference based on exit and entrance temperatures of
the fluida to the column.

The correlation of Plass et al. 1ias

Btu

Uy = 1.2 x 104 ¢ 3
. hrft? oF (2)

for ¢ < 0.05
and

Uy - [8.5 x 10%(4-0.05)e *37%D/Cc, goo3 Bt; 3
- heet” oF

for ¢ > 0.05)

where ¢ is the holdup.

When using the correlation, it was recommended
that ¢ be selected an some fraction of the holdup at
flooding. The holdup at flooding ¢¢ can be calculated
from the experimentally derived correlation

G,

G
(m1) (1-Gp/Gc) oe2 + (me2) 2 op - 2 =0 (W)
c

where m=1.39 for Re, > 500,

O¢

Although {t is clear that the heat transfer would
be at a maximum for operation near the flooding limit,
the uncertainty in the experimentally derived
relationship demands that a spray column be operated
at a lower value. Thus, 4 = 0.9¢p has been recom~
mended where ¢r 1s calculated from Eq. (4).(5)

Using Eqa. (2, 3, and Y4), the second author
carried out the preheater sizing for the East Mesa
DCHX Binary Cycle Geothermal Facility for Barber-
Nichols Engineering. This heat exchanger, the
schematic of which ls shown in Figure 2, combined a
preheater and boiler in a single column. The boiler
volume was sized using the simple correlation

-



uv = 45,000 ¢ Btg ,» given in Reference 5.
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Figure 2. Schematic of 500KWg

direct contact heat
exchanger.

The dchx is the largeat such device that has been
built. It was constructed and operated for nearly
three years by Barber-Nichola Engineering for the U.S
Department of Energy. 13 The column was designed to
operate with a minimum approach temperature between
the low salinity geothermal brine (< 2000 ppm) and the
i{sobutane working fluid of 5°F (~2.8°C). Thisa minimum
approach temperature occurred within the preheater.
Data acquired during the operation of the system
indicated that its performance wan equal to or greater
than expected. However, the temperature profiles
along the length of the column did not follow closely
those predicted from the correlations used in its
design. Due to this it was recommended that research
be conducted to better understand the actual
mechanisms of heat transfer within the column.

In an attempt to better understand the operation
of a direct contact liquid-liquid spray column, it was
decided to formulate the problem in terms of the
governing equations for multiphase flow. Thia was
done asauming steady satate operation in a companion
paper. (1 The results of the steady state analysis
indicated that for the Eaat Mesa column the heat
transfer to the small drops (3.2 - 4,0 mm diameter)
was controlled by the conduction within the drops. As
the organic fluid/water systems used in the
correlation of Plass et al.(11), all had similar
properties and were of approximately the same size
(3.0 - 7.0 mm diameter) it was not surprising that
they could thus be correlated as a function of only
flow parameters.

Attempts to determine a physical model to
deacribe the heat transfer during direct contact
boiling have not met with much auccess. In fact, a
recent Ph.D. dissertation{15) concludes, "There
appears to be no way to calculate a heat transfer
coefficient.” Thus, the simple correlation of
Reference 5 remains the beat available, at least for
bofling of an organic liquid in water or brine.

Since dchx's are designed to operate near
flooding conditiona, it ia important to determine how
changes in operating conditiona might influence the
column's performance. This is particularly true in
geothermal systems where changes in the well head
conditions are beyond the control of the operator.
Fluctuations in brine flow rate, pressure and
temperature can all occur. Adjustments must be made
before the column goea unsatable. In addition, for a
combined preheater-boiler spray column such as at East
Mesa, 1t is necessary to ascertain how such changes
affect the needed length of the preheater so that
carryover of liquid brine with the working fluid vapor
does not occur as this could damage the working fluid
turbine. Based on this need to underatand the
tranaient operation, the present study was undertaken
utilizing a transient multiphase model.

In modeling the direct contact preheater-boiler
combination used at Fast Mesa, we note that the boiler
volume is very small compared to that of the preheater.
This is, of course, due to the intensity of the heat
tranafer in the boiler as compared to the preheater
and the large temperature increase that 1s required
across the preheater. Typically the vaporization
proceas is completed in less than a meter of column
height while the preheating takes nearly seven meters.
Thus, as a first approximation, it is reasonable to
assume a rapid adjustment in the boiler while the
preheater provides the major time delay. (It should
be noted that for solar pond applications, the low
temperature increase acrons the preheater would make
the boiler and preheater sections nearly identical in
length.) In the preaent satudy, we restrict ourselves
to a situatton where the hoiler section adjuats nearly
inatantaneously to the conditions of the fluids
entering f{t. Thua, we can concentrate on the response
of the preheater section.

MATHEMATICAL MODELING

Conaider the column shown in Figure 1. It is of
conatant diameter and ideally the dispersed phase,
which we aasume 18 lighter than the continuous phase,
rises in continuous atreams from the injector nozzles.
Unless strong recirculation regions occur due to
improper design of the continuous phase inlet, it is
clear that the flow is eanentially one-dimensional.
However, for our prohblem there is the poasibility of .
time dependence. Thus, the continuity equations for
the continuous phase and disperaed phase are
respectively,

al(1-e)p v ]

3[(1-0)pc]
14 * ax -0 (5)

and



ap ¢ 3p 4V ‘
d d’'d
St St 0 (6)

For each phase the conservation of momentum can
be written; however, in a two-component sysatem it is
only necessary to write the momentum equation for one
phase and for the mixture. Thua, for the dispersed
phase

2
dp oV 9p 0V
d®'d + d*'d _ P = -
at ox = ‘ax l—('(vd vc) ¢"clg m

where :l_t._ is the interphase friction factor.

For the mixture as a whole, we have

ala-0)p ¥, ] . a[(1-0p v %] IR

3t % M T
(8)
2
9p oV
a*Va ap .
ttRE— Y a3k [a #lp, + Oodlz

Note in Eq. (8), that the interphase friction
term disappears as the interphase forces on each phase
are equal and opposite. Note also that we write the
presure gradient as a partial derivative. This is due
to the fact that during a transient the amount of mass
of each fluid can vary in the column and thus the
hydrostatic pressure can vary with time as well as
axial location. As the continous phase flows
downward, Vo {3 a negative value.

The energy equations also need only be written
for the dispersed phase and the mixture as a whole,
thus for the dispersed phase

Iegthy  dgthgVy  aep) | @t )
at ax at Vol
and for the mixture
3 (1-¢)p h af (1- Vv h ] h
[(-e Po c] . [ #e, v, c] . $o4hy
ot ax at
(10)
3P4V qMg 3P
ax at

The set of partial differential equationa given
in Eqs. (5-10) has to be solved in conjunction with
equations of state for the two fluida and using
appropriate relations for the interphase friction
factor, ]{. and the lnterfaclal heat transfer, Qi/Vol.
Reference 14 gives for K,

3 -
E-3 %; Cphe | vy vcl (11)

For an organic fluid as a dispersed phase in
water or brine, Jacobs and Golafahani 1 have shown
that for droplets of ~3.0 - 4,0 mm in diameter that

the heat transfer i{a governed by conduction within the
drops and that, at least for isobutane, drop growth
due to decreased density when the drops are being
heated must be taken into account. Thus, for the
droplets, it ia also required to solve the transient
conduction problem

2 d
3(ch)d } 1 oar kdaT (12)
atl PZ ar

where here {; is defined as the elapsed time from the
point of origin of the drop to x, or

X
dx
tl - f v—d- (13)
]

The aasoclated initial and boundary conditions are

T, = Tdo at t. = 0

d 1
Td is finite at 0 = 0 (1L%4)
and Td - Tc at r = R

d

It should be noted that saince the density of the
drops changes that

(392)1/3

P (15)

4 " "do

It is clear that even for steady atate operation
that the above described equations must be solved
numerically since T, varies with x as does V4. For
transient behavior of the column, we have a doubly
complex problem. However, for a given system of

‘ droplets released at a specified time, the problem is

in fact no worse in regards to solving Eqs. (12-15).

At each location along the column the droplets'
mean temperature is found after solving Eqs. (12-15).
From thina the value of the diapersed phase enthalpy
can be obtained, and from the mixture energy equation,
Eq. (10), the enthalpy of the continuous phase.
Eq. (9), therefore, is only used to check convergence.
Thus, the actual governing equations for solution of
the problem are Eqs. (5-8) and Eqs. (10-15) subject to
the constraints of the equations of state for the two
fluids and the imposed boundary conditions.

NUMERICAL SOLUTION

In carrying out the numerical solutions, the
governing equations are first converted into a set of
algebralc equations using a spacewise -upwind
differencing technique with the exception of the
droplet conduction equations where central
differencing is used. The transients are expressed in
an implicit formulation. As the finite difference
equationa are strongly coupled and nonlinear they have
to be solved by an iterative guess and correct



technique at each time step, The method used closely
follows that of Spaldlng(‘ ) and 1s described in
detail in the dissertation of the first author.(17)
Details of the programming can be found there as well.

Typically in carrying out an analysis, due to the
added complexity of having to solve the droplet
conduction problem simultaneously, we initiated our
analyses by first solving for a steady state solution
around which we wished to study a transient response.
In carrying out an analysis for the design of a apray
column, the two fluids, their mass flow rates and
their temperatures as they enter the column are
specified as well as the pressure at the top of the
column. The column diameter is also specified in such
a way as to insure that flooding would not take place
in an {sothermal column. This is normally done
utilizing Eq. (4) or a similarly defined empirical .
formula. Next one can specify the exit temperature
desired for one of the fluids or the column length.

It is, of course, much easier to do the latter since
defining one exit temperature in fact defines the
other. However, the length would be unknown. Thus,
initially a length would be guessed., Such a guess
could be obtained by using an empirical expression for
a volumetric heat tranafer coefficient such aa given
in Reference 11. In this case, Eq. (9) could be used
in place of Eqs. (12-14) in solving the problem. Even
greater simplification could result by assuming the
fluid properties p and Cp constant at inlet
conditions; however, for many systems such as
isobutane-water the results could be quite erroneous
and lead to a long iteration time to converge to the
actual length required for the variable property
conduction model.

After obtaining a steady state solution for the
column operation, the transient behavior can be
obtained by imposing a change in one of the input
variables or in the column pressure. In the work
presented in Reference 17, changes in mass flow rates,
pressure and temperature were considered.

RESULTS AND DISCUSSION

The transient response analyses reported herein
correagond to operating conditions reported by Olander
et a1.{13) for the 500kWg Direct Contact Geothermal
Power Plant at East Mesa, California. The spray
column, as shown in Figure 2, {a a combined
preheater-boiler arrangement. The design {3 such that
liquid level is controlled primarily by adjusting flow
rates, The boiling section is relatively short, in
the range of 1.0 - 1.5 m (3-5 ft.) with the greater
portion of the length being the preheater.
Fluctuations in flows, temperatures and column
pressure can occur as the continuous phase is brine
and the dispersed phase {s isobutane. Although the
system ideally should operate in a steady state mode,
the geothermal wells at East Mesa produce time varying
amounts of COp as well as hot brine. The COp needs to
be purged by flashing which can induce changes in
brine temperature and flow rate and even pressure
although the wella are pumped. Carryover of COp to
the condenser can also cause fluctuations in iaobutane
inlet temperature. Thua, at leaat small fluctuations
can occur at regular intervala and the column must
adjust to them. Since the column operation attempta
to control fluid height, and the preheater required
length can vary, it i{s possible to cause bulldup of
isobutane in the boiler section of the column since as

the preheater lengthens, there may not be sufficient
boiler length or contact time between the saturated
isobutane drops and the brine. This can cause a drop
in column pressure as less vapor is generated.

~ Adjustments would thus have to be made to the turbine

controls, etc., until the column re-equilibriated. It
1s thus necessary to determine the time constant for
the column as well as changes in holdup and required
preheater length to reach the aaturation conditions
for the isobutane,

Figures 3 and 3 present the steady state
preheater temperature, void fraction or holdup and the
velocities predicted throughout the 500KWe spray
column. In Figure 3, there are also presented
temperature measurements made with resiatance .
thermometers located {in the column. The higher
temperature curve is for the brine and the lower
temperature curve ia for the isobutane. The
experimental data appear to represent the isobutane
dropa in this case, except at x = 0 which is the
extraction temperature of the brine. This was not
always the case, however. Usually the experimental
data lies between the two curves indicating that
normally some sort of weighted average is measured.
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Figure 3. Temperature Profile of the brine and
the working fluid along the length of
the column using variable radius model,
mb = 11.70 Kg/sec, mw = 12.26 Kg/sec.
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Figures 5-7 indicate changes observed after 180
seconds for the brine temperature, isobutane
temperature and holdup for step changes in mass flow
rates or column pressure. It is clear that the
preheater is relatively insensitive to pressure
whereas changes in the mass flow rates as low as
slkg/sec can yield temperature variations within the
column of +2°C, Figure 8 ahows the effect of a 5°C
decrease in brine inlet temperature. Near the bottom
of the column the temperatures remain unchanged, but
near the top changes of each fluid are seen. For the
East Mesa column, all such changes in flow rates and
brine inlet temperature can occur, and they can occur
rapidly as the controllers were not aufficiently
sensitive to respond. Thua, it is impossible to state
that steady state operation is ever really achieved.
Due to this, it was remarkable that Jacobs-and
Golarahanl(I“) were able to achieve the comparison
shown {n Figure 3 and better in many cases(! between
their model and measured temperatures. Table 1
indicates how each variation discussed influences the
preheater length requirement.

30 ¥ 1 1 T T ¥ T T

$ hb o (.70 Rgreee, hw o 12.28 hgsese
S 20 yegd Towe 11130°C,  Twes 2730 %
5 Preg® 2.39 MPa
° INITIAL DROPLET RADIUS «1.8 mm
- 10 i
z
F )
=3
[ -
-
o . a—
® .o} e T T N
PY oo™ ’—.——‘-
- /’ o 12T /008, o b 10.T hg/ees
P -20 - 196] e SEAAEMYI00, e e 118 M08 -]
. | e Progf 2.51 WP

-3.0 1 1 ! i 3 i ] i

80 60 70 80 90

a0 0 20 30 40
’ HEIGHT (m)
Figure 5. Effect of change in mass flow rate and

column pressure on the brine tempcrature
mb = 11.70 Kg/sec, mw = 12.26 Kg/sec.
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Figure 6. Effect of change in mass flow rate and
‘column pressure on the working fluid
temperature mb = 11.70 Kg/sec,
mw = 12.26 Kg/sec.
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Figure 7. Cffect of change in maQs flow rate and
column pressure on holdup
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Table 1

Changes in column height afater a sudden change
in Input characteriatic of the column. Steady stated
conditions are: @b = 11.70 kg/sec, mw = 12.26 kg/sec,
Tbin = 111.9°C, Twin = 27.3°C, Pyop = 2.39 Mpa and
initial droplet radius = 1.6 mm.

Change in Input Characteristic | H(t»180) - H(t=0) (m)

mb increased by 1 kg/sec -0.87
mb decreased by 1 kg/sec 0.1
fiw increased by 1 kg/sec 0.04
fw decreased by 1 kg/sec -0.04
Pyop increased by 5% 0.9

Tbyp decreased by 5°C 1.04




Figures 9 and 10 {llustrate another steady state
calculation for an additional operating condition.
Figures 11~15 show the response of Tw to changes in
mass flows and inlet brine temperature as a function
of time. The trends are all as expected except for
the increase in working fluid flow rate. The early
time response indicates an increase in temperature at
the bottom of the column. This is due to the time
that it takes the mass flux wave to traverse the
column height. At U5 seconds the increased number of
droplets per unit volume wil be occupying a greater
fraction, i.e., ¢ will be higher and the drag on the
drops greater. There will be a longer exposure to a
hotter brine. However, as the higher mass flux works
its way up the column there will be a cooling of the
continuous fluid approaching the bottom and the
temperatures will be depreased. It is clear that a
longer preheater length will be required to bring the
{sobutane up to its saturation temperature as waa
indicated by the previous case studied.
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Figure 9. Temperature profile of the brine and the
: working €luid along the length of the
column using variable radius model,
mb = 13.14 Kg/sec, mw = 11.14 Kg/sec.
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Figure 10. Variation of velocity of the brine
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length of the column.
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Finure 11. Transient response of the working fluid
temperature after an increase in mass
flow rate of the brine.
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Figure 12. Transient response of the working fluid
temperature after a decrease in mass
flow rate of the brine.
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Figure 13. Transient response of the working fluid
temperature after an increase in mass
flow rate of the working fluid.
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Figure 15. Transient response of the working fluid
temperature after a decrease in the
brine inlet temperature.

For all cases studied, a new equilibrium-steady
state was achieved after approximately 180 seconds.
Thua, the analysis indicates that this is the
.effective time constant for the preheater section of
the column. As the boiler section is always very
short for the East Mesa facility, this is a good
approximate value for the column itself.

CONCLUSIONS

A one-dimensional transient multiphase model
appears to be adequate to describe the performance of
a spray column such as that at the East Mesa 500KWq
Direct Contact Binary Cycle Power Plant. Changes in
preheater length of up to one meter can easily occur
due to modest changes in the input conditions. The
time constant for the direct contactor is of the order
of 180 seconds. For changes occurring in shorter
times than this, there should be a lag time such that
a true equilibrium steady state is not achieved.

Thus, observed temperature measurements in the column
are not necessarily steady state. For small changes
in various input parameters which are likely to occur,
the long time constant, of 180 seconds, should allow
for reasonable control if adequate space 1s provided
for the boiler and a vapor accumulator. As this was
the case for the 500KWg facility spray column, there
occurred no adverse operational effects to the power
plant due to the direct contactor.
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ABSTRACT

Direct contact heat exchangers have received consider-
able attention in recent years for application in alternate
energy systems. One version of a direct contact heat ex-
changer is a spray column. This device brings into contact
a higher teﬁperature fluid with cooler immiscible 1liquid.

Fluctﬁations in the input characteristics of either
fluid can upset the operation of the column and affect
the overall system design. This dissertation formulates
the two-phase flow and heat transfer equations to describe
the dynamics of a spray column direct contact heat exchanger.
Further, the protocol is developed for numerically.solving
the gdverning equations and example results are presented.
The solution-demonstrates the effects of mass flow rate,
and incoming temperature of either fluid as well as the
operating pressure on the overall performancevof the column.

The dissertation also focuses attention to the mech-
anism of heat transfer in such a device. Various models
of heat transfer are incorpora;ed into the solution routine
and the validity of each model is examined by comparison

to experimental data.

Sl ey
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CHAPTER 1
" INTRODUC TION

The shortage of potable water in many of the develop-
ing nations stimulated interest in ‘the application of dir-
ect contact heat exchange in the 1960s tl] for use in
water desalination systems. More recently a dwindling sup-
pPly of conventional energy resources such as oil, coal and
natural gas, coupled with an increasing need for energy in
all areas of society prompted a search for economical alter-
nate energy resources. One such alternative is geothermal
energy. .Geothermal'energy is available in limited amounts
in the form of dry steam. Low and moderate temperature
geothermal brines are more than twenty times as prevalent.
This abundance has led researchers to consider the use of
these liquid brines as a sourée of heat to produce electri-
city [2, 3, 4] as well as for process heat.

'rhe systems of ut1lization of the llquz.d dominated
resources are technologically more complex than the systems
necessary for the utilization of dry steam reservoirs,
where filtered steam can be directly expanded through a low
pressqré turbine. The binary cycle has beeh developed to
eliminate the inefficiencies inherent in stea.m flashing

with low temperature 1liquid dominated resources. In this
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cycle, the production well may be pumped in order to pre-
vent steam flashing at the surface. Heat is transférred
from the hot water to a secondary fluid that has a lower
boiling point. High pressure vapor produced in the secon-
dary fluid boiler is expanded through a turbine which
drives a génerator; The turbine exhaust vapor is then con-
densed and pumped back to the heat exchanger to complete
the secondary fluid cycle. |

Direct contact heat exchangers have received consi-
derable attention in recent years for application in al-
terﬁate energy systéms; such as geothermal and solar pond
power plants. The primary reasons for this interest are the
advantages of these direct contact heat exchangers over the
the conventional processes using; metallic transfer sur-
faceé. These advaritages are:

(1) Simple design, compactness and relatively in-
expensive equipment;

(2) Low maintenance due to absence, or reduction of
scale formation on solid surfaces;

(3) The obtainable close temperature approaches.
These advantages can lend themsgivgs_ to producing econo-
mical process systems in instances where the use of con-
ventional heat exchangers &ould make the process econo-
lnicaily infeaéible. It should be mentioned that in geo-
thermal appliéation of direct contact heat exchangers,
the only disaav;ntage‘ is the loss .of working. fluid due

to dissolution into the brine.
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There are basically several types of direct contact
counter current heat exchangers. They include spray towers,
baffle towers, perforated plate towers, packed towers and
wetted wall towers. All of-tﬁe fiést four bring into coﬁ-'
tact a higher temperature fluid with a cooler immiscible
liquid. The immiscible cooler 1liquid can be injected as
a system of discrete drops. If the fluid to be heated is
of lower density than the high temperature fluid, it is
injected at the bottom of the column and the drops rise
due to gravity. The fifth keeps the phases separated ex-
cept at cylindrical interface. The advantage of the former
is a high heat transfer area within the contacting vol-
ume, while the advantage of the latter is in maintaining
separation And perhaps eliminating or reducing the need
for the separation. system.
The device which has received 'thé most attention as
a direct contact heat exchanger for geothermal power appli-
cation is the spray tower. One big .advantage of a spray
tower over the previously mentioned towers' is that it is
free from heat transfer enhancement devices which are
subject to scaling. A typical spray tower is depicted in
Figure 1. It-consists ;f a vertical column, an injection
nozzle for each fluid and exit ports. This device has
been used both as a preheater and as Aa boiler. Recent
designs of spfay columns as heat exchangers have incorpor-

ated both a preheating section and a boiling section when

applied to energy systems.
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Figure 1. Schematic of a counter current spray column
heat exchanger.



Some designs of spray tower 1liquid-liquid heat ex-
changers have been carried out by the method proposed by
Letan [5]. Letan's work is based on the sﬁpposed hydro-
dynamics of the spray column. Thé-design method requifés
only that the Reynolds number for the drops be less than
2300. For Reynolds numbers dgreater than 2300, the flow
is turbulent and scaling 6f the size 1is not possible.

Spray column direct contact heat exchangers are de-

- signed to operate near the flooding point; i.e., where it

is possible that the injected medium may be swept out the
bottom of the column by the downward flowing heavier medium.
The reason for operating near the flooding point is that
the heat transfer has been shown experimentally to be high-
est under these conditions. Fluctuations in input charac-
teristics of the heating fluid, for example, in geothermal
applications fluctuations in pressure, dissolved gas, flow
rates, salinity, etc., can upset the operation of the col-
umn and can induce localized flooding at some point along
the column height. This behavior can adversely affect the
overall system design. Thus, it is necessary to develop a
numerical moqel to describe the phenomena and to investi-
gate what the ptacticai limit;tions of approach to flood-
‘ing are, based on assessments of the types of disturbances
that-might Be ‘'encountered.

In actuai direct contact heat exchangers, heat trans-

fer data are normally reported in terms of volumetric heat

transfer coefficient, defined as
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UV = . .
volumee+LMTD : (10)

Spray column liquid-liqUid héét exchanger expefiments
have been conducted for the folldwing fluids as the dis-
persed phase with water as the continuous phase: benzene
(6], toluene [7], CCls [8], Shell 0il A and spray base [9],
gas-oil [8], kerosene [9], mercury [10], isobutane [11],
and also pentane in recent design -for ‘the Solar Energy
Research Institute (SERI) at the University of Utah.

The volumeﬁric heat transfer data from these experi-
ments have, in general, been presented as a function of
holdup. For example, Garwin and Smith's (6] data for a
benzene dispersed in water system can be treated statis-

tically to show

Uv = 1.09 x 104 ¢ BTU/hr £t3 °F
(hot water to benzene) ' (1)
Uv = 1.67 x 104 ¢ BTU/hr £t3 °F

(hot benzene to water) . | (2)

The difference seems to corréiate wiéh drop diameter as the
averagemdrqp'Size was 7.34 mm fbr'tﬁevhdt Qater runs and
6.71 mm for the hot benzene runs. '

Rosenthal's [7] work dealt with the toluene drops
emitted from orifices 7.2 mm and 3.0 mm in diameter.
These data were reduced in terms of the volumetric flow

ratio and the volumetric flow rate of the continuous phase
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Ga 1.17 |
Uv = 4.28 Gg*13 (=), BrU/hr £3 °F (4)
c - B .

(7.2 mm orifice)

Gg 1.13 3
—) BTU/hr ft3 °F (5)

v = 5.25 611 (c
c

(3 mm orifice) .

For this system it was recommended that the best performance
was obtained with Gg/Go = 2.87.

Woodward's (9] data are reported primarily at a single
volumetric flow ratio, Gg/Ge = 2.5. For this condition, the

data correlate as
Uv = 1.2 x 104 ¢4 BTU/hr £t3 °F . . (6)

In 1979, Jacobs et al. [12]) carried out a study of
liquia-liquid heat transfer cﬁaracteristics for a 6 ft x 6
in diameter spray column using water .as the continuous
phase and insulating o0il as the dispersed phase. Heat
transfer results were presented as a function of the ratio
of the volumetric flow-rates and holdup andAé correlation

of the data was proposed in the form of

Gg
: -0.57 g '
Uv = 45000 (¢ -0.05) e C + 600 BTU/hr ft3 °F
(for ¢ > 0.05) g (7)

and
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Uv = 12000 ¢ BTU/hr ft3 °F
(for ¢ < 0.05) . - (8)
In Equations (2) =~ (6), ¢ represents the dispersed phase

holdup and Gg and Gc represent volumetric flow rate of
dispersed phase and continuous phase respectively.

Of all the heat transfer coefficients represented by
Eqﬁations (2) - (8), Equations (7) and (8) best represent
the actual heat transfer characteristics of the heat ex-
changer over a wide range of parameters. This is due to
the fact that the correlation was based on all of the then
existing data.

It is now realized that each of the above correlations
has its own limitation and as of now there is not a single
unified médel to ééscfibéiiﬁé mechanism of heat transfer
in a spray type direct contact heat exchanger. Thus, one
of the objectives of this dissertation 1is to achieve a
reliable and accurate means of predicting the heat trans-
fer coefficient between the two immiscible liquids.

The second objective of this dissertation is to formu-
late the two-phase flgw and heat transfer equations to
describe the preheater dynémi;s, so that ihe instabilities
of such devices couid be better investigated. Although
similar typesiof governing equations have been employed to
investigate nuclear reactor thermal hydraulics, which is a
concurrent two-phase flow problém, no attempt hés been made

in the past to use the same principles for direct contact



heat exchanger dynamics.

The main characteristics of such flows, and the ones
which create the special difficu;ties which the numerical
analyst must overcome, are:-

(1) 1Two fluids are dispersed within the column and
so, "share," the same space. Each thus denies to the other
the volume which it occupies itself; |

(2) These fluids engage in frictional, thermal and
mass~transfer interactions with éach other, at rates.which.
depend upon the local relative velocity, temperature dif-
ferences, etc.;

(3) There are twice the usual number of equations
to solve for momentum and for temperature, and the volume
fraction of the two phases must also be computed at each
point within the field.

The increase in the number of equations affects the
difficulty of solution; for it ruins solution algorithms
which are satisfactory for single-phase flows. In fact in
early stages of numerical development, it was thought that
these problems were inherently intractable, and many publi-
cationa,durigg the pefi?d 1974-1979 discussed -the so called
"ill-posed” nature of theAbroBlem presentéd by the govern-
ing differential eqda#ions. Later, it was demonstrated
-.that‘the equétions do present "well-posed" problems, the
-sélqéiéns_do exist and can be found numerically. The final

task of this dissertation is to put together.a reliable
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numerical technique for solving these nonlinear transient

equations.
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CHAPTER 2
MATHEMATICAL MODELING

2.1. Nature of Multiphase Flows

A multiphase system consists of a fluid phase or fluid
medium and a particulate phase of any number of chemical
components. When the fluid medium is a gas, the particulate
phase may consist éf solid particles or liquid droplets or
both. When the fluid medium is a liquid, the particulate
phase may consist of solid particles, gas bubbles, or liquid
droplets immiscible to the fluid phase.

The dynamics of multiphase systems include momentum,
energy, mass and charge transfers between the phases, depend-
ing on whether or noﬁ the process is influenced by the
presence of a potential field.

Multiphase systems are of-frequeﬁt Accurrence in nature

and among engineering equipment and processes. Some examples

'from nature include rainfall, snowdrifts, sandstorms and _

silted rivers. The list‘of.multibhésé s&sﬁeﬁs which appear
in engineefing equipment and processes ié immensely 1long.
Here are a few examples [16]:

.(i) Gas-solid particle systems: pneumatic conveyors,
dust collectors, fluidized beds, heterogeneous reactors, ﬁe-

tallized propellant rockets, aerodynamic’ ablation, xero-
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graphy, cosmic dusts, nuclear féllout problems.

(2) Gas-liquid droplet systems: atomizers, scrubbers,
dryers, absorbers, combustors, agglomeratioh, air pollu-
tion, gas cooling, evaporatidﬁ, cf&opumping. |

(3) Liquid-gas bubble systems: absorbers, evaporators,
heat exchangers, scrubbers, air 1ift pump, cavitation, flo-
tation, aeration. o

(4) Liquid-liquid droplet systems: heat exchangers,
settling tanks, emulsifiers, extractioﬁ, homogenizing.

(5) Liquid-solid particle systems: fluidized beds,
flotation, sedimentation.

A multiphase flow, in the context of this dissertatioq,
is one which requires for its definition more than one set
of velocities, temperatures, masses per unit volume, etc.,
at each 1location in the 'éalculation domain. The material
‘associated with each set of variables is what is meant by a

"phase," in this connection.

2.2. Necessity of One-Dimensional

Two-phase Flow Modeling for

Spray Column Preheater

As mentioned previously, multiphase flow and ﬁeat
transfer phenomena occur in many kinds of engineering equip-
ment. Spray columns are typical of such equipment. They
have received, recently, considerable attention for use
as direct contéct heat exchangers for geothermal power

application. The ability to predict the detailed flow
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fields in such equipment, as influenced by geometrical
configuration and both normal and abnormal operating condi-
tions, would assist both designers and operators of the
equipment.

A one-dimensional two-phase flow model has been de-
veloped which allows various aspects of spray column pre-
heater operation to be studied. One-dimensional two-phase
flow models are useful tools, but only if the assumption of
negligible variation of phase properties across the plane
normal to the flow direction can be maintained. Virtually
no theoretical results can be found which predict the tran-
sient behavior of a spray column. Although there are some
experimental results on the heat transfer characteristics of

spray column [6~12], there is not a single unified theoreti-.

cal model to describe the mechanism of heat transfer in a
spray column direct contact heat exchanger. Part of the rea-
son for the lack of theoretical studies is due to the rela-
tively short time that spray columns have been considered
as primary heat éxchangers. The one-dimensional two-phase
flow model is a first steprfor studying the transient beha-

vior and the mechanism of heat transfer in -such a device.

[

2.3. One-Dimensional Two-~phase Flow

.Governing Equations Formulation
.The governing equations for one-dimensional two-phase
flow are presented in this section in the primitive variable

form. This allows the boundary conditions to be formulated



14
in a fairly simpie form. A typical spray column preheaﬁer
for geothermal application was‘shown in Figgre 1 in which
working fluid droplets are injected from a series of ori-
fices at the bottom and brine (essentially water) is in-~
jected at the top. Thus, the two phases are the working
fluid droplets and brine; |

The main features and assumptions of the present for-
mulation are és-follows: |

(1) The flow is one-dimensional and t}ansieht.

(2) The cross sectional area and peripﬁery of the column
are taken as independent of both distanée‘and time.

(3) The dependent variables are velocity, void fraction,
temperature and density for each phase, and the pressure,
which is taken as common to both phases. |

(4) The interphase friction is accounted for according
to a linear law, whereas the frictional force exerted by the
solid wall is neglected due to the large diameter of the
column.

(5) The momentum diffusion terms represénting the vis~
cous force exerted by neighboring fluid elements have been
neglected, because they_arg, gt least in thiS‘situation, of
much smaller magnitudes than those representing the preSsdre,
gravity and interfluié frictional fofces. However, if de-~
sired, they c;uld be included. |

(6) The cdbversion éf mechanical ané potential energy
to thermai energy is neglected due to their smali magnitude.

(7) Agglomeration of the working f;uid droplets is ne-
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glected due to existence of impurities.
For each phase, we have one equation of continuity which
gives the conservation of mass of that phase.uThe continuity

equation for the brine is

] ? :

— (¢ pb) + —(e pb Vb ) = 0

at ? Ix ° (9)
where

t = time

X = vertical coordinate measured from the bottom
Vb = vertical velocity of brine
pb = density of brine

€ = void fraction of brine .

Similarly, the continuity equation for the working fluid

droplets is

3 3
— (¢ pw) + — (¢ pw Vw) = 0
Ix

it (10)

where

Vw = vertical velocity of.wdrking fiuid—droplets
pw = density of working fluid droplets

¢ = void fraction of working fluid droplets.

'For each phase, the conservation of momentum gives the
corresponding equations of motion for that phasé.AThe equa-

tion"éf motion for the brine is
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3 3 3P .
— (e pb Vb) + —(€ pb Vb2) = -~ ¢ —
at ax X
-K (Vb -Vw) -epbg (11)

where

P = pressure
K = interphase friction factor

g = vertical field acceleration,

and the equation of motion for the working £fluid droplets

is

. V) + (4 ow Vw2) o
Pyl AL ax_¢° Ll

- K (Vw - Vb) - ¢ pw g. . | (12)

vawe add Equations (11) and (12), we obtain the equation

of motion for the mixture as a whole:
] 3
— (¢ pb Vb) + — (e pb Vb2)
et ax ,
. 3 _ 3 P
+ — (¢ pw VW) + — (¢ pw Vwe) =
9t ax
P
- (e + ¢) Py (e pb + ¢ pw) g . (13)

Note that the interphase friction force has _disappeared_f

since it acts with equal magnitude to both phases.
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Again, for each phase the conservation of energy
gives the corresponding equation of energy of that phase.

The equation of energy for -the brine is
9 9
— (e pb Bb) + — (e pb Vb Hb)
it ‘ Ix _

3
= — (g P) - Uv (Tb - Tw)
at (14)

where

Hb = thermodynamic enthalpy of brine
Uv = interphase volumetric heat transfer coefficient
Tb = temperature of brine

Tw = temperature of working fluid droplets.
The corresponding equation of energy for working fluid drop-

lets is

d 3
—_— - —
at(¢ ow Hw) ax(¢ pWw Vw Hw)

L]
= —(¢ P) = Uv (Tw - Tb)
it o (15)

where
"Hw = thermodynamic enthalpy of working fluid droplets.

Once again, from the addition of Equation'(14) and (15) we
obtain the equation of energy for the mixture -as a whole

which does not include the interphase heat transfer term:
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) - )
—_ b Hb) + — b vb Hb
‘at(q p ) ax(e p )
+ 3 ( Hw) + 3 ( Vw Hw)
— w \"4 - w w \"J
e $ p ox $ »p |

a .
= lle v o). (16)

2.4. Auxiliary Relations

The set of partial differential equations presented in
the previous section ordinarily has to be solved in con-
junction with observance of constraints on the values of
the variables represented by algebraic relations. These aux-
iliary relations express physical laws of various kinds. The
auxiliary relations which are necessary for solution of the
problem at hand are as foliows:

(1) The two phases together occupy the whole bf.the

space, thus
e +¢ =1 . v - (17)

(2) For each phase we requxre one equation of state
which relates the den51ty to thermodynamlc enthalpy and

pressure, that is
pb = £ (Hb, P) (18)
and

pw = £ (Bw, P) . o ) (19)
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(3) In addition we require for each fluid an equation

which relates the temperature to thermodynamic enthalpy and

pressure
Tb = £ (Hb, P) (20)
™w = f (Hw, P) (21)

(4) A suitable relation for interphase friction is
K = Nw » Rw? Cd 1/2 pb |Vw - Vb| | (22)
where

Nw = number of working fluid.droplets per unit volume
Rw = radius of each droplet
Cd = drag coefficient

|[Vw - Vb| = relative velocity between the two phases.

Nw is related to the void fraction and radius of working

fluid droplets as

Rw3 ) : (23)

Substituting Equation (23) inta (22), we obtain the following

expression for the interphase friction coefficient

=1

=3 % caob |vw - Vb (24)
8 Rw . ° * -

The drag coefficient is in general a function of the Rey-
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nolds number of the droplet, whiéh in turn is a function of
the droplet radius; brine kinematic viscosity and the rela-
tive vélocity between the phases. However, in the present
analysis the drag coefficient is assigned a constant value
of 0.4 which is approximately valid for a Reynolds number
range of 103 - 103. This range is typical of that calculated
for the rise of hydrocarbon liquid droplets in water or geo-
thermal brine.

(5) Therg are several ways of estab}ishing the‘inter-

phase volumetric heat transfer coefficient. One approach

is to use the volumetric heat transfer coefficient obtained

experimentally by Jacobs et al. [12], which is

Uv = 45000(C; - 0.05)e~%+57R + 600 (C;>0.05)
Uv = 12000 C; (C1<0.05) (25)

where
R = the ratio of volumetric _floy rates equal to
¢ Vw/e Vb

C] = experimentally determined constant .

-

L

The expression for the determination of Cj is
(m+l) (1-R) (0.9 C;)2 + (m+2) R (0.9 Cy) - R =0 (26)

where

m = constant equal to 1.39 for droplet Refnolds num-

ber greater than 500.
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The second method for evaluation of Uv is to use a sim-
ilar expression to Equation (25), except that Cj is replaced

by the actual void fraction of the working.fluid droplets

U, = 45000(¢ -0.05)e ~0-57R 4+ 600 (4 > 0.05)
Uy = 12000 ¢ o (¢ < 0.05). (27)

The third possible way for evaluation of Uv is to as-
sume that the heat transfer to working f£luid droplets is
due to convection on the outside of tﬁe fluid spheres and
that the internal resistance is negligible (i.e., the tem-
perature inside the fluid sphere is uniform). For this me-

thod the volumetric heat transfer coefficient is

Uv = 4 Nw » Rw?2 Fm (28)

~ where

hm = mean heat transfer coefficient .

The mean heat transfer coefficient is related to droplet

local average Nusselt number as

— Nub Kb
hm —_— S :
-2 Rw -~ . ) _ {29)

where

Kb = thermal conductivity of brine, temperature

dependeéent

NuD = average Nusselt number .
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Substituting Equations (29)' and (23) into Equation (28)

would result in

kb NuD .

c

<

"
N jw
o e
<)

(30)

A suitable empirical relation for average Nusselt number is

given by [1]

Nub = 2.0 + 0.6 ReD1/2 prbl/3 (31)

where

ReD = droplet Reynolds number equal to

2 Rw pb |Vw - Vb]

Bb
Cpb ub
Prb = Prandtl number of brine equal to T

Cpb = specific heat of brine, temperature dependent
up = dynamic viscosity of brine, temperature

dependent .

The final method‘for establishing the mechanism of heat
transfer between the phases ig to assume‘théé the outside‘
heat transfer coefficient is very large and that conduction
inside the fluid sphere is the dominating mechanism of heat
transfer. In order to faciliate the use of this idea, one
could use the one-dimensional transient ;pherical conduc-
tion equation with time dependent boundary cohdition. This

equation is
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9 Tw aw 9 2 9Tw

—— —— ._)
ot ;7- ar(r ir. (32)

where

r = radial coordinate
aw = thermal diffusivity of working fluid, which is
almost constant

t; = elapsed time from injection point equal to x/Vw.
The associated initial and boundary conditions are

T™w = Two at t] = 0
Tw = finite at r = 0

™ = Tb at r = Rw (33)
where

Two = temperature of working fluid droplets at the

injection point.

When the time comes for solving'Equ;tisn (32) subject to
conditions (33), one may use two different approaches. The
first is to assume that the radius of the working fluid
dropleté does not changé signifiéantl& (Rw rémains constant
throughout the coiumn), For this an analytical solution
of Equations (32) and (33) is possible by using the method
of Duhamel's ‘sUperposition integral. This solution turns

out to be
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-cwnz tl
» -
™ = Two + I e Rw .
r RW p=31 :
.t aw n =2
1 s
. n=Tpyr n 2
sin — { -n 7 aw (-1) Jf e Rw
‘ [}
(Tb - T™wo) ds } . - (34)
Now, the mean temperature of the droplet is
Rw
1 2
Twm = 4 m# r4< Tw dr . - (35)

Rw3 o

w'.u
3

When Equation (34) is substituted into (35) and the inte-

gration is carried out, one obtains

aw n2 'll’2
6 aw = Rw? '
Twm = Two +—3— L e
Rw n=1
aw nz 1r2/
t1 —s .

j- e Rw : (Tb - Two) ds. . (36)
o

If, the,integration in Equation (36) is done along small
steps in time, Tb (brine ﬁemperature) could then be con-
sidered constant durihg this interval and the resulting

expression for Twm would be
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aw n2 y2 t] M -
T % . Rw? £ (Tb; - Two) .
n=1 i=1
2.2
aw n<«n
- (At; _ Aty_;) (37)

where
At = time step equal to aAx/Vw

M = number of time steps required to reach time tj.

The second method for solving Equations (32) and (33)
is to account for the change of the working fluid droplets
radius through the column. Since no mass transfer is taking
place in the column, the radius of a droplet is governed by

Rw = Rwo (=) (38)

1%

where

Rwo = radius of droplet at injection point

pwo = density of droplet at.injection peint.

For this method, there. is no analytical solution. Thus, the
solution ofvKuation (32) and (33) and the calculation of
the mean temperature of droplets have to be performed numeri-

cally.

Once the mean temperature of the droplets is calcu-
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lated, a temperature-pressure equation is used to find the
cofresponding enthalpy of the working fluid d;oplets, which
in turn is used to find the ‘enthalpy of the brine from Equa-

tion (16).

2.5, Solution of the vaerning Equations

In Sections 2.3. and 2.4., the governing partial dif-
ferential equations and required'auxiliary telations were
discussed. In order to represent a complete maﬁhematical
problem, the partial differential equations and auxiliary
relations must be supplemented by initial and boundary con-
ditions, expressing the particular situation to be investi-
gated. e

The first step’in the solution is to convert the govern-
ing equations into a set of al-gebraic equations. This is
accomplished by an iﬁﬁlicit, upwind differencing technique.
The resulting finite difference equations are sﬁrongly cou-
pled and nonlinear..mhey, therefore, have to be solved by
means of an iterative, guess and correct technique. A scheme

has been devised*which is similiar to the procedure of Refer-

ences [13-15],

An outlihe of this procedure, representing what must be

: aone.ta advance the solution by a single time intervals is

provided below:
'(l)VDetetmine the boundary conditions at the upper and
lower limits of the solution domain.

(2) Select appropriate guesses to all the dependent
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variables.

(3) Determine the pressure distribution which is appro-
priate to the finite diffe:gnce equation of the equation of
motion of the mixture as a whble. E

(4) Solve for the equations of energy of the two phases,
after which the densities are updated using the equations
of state.

(5) Using the pressure distribution, solve for the velo-~
city of the working fluid droplets.

(6) The error in the continuity eqhation for the two
phases added together is - computed, and thus the "source
term" in the pressure-correction equation is generated.

(7) The pressure corrections are solved by a tridia-
gonal algorithm and the resulting corrections, proportional
to pressure~correction differences are applied to the velo-
cities and densities.

(8) The void fraction of the working fluid droplets
is calculated using the equation of continuity for the work-
ing fluid droplets and the necessary correction is applied
so as to insure that this value does not exceed the range

from zépo to unity (this limitation is necessary when the

-

solution is far from convergence).

(9) The void fraction of the brine is obtained from Equa-
tion (17). |

'(10) A sécond pPhase of correction is introduced by find-
ing the velocify-of the brine from its continuity equation.

(11) Return to Step (3) and repeat the cycle of compu-
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tations until the‘cohtinﬁity errors computed at Step (6) are
sufficiently émall.. ' |

This concludes the desc:iption of the solution routine
implemented in the one-dimensional modeling of a spray col-
umn preheater. The next chapter outlines these topics in de-
tail as Qell as discussing the grid assignment and the bound-

ary conditions.
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CHAPTER 3
NUMERICAL MODELING

A finite difference numerical method will be used to
obtain a solution to Equations (9)-(16) along with the appro-
priate auxiliary ':_'elations described in Section 2.4. The
flow field is discretized into a finite number of computa-
tional cells suitable to the boundaries under consideration.
The governing equations are then cast in discrete form to
conform to the mesh. Appropriate boundary conditions are spe-
cified on all free fluid surfaces. The algorithm advances in
time using an initial condition which is obtained through the
solution of the steady state version of the governing equa-
tions until the desired time 1limit has beexi obtained.

Section 2.5 outlined the solution pr‘o<':edure,b which will
be the guide for the developmént of the finite difference
equations presented here. A variety of methods are available
for solving the 'governing equétions, but as s.t.ated earlier,

the metiaod ‘en'xployed here is similar i:o tﬁat of References

[13-15].

‘The rélatively simple geometry of the flow domain is
easily approxima_ted with a rectangular grid as shown in
Figure 2. With the exception of the velocities, all the

dependent variables (i.e., pressure, void fraction, density,

N : ; L wit, RTINS . . AEVON Do .
am e R e e TG AL AT e e e Sl ala e et b T sl A T e S s T D LT e Ll e em T L e e e s b e g s o i St 1T
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TOP BOUNDARY ® =M
A IV = N+
@
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i
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: T Control Volume for Momentum
b"— .
r~‘§~ . .
: ==« Control Volume for Continuity
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1
'
i -5 - r IV+]
| |
@ 1
[ 1
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'- -l - 0 IV
i |
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Velocity Node
° ..
.
Pressure, Density, Enthalpy,
[ =2 ° Temperature and .Voi._d_Fract'ion Node
IV = 2 4
=1 Py BOTTOM BOUNDARY

Figure 2. Schematic of finite difference nodes and control
volumes.
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temperature and enthalpy) are located at the grid nodes in-
dicated by index "I." The velocities, howeverf are staggered
in their own direction and’ lie midway between grid nodes.
These velocity nodes are indicated by index "IV." It should
be mentioned that index "N" represents the number of finite
difference cells. This staggered grid system has two main
advantages:

(1) The calculation of convection fluxes for a variable

stationed at the grid nodes is simplified;

(2) The pressure gradients which drive the velocities

can be evaluated more easily.

The formulation of the finite‘ difference equations
which will be discussed employs an implicit, upwind differ-
encing techniqug. This technique has two main advantages:

(1) It is inherently more stable for this type of pro-

blem;

(2) A relatively large.time step could be employed for

studying the transient behavior.

3.1. Mass Conservation Equations
Coysider the contihuity control volumg shown in Figuré
2, which encibses a typlcal néde (I). The continuity equa-
tion for flow of both phases through this control volume

' can be expressed as

SR
Gout - Gin + ;‘t(m) = 0 . (39)
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»where
Gout = mass flux out of the control volume
Gin = mass flux into ;he.control_volumé'
3-(m) = rate of mass accumulation within the .

3t
control volume.

For the brine phase, the corresponding terms in Equa-
tions (39) are

Gout = A . pr| VbIV I (40)

b _|vb .
I+l I+l IV+1l (41)

3 A ' |
——(m)=§—¥- (e pb-g@p@) v
t I I I I (42)

A = cross sectional area of the cell
Ax = vertical.node spacing
At = time increment

® = signifies the previous time values.

Substituting the finite-difference equations for mass flux
and mass accumulation (i.e., Equations (40) - (42)) into
Eqdation (39) yields the following finite difference equa-

tion for the brine:

(X b+ ob | Vs |)
e P €
at °o1 ' bry!’ %y
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-(pb _|Vb
(ob 1V v ) o1y

A
D28 L0
At I I* (43)

The finite difference equations for mass flux and mass

accumulation of the working fluid droplets are

G = A pw_ Vw

out ¢I I IV+l , (44)
G = A w Vw

in ¢I-l g I-1 IV (45)
E AAX

— (m) = — (¢_ pw_- 4O ow O .

it At I I I I (46)

Substituting these equations into Equation (39) gives the
finite difference equation for the mass conservation of

the working fluid droplets

AX
(— pw + pw Vw )
at "1 T Mrval! 1

.=(ow Vvw_ ) ¢ = A—- (¢@ pw e)

I-1 1Iv I-=1 (47)

Equations (43) ;hd (47) are valid for a general interior
node; Separate expressions must be obtained for the boundary
nodes (i.e., ﬁode (I=1) and node (I=N+1)). At the inlet port
for each phase, ;he mass flux is a known quantity and as a

result, the finite difference form of the continuity equa-
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tion for nodes representing the inlet port of each phase
becomes simple. For the brine phase one obtains

Ax

(— pb_ _+pb_ _|Vb_ _|) ¢

- 20t N+l N+1 N+1 N+l

mb -A
=2 4+ 22X (O ob© )
A 2At N+l N+1 (48)

where
ﬁb = inlet mass flux of the brine.

Similarly, for the working fluid droplets, we have

Ax .
—_— W + pWw VW )
(53e °¥y * oV W) 4

mw Ax e
T o P cm— we) ) :
A 2At (¢l ° 1 © (49)

where

| mw = inlet mass flux of the working

- fluid droplets.

-

-

The nodés représentin§ the exit port of each phase con-
téin only one velociéy'node and therefore, the ingoing and
outgoing fluxés have a' common velocity. With this observa-
tion, the mass"Fohservation equatioﬁ of the brine at its

exit node is
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Ax
— pb_ + pb |Vb
(Gax #Py *eby 1VB, 10 e
(ob_|Vb_|) e = X (O ,59)
S A L Ty YA L (50)

The corresponding equation for the working fluid becomes

Ax
O w + ow Vw )
(2At e N+1 0 N+1 N+1 ¢N+l

-(pw Vw ) ¢ - X (¢@ w@ )
S T TS R R YY) (51)

3.2 Momentum Equations

The cells for the continuity equations are located so
as to enclose the nodal point; however, the cells for the
momentum equations must be located between the vnodes. Re-
ferring to Figure 2, one notes that the velocity in the con-
tinuity equation is not the velocity at the nodal point
but the velocity halfway betwéén noées.- Thus, the control
volume used to solve for velocity is displaced from that
used for the continuity eqdation and lies between grid
lines (I) and (I-1). -~ . . .~

The momentum equation for flow of both phases through

this control volume requires that
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where

Mout = momentum flux out of the control-
" volume ‘ |
Mjn = momentum flux into the control
vélume
%; (mo) = rate ofvmomentum accumulation
within the control volume

£ PFP= sum of the forces aéting on _.the control

volume.

The forces acting on the control volume consist of
the forces due to pressure, -gravity and the drag. With
this in mind the corresponding terms in Equation (52)

for the brine phase are:

M = A e b Vb Vb
out { I-1 P I—l| I-l' } v (53)
M._={a b |vb Vb :

in { eI ? I' II } S IVHl - - (54)
9. 4 x J
- (mo) =—(¢ p__Vb_ = 2 pb@ Vbe}

it At Iv IV IV IV IV 1IV (55)

-

tF=ae¢ (P _-P)-AAxg c__ pb
I IV

IV I-1 IV
+ A Ax-K (Vw = Vb_ ) :
Iv Iv IV . (56)
where i
k = 'interphase friction.
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Some of the properties and velocities in the €finite
difference relations presented were stated at off-location

points. That is eI and_Vblfufor example, are not ex-

b
v' v
actly defined at these identical locations. This will occur
also for the other finite difference equations to be pre-
sehted later (i.e., ¢ ~ , pw__ and Vw ). The method of hand-
Iv IV I
ling these quantities is shown below and is readily seen
to be a simple averaging across the desired location from

locations that have been exactly defined.

Iv 2 I-1 I (57)
v 2 I-1 I - (58)

v 2 -1 I | (59)

IV 2 I-1 I (60)
1
Vb = - (Vb + Vb )
I 2 Iv IV+l (61)
1 . .
Vw_ = = (Vw___ + Vw ) S
I 2 IV IV+l o . (62)

Substituting the finite difference equations for momen-
tum flux, momentum accumulation and forces into Equation

{52) yields
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Ax -
(— e___pb__+ ¢ pb_ _|Vb |+ ax K__) Vb
At v IV I-1  I-1 I-1 v IV

o Ax
- (e pb_|Vb _|) Vb ==-—-(ee p@ G9)
I I I IV+l At Iv IV

+ € P - P ) - Axg € b___ + Ax Vw :
w Fr-1 7 1 9 %1y Py Ev "1v, (63)

For the working fluid phase, the corresponding ex-

pressions for terms in Equation (52) are

M = (A pw Vw ) Vw
out b oW Y v

(64)
Min = (A W Vw Vw ‘
in = (B, 0¥y W) Wiy (65)
3 AAx
— (mo) = — (¢_ oW - ¢9 pwe Vw@
9 At IV IV I Iv IV ’ (66)
T F=2A P - P ) - A Ax w
¢v Pra I 9% Vv
+ A Ax K (Vb = Vw_ ). .
=1V IV Iv : .' , (67)

Substitution of these expressions into Equation (52) yields

the fin_ite difference equation for the momentum conservation

of the working £fluid dropléts.

(— ) ‘ow + ¢ pw Vw_ + Ax K_ ) Vw
At Iv . IV IV IV I ~IV IV

' AX
- (¢ pwW Vw ) Vw = — ¢@ @ Vw@)
I-1 I-1 I-1 Iv-1l At IV IV
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* d"Iv (PI-l - PI) - Axg ‘v Vv T ax EIV Vbxv.(sg)
Equations (63) and (68) are valid for a general interior
velocity node as well as the velocity node that represents
the exit port of each phase. At the inlet port of each
phase, once again, the mass flux is a known quantity and
the finite difference form of the momentum equation is sim-

plified. For the brine, we will have

Ax
(— € pb + e pb |vb ]
At IV=N+l IV=N+] I=N I=N I=N
- mb
+ - ) )
fIV=N+1 A IV=N+l
Ax
= ——(éD pﬂo . vp©
At IV=N+l IV=N+1 IV=N+1
+ € (p - P ) - Axg ¢ pb
IV=N+1 I=N I=N+1 IV=N+1 IV=N+1
+ Ax K Vw _ .
~IV=N+1 IV=N+1, ) (69)
For the working fluid, one obtains
(X, " v
—_ - . " Vw
st “tvs2 “rv=2 " %raz Prs2 V1=
- mw Ax
+ 4Ax K -—) Vw = — (4,@ p@ v )
~IV=2 A . IV=2 At IV=2 1IV=2 IV=2
+ ¢_. (P - P_ ) - Ax¢ pw
Iv=2 I=1 I=2 g ¢IV=2 Iv=2

+ AX K Vb
S1v=2  Iv=2. - | (70)

PN POV
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During the course of computation, Fquations (63), (68),

(69) and (70) could be used to obtain the velocity of each
phase. However, the recommended procedure is to use only
one of the phases' momentum et;uations and the combined mo-
mentum equation of the mixture of the tﬁo phases. In this
way, the interphase’ friction would only appear in one
of these equations and the stabi'li.t'y of the numerical scheme
is enhanced. The combined momentum equation is obtained by
simply adding the two momentum equation and noting that the

sum of the two void fractions add to unity (i.e., ¢ + ¢ = 1).

3.3 Energy Equations

In order to obtain finite difference equations for the
conservation of energy, on‘é must, first, establish which
cells to use. Thése cells are the same as the on-es‘ used
for derivation of the continuity finite difference equa-
tions. Depending on which method of heat trar;sfer is em-
ployed, the corresponding energy equatiaon would appear to
be différent. But, what is common to all the metaods is
the combined ene-rgy.equation,_which is always valid regard-
less of the nature of the heat _tr_an;fer mechanism. Thus,
this rélation is derived first. Once again, reference is
made to a typical continuity control volume which encloses
a typical node (I). The energy équation for flow of both
phasés througﬁ this cell requires that

] .
Eout = Ein + —(E) = Q
at (71)
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where

Eout = energy flux out of theAcontrol
volume | h
Ejn = energy flux into the control
volume
i— (E) = rate of energy accumulation

ot
within the control volume

Q = heat transfer rate into each phase .

As statea earlier, the heat transfer is from one phase to
the other. Thus, when Equation (71) is used to obtain the
energy equation of the mixture, the é term will disapprear.

For the mixture, the corresponding terms in Equation (71)

are —

E = (A ¢ b Vb ) Bb
out = | r °P; | IV' I
+(A ¢_ ow_ Vw ) Bw L
I I IV+l I (72)
Ein = (A € b Vb ) Hb
in I+l ° I+l | IV+1l I+1
+ (A w NVw_ ) Bw_ S
0I-l ° I-1 v > I-1 ' (73)
AA
—(E) =—— (¢ pb Ub - €2 ot© utd)
it At I I

(74)
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In Equation (74) Ub and Uw are the internal energy of the
brine and the working fluid respectively. The internal

energy could be related to ehthalpywénd pressure as

P
Uw = HW = =
oW (75)

P
Ub = Hb - — , (76)

Pb
Substitution of Equations (72) - (76) into Equation (71)
will yield the finite difference equation for the conser-

vation of energy of the mixture in the form

AX
—_— e opb + ¢ b vb ) Bb
(At I I I P I ' IVI I
- (¢ pb_ _|Vvb |) Hb
I+l I+l IV+]l I+]
. (X + v ) Hw
_ w W Vw
At ¢I e I ¢I P I IV+] I
- W "Vw ) Hw
(011 *¥1-1 V) B
3% b O + 4© @ B
= — (e~ pbY Hb™¥ + ¢ pw-’ Hw>)
At I I 1 I I

I I I 1 1 I II (17)

Once again, this equation is valid for a general in-
terior node. The boundary conditions for this equation are

that the enthalpy of the brine is fixed at its incoming lo-
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cation (i.e., node (I = N+1)) and the enthalpy of the work-
ing fluid is known at its respective incoming location (i.e.,
node (I = 1)). At the outlet port of the brine, zero gra-
dient is assumed for the enthalpy of the brine.

We now have to turn our attention to the second enthalpy
equation, which as stated earlier, would have a different
look depending upon the method chosen to evaluate the heat
transfer coefficient. If the interphase heat transfer is
assumed to be either described by the experimentally de-
termined volumetric heat transfer coefficient or where the
heat transfer is limited by outside convection, all that
is needed is an enthalpy equation for the brine phase alone.
In this connection, the appropriate terms in Equation (71)

are

E = (A e pb Vb ) Hb
out r °Pp VB, I

(78)
Ein = (A b Vb Hb . ]
in ( eI"‘l e I+l l IV+1|) I+1 (79)
d Aldx . 2 =
— (E) = = (¢ pb Ub =~ e(-) pb@ Ubo) (80)
at at I y S ¢ I I I
Q = AAx Uv_ (Tb_ =~ Tw_ )
I I I (81)

where depending on the method employed for heat transfer,
the expression for UvI is obtained from one of the equa-
tions (25) = (31). Substitution of Equations (76) and (78) -

(81) into Equation (71) will yield.the brine's finite dif-
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ference form of the energy equation, which is

X e 5 4+ ob _[Vb_ [yEb.
— € €
st o1 Pr T %p PP VPR,
- b vb Hb
(¢ 141°P1e1 VPryuy ) I+1

Ax
= — (L) - axUv (Tb - ™ )
at 1 %1 1 I 1 I

Ax
+— (e P -L5D .
at I I

I I (82)

For the case where heat transfer is controlled by con-
duction within the drops, assuming no change in the drop
radius, Equation (37) is éolved for the mean temperature
of the droplets in the column. Once this temperature is
found, use is made of the temperature -~ enthalpy relation
to obtain the enthalpy of the working £luid droplets,
after which Equation (77) is used to-give the enthalpy of

the brine.

3.4 Finite bifferehqe Formulation for

" the Solution of.the Conduction

‘Equation for the Expanding
Droplet
The expression for the heat diffusion within the drop-
lets, Equations *(32), (33) and (38), is in the.form of a
partial differential equation, and has to be soléed numeri-

cally using finite differences. This is done by dividing
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the radius into small increments ArIR. with a nodal point
at the beginning and end of each increment. Fourier's law
©of heat conduction and conservation of energy are applied
to the incremental volume around each nodal point. A schem-
atic of a few nodal points is shown in Figure 3.

Applying the law of conservation of energy on the vol-

ume surrounding the central node in Figure 3 gives

2
- = == (E) (83)
in qout at ( .

where

g, = heat flux into the control volume
in

q e " heat flux out of the control volume.
ou «

The expression for the heat flux into the control volume is

2 ('mm_l - T

. o= . - - IR
9in KRw- 4 » (r 3 ArIR-l )

Arir-1 (84)

whereas, the expression for the heat flux out of the control

volume would be ~ .

B §
Qout = Kw 4 = (r + 3 ArIR) (

IR (85)
where Co-

Kw = thermal conductivity of the working fluid.
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r - Ar r r+Ar
IR-1 IR
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@ Tw @ Tw ’Tw
IR-1 IR IR+
- Ar @ A ——
IR-1 IR
-1 - . -« IR IR#

Figure 3. Schematic of nodes for finite difference solu-
tion of the transient spherical heat conduction
equation within an expanding droplet.
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The expression for the rate of energy accumulation is

? (E) Cpw 4 2'(l Ar + L Ar_ )
—— = w W Tr - r - - r .
3t PW P 2 "Fir-1 ~ 2 "TIR
™ - WO
(_IR IR )
Aty (86)
where )

Cpw = specific heat of the working fluid
At] = time increment based on tj.
In deriving Equations (84) - (85), central differencing is
used for the heat flux terms; however, upwind differencing
is employed for the energy storage-rate. Substituting Equa-
"tion (84) -~ (86) into Equation (83) yields the finite dif-

ference equation for the heat diffusion within the droplet

1 2 1
{ (- = ar ) }
2 IR-1 Ar IR-1
IR-1
- { (r - =< ar )2 K_l'_' 21
Py - T + (r + — Ar_ )
2 IRl - IR-1 IR r
IR
1— 2 1 ST 10- 1
+ =— ré (= ar -~ ) — ]} 1w
aw 2 "IR-1 2 IR Aty IR
2 3
+ { (r +=ar_)

Tw
2 IR Ar } IR+1
IR

"
'
ety
lH
n
~
T
&>
"
+
|
|H
—
O]

Ar_ )
aw 2 IR-1 2 IR At IR , (87)
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This equation is valid for every interior node. At the
droplet center, the condition is simply

Tw = Tw
IR = 1 IR = 2 . o - (88)

At the droplet surface

T™w = Tb '
IR=NIR+l Iv (89)

where index "NIR" represents the numbei of increments be~
tween r = 0 and r = Rw, which is increasing along the col-
umn due to expansion of the droplet radius.

At this pdint aétention is turned to the way in which
these equations are solved. The solution always starts at
the bottom of the column where the temperature and radius
are known. The solution is then advanced to a new location
in the column. Once this is done, the mean temperature of
the droplets 1is obtained from numerical integration of
Equation (35). The radius is expanded by an amount equal
to RwIVv- Rva_l (these_va;uesma;e .obtained . from Equation
(38) based on a guessed density field) and the temperature
values of each node 'is shifted outward to the previous
node. The val;ae at the center of the droplet is assumed

to be the old va}ue which existed at the center.

R i s bttt Ao b
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3.5 The Pressure-correction Equation

The pressure-correctioq procedure adopted in this work
is .a very important part of the whole solution routine. After
a cycle of calculation, there is found to be a net accumu-
lation or loss of mass from each cell. Thus, a technique
must be developed to eliminate these errors as the solution
advances. Once these errors are eliminated, the solution
to the problem is assumed to be complete. The first step
in devising the pressure~correction equation is to add the
two continuity equations (i.e., Equation (43) and (47).

Thus

Ax

(22 b +0b (-Vb ) - {ob  (~Vb )
{ 35 °P; * °b; e o Uebry wer’ 114
. (X + v ) { Vv )
— w w w - w W
At P I g I IV+l ¢I g I-1 IV ¢I-l
8x ' © .0 &
- = b© + W) =0 .
— [€7 o2 + 47 ow2) o (90)

Since the brine velocity is negative with respect to the
coordinate chosen, the absolute values gppgaring in the
brine continuity equati&n are ‘replaced by a negative sign
multiplied by the velocity of the brine. After each cycle
of calculation, the values of the density, velocity and
volume fraction are inserted into this equation to find
the resulting ‘error in each continuity cell. -This error
is denoted by the symbol ERI. It is now assumed that all the

pressures in the field will be modified so as to change- the
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densities and the velocities, and thereby to bring about
the elimination of the errors. Thus, from Equation (90)
the corrections to the densities and velocities resulting

from the corrections to the pressures are governed by

[ 22 o0 +ob. (<vb )}
—_— o - e
3t TI 1 v 1
{eb (-vb' ) }e + (Ax w o+ ow Vw .)¢
# 141 w+l’ CTr+1 0 ae Thr T Y1 Mival''r
- {ow_ _ v’} ¢ = - ER |
I-1 v I-1 I (91)

where the primed quantities are the corrections that have
to be made to the stored values. These primed quantities
can all be expressed linearly in terms of the pressure

corrections at in cell and neighbor grid points. Thus, for

example
oVw IVw aVw
vw' = __IVp' IVp' + __IV yb'
Iv 3P I-1 2P I Vb IV
I-1 I Iv (92)
3Vb 3Vb Vb
vb' = IV p' + IV p' & IV vu'
IV sp I-1 .3p I - 3vw IV
I-1 I v - (93)
, 9pb
pb_ = = P
I 3P I (94)
' I
. dpw_ . -
pw = P 3
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The differential coefficients associated with the velocity
changes result from differentiation of the finite differ~
ence momentum equations and the oﬁes associated with the
density changes are obtained from a least square curve
fit to the tabulated values of density versus pressure in
the pressure region of interest. The result of combining
Equations (91) - (95) is a system of simultaneous equations
for the p°'s, the solution of which could Ee used to- find
the corrections to the densities and the velocities, which
in turn could be added to the stored values of these quan-
tities. The result is a set of densities and velocities
which satisfy overall continuity at every point. The final
note is to remember that one has to combine Equations (92)
and (93) so that Vw£V and Vb;v each appear sepérately. It
is these resulting expressions for Vwiv and Vb;v which
should be employed in the derivation of the pressure-cor-
rection equation.

The changes to the velocities and the densities which
have resulted from the pressure correcéions, though they
have satisfied overall continuity, will have. thrown most
of the other equations out of balance. It is therefore
necessary to repeat the cycle, so as to undo the damage.
As stated earlier, what is to be hoped is that, at each
repetition of the cycle, the errors which are to be cor-

rected become smaller and smaller.
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3.6 Outline of the Procedure

The task, for a typical problem, is to determine sets
of values, for all the points“of thg grid, fdf all the time
instants considered. The finite difference equations, to-
gether with the auxiliary relations are equal to the number
of unkﬁowns.

Because of the high degree of nonlinearity and inter-
phase coupling of the equations, the task must be performed
by iterative means. As stated earlier, the procedure adop-
ted in this dissertation is similar to that of References
[13-15]. This procedure was outlined in Section 2.5.

Finally. it should Be mentioned that all the thermo-
dynamic properties are evaluated using the subroutines of

References [18-19].
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Steady State Solution

Prior to evaluating the transient behavior of a direct
contact heat exchanger, it is necessary to ascertain what
type of heat transfer model best describes the actual per-
formance of such a device. Steady state orAat least quasi-
steady state data are available for the operation of the 500
kWe direct contact heat exchanger constructed by Barber
Nichols for the U.S. Department of Energy [17]). Thus, a
data base exists for comparison with various models.

The 500 kWe direct contact heat exchanger is a 40 inch
(1 meter) diameter spray column type direct contact heat
exchanger. It is shown schematically in Figure 4. It was
operated as a combined preheater, boiler and»used East Mesa
geothermal brine as the continuous phase and isobutane as
the dispersed phase. 1Inlet aqg outlet tempefatures for the
two fluids as well as_flow rates and pressure are reported.
In addition, Femperatures are recorded along the length of
the column. An adequate heat transfer model should be able
to predict these temperatures as well aé the heights of
the column using only the inlet parameters. 1In all the tem-

perature versus height figures to be presented in this sec-
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exchanger.

54

PGS NI SR



55
tion, the curves with higher temperature profile belong to
the brine while the curves with lower temperature profile
belong to the working fluid.‘ |

Figures 5 through 8 show data from four different
operating conditions of the 500 kWe direct contact heat
exchanger. Figure 5 compares the °‘first three possible
methods for describing the heat transfer discussed in Chap-
ter 2, Method I utilizes the correlation of Plasé, Jacobs,
and Boehm [12] and an empirical equation for holdup (see
Equation (25)). Method II utilizes the same correlation,
but uses local holdup values calculated from the two-phase
flow equations developed herein. Method III uses Equation
(31) which describes the external heat transfer to a totally
mixed.drop. It is clear from Figure 5 that the latter model
is unacceptable as it overpredicts the heat transfer, that
is, it predicts far too short of a preheater. Thus, Model
III was eliminated from further consi@ergtion.

If one looked 6n1y at Figﬁres.s and 6, one would think
that the empirical Model I would best describe the heat
transfer; however, Figures 7.and 8 indicate'ghét Model II
best fi;s thé data. The 'primafy aifféréncé between the
operating conditions for Figures 5 and 6 and Figures 7 and
8 is in the flow rate.

As the heat transfer was clearly not géverned by the
~external heat transfer coefficients, at least as described
by Method III, and neither Methods I nor II gave ;otally

acceptable results, a fourth model was introduced. If.one
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O Experimental Data [17] '
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Figure 5. Temperature profile of the brine and the working
fluid along the length of the column for com-
parison of models I, II and III.

9.0

9s




130.
1204 — — Model 1

Model 11__

110.
100.
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40. Ptop = 2.8757 HPa
' Droplet Radius = 2.0 mm
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' : O Experimental Data [17]
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Figure 6. Temperature profile of the brine and the working
' fluid along the length of the column for com-
paring models I and II, mb = 12.387 Kg/sec,
mw = 11.109 Kg/sec.

o e m————— e tms e cmmma— e e s .

LS



" Temperature ( Deg C)
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110. -
100. -

80.
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Model II
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Ptop = 2.2546 MPa
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0O Experimental Data [17]
1 § [ ! k| L | i |} ¥ )
0.0 1.0 - 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Height (m)

Figure 7. Temperature profile of the brine and the working
fluid along the length of the column for com-
paring models I and II, mb = 7.623 Kg/sec,
mw = 7.379 Kg/sec.
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" Temperature ( Deg C)

130.
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110.
100.
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80.
70.
60.
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. - ]
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iw = 8.293 Kg/sec
Tbin = 108.091 Deg C
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Ptop = 2.2759 MPa
Droplet Radius = 2.0 mm
O Experimental Data [17]
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0.0 1.0 - 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Height ( m )
Figure 8. Temperature profiie of the brine and the working

fluid along the length of the column for com-
paring models I and II, mb = 9.032 Kg/sec,
mw = 8.293 Kg/sec.
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postulated that the dispersed phase was made up of drops
which had no internal circulation, then the heat transfer
could be dominated by interﬁal con60ction. The heat trané-
fer would then be described by a transient conduction model
such as the one described by Equation (32). Initially
such a model was developed by assuming the drops would be
of constant diameter even though it was known that a con-
siderable change in density would occur for the operating
conditions of the 500 kWe direct contact heat exchanger.
The reason for this assumption was to cut down on the com-
puter time of the solution, since as stated earlier, an
analytical solution was available for this particular case.
Figures 9 through 18 show reshlts calculated for the con-
‘stant diameter model for ten different operating_éonditions
assuming drop radii of 1.6 and 2.0 mm. The 1.6 mm dimension
was the supposed design condition for the inlet nozzle of
the 500 kWe direct contact heat exchanger. It is clear
for Figures 9 through 17 that.sometiﬁes-the.dafa are best
fit by the 1.6 mm dimension and sometimes by the 2.0 mm
dimension. On Figure 138 the bottom half of the column
is best"fit by the smaller drop size while ;ﬁe top of the
column is best described by the larger size. It would,
thus, seem that the change in drop diameter that could occur
is important. .Further, it 1is clear that' the intérnal
resistance to heat transfer is domihating the response of
the column. .

Figures 19 through 28 were obtained using a variable

oy AT D IR L Ve e
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Temperature ( Deg C )

130.
120. 4
110. -
00.4

11.698 Kg/sec

80. 1 iw = 12.259 Kg/sec

70. - Tb,,, = 111.883 Deg C

60. T"in = 27.33 Deg C

50. Prop = 2-3918 MPa

40. - —— =-— Droplet Radius = 1.6 mm

20 Droplet Radius = 2.0 mm
- . O Experimental Data [17]

20. 1 | L) L 1 L | | ¥
0.0 1.0 "~ 2.0 3.0 4.0 5.0 6.0 1.0 8.0

Height ( m)

Figure 9. Temperature profile of the brine and the working
fluid along the length of the column using con-
stant diameter model, mb = 11.698 Kg/sec, mw =
12.259 Kg/sec.
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- Temperature ( Deg C )
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20.
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7 aw = 11.109 Kg/sec
T Tbin = 121.926 Deg C
. T"in = 36.95 Deg C
A Prop = 2+8757 MPa
-~ = — Droplet Radius = 1.6 nm
Droplet Radius = 2.0 mm
O Experimental Data {17]
| - 1 | T T T — ) 1
0.0 i0 - 2.0 3.0 4.0 5.0 8.0 7.0 8.0

Height (m)

Figure 10. Temperature profile of the brine and the working
fluid along the length of the column using con-
stant diameter model, mb = 12.387 Kg/sec, mw =
11.109 Kg/sec.
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" Temperature ( Deg C )

130.

120.

1

110.
100. 49 - '

L

. 80.
7.623 Kg/sec

0. mw = 7.379 Kg/sec
0. Tby, = 108.176 Deg C
60. - Twy, = 28.28 Deg C
50. - Prop = 2-2546 WPa
40. . ——-— Droplet Radius = 1.6 nm
Droplet Radijus = 2.0 mm

O Experimental Data [17]

20. T ' e T T T -

L LI
0.0 1.0 - 2.0 3.0 4.0 ' 5.0 6.0 7.0 8.0
Hcight {m)

Figure 11. Temperature profile of the brine and the working
fluid along the length of the column using con-
stant diameter model, mb = 7.623 Kg/sec, hw =
7.379 Kg/sec. ‘
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Temperature ( Deg C )

130.
120.
10. - |
100.4 .
90. -
80.

= 9,032 Kg/sec

8.293 Kg/sec
108.091 Deg C

70. Tbin -
60. Tw;, = 28.39 Deg C
50. Ptop = 2.2759 MPa
40 —— - —  Droplet Radius = 1.6 mm
Droplet Radius = 2.0 mm

30.
O Experimental Data [17]

20. +— T —T T = T T

1 LI
0.0 1.0 - 2.0 3.0 4.0 5.0 6.0 7.0 8.0 8.0

Height (m )

Figure 12 . Temperature profile of the brine and the working
fluid along the length of the column using con-
stant diameter model, mb = 9.032 Kg/sec, mw =
8.293 Kg/sec.
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" Temperature ( Deg C )

130.

o | mb = 13.142 Kg/sec

80. - mw = 11.139 Kg/sec
70. m Tby, = 120.511 Deg C
60. - Twy,, = 36.28 Deg C
50. Ptop = 2.8613 MPa

— - — Droplet Radius = 1.6 mm
Droplet Radius = 2.0 mm

30.
| o O Experimental Data [17]
20. 1 — — 7 T T T Y
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 8.0

Height (m)

Figure 13. Temperature profile of the brine and the working
fluid along the length of the column using con-
stant diameter model, mb = 13.142 Kg/sec, hw =
11.139 Kg/sec.
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" Temperature ( Deg C)

130.

Figure 14,

120. 4
110. 4
100. 1 - '-
- 80. 1 10.537 Kg/sec
80. - i = 11.292 Kg/sec
70. - Tby, = 119.164 Deg C
60. 4 T"in = 25.6) Deg C
50. - Ptop = 2.7330 MPa
0. - ~— Droplet Radius = 1.6 mm
Droplet Radius = 2.0 mm
30. O Experimental Data [17]
20. | SE— 1 1 T T T '
0.0 1.0 - 2.0 3.0 4.0 5.0 6.0 1.0 8.0

Height (m)

Temperature profile of the brine and the working
fluid along the length of the column using con-
stant diameter model, #mb = 10.537 Kg/sec, hw =
11.292 Kg/sec.
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" Temperature ( Deg C )

12.978 Kg/sec

B mw = 10.913 Kg/sec
70. 1§ / Tbin = 121.233 Deg C -
50, ~ Ptop = 2.8613 Mpa
— =— Droplet Radius = 1.6 mm
40.
Droplet Radius = 2.0 mm
30.
O Experimental Data [17]
20. T — — T T T T T
0.0 1.0 - 2.0 3.0 4.0 5.0 6.0 7.0 8.0 8.0
Height (m )
Figure 15. Temperature profile‘of the brine and the working

fluid along the length of the column using con- *V¥
stant diameter model, mb = 12.978 Kg/sec, fw =
10.913 Kg/sec.
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" Temperature ( Deg C)

130.
i20.
110.
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Figure 16.

Height (m)

Temperature profile of the brine and the working
fluid along the length of the column using con-
stant diameter model, @b = 11.603 Kg/sec, hw =
11.404 Kg/sec.
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- Temperature ( Deg C)

= 10.925 Kg/sec

80. - mw = 11.185 Kg/sec
70.7 Tbin = 128.142 Deg C
60. T"in = 25.00 Deg C
50. Ptop = 3.0840 MPa
40. - .—-—--—— Droplet Radius = 1.6 mm
3 Droplet Radius = 2.0 mm
) O Experimental Data [17]
20, +— T 1 T =3 T Y A |
. 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 8.0

Height (m )

Figure 17. Temperature profile of the brine and the working
fluid along the length of the column using con-
stant diameter model, b = 10.925 Kg/sec, hw =
11.185 Kg/sec.
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-- Temperature ( Deg C)

130. -
120. 1
110. 49 |
100.4 = - (8]
9. - b = 12.020 Kg/sec
80. - mw = 11.819 Kg/sec
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40. - .-—-—-— Qroplet Radius = 1.6 nm
Droplet Radius = 2.0 mm
0. L O Experimental Data [17]
20. - ' — —_ ' — " - r
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Height (m)

Figure 18. Temperature profile of the brine and the working
fluid along the length of the column using con-
stant diameter model, #hb = 12.02 Kg/sec, hw =
11.819 Kg/sec.
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120. -
.110. -
100. -
S e
o
g g.- 0 mb = 11.698 Kg/sec
§ 70. - mw = 12.259 Kg/sec
g 60. by, = 111.883 Deg C
.;?.: 50. Twy, = 27.33 Deg C
0. Ptop = 2.3918 MPa
Initial Droplet Radius = 1.6 mm
3. O Experimental Data [17]
20. ¢ T Y T T T

LB | |
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Height (m)

Figure 19. Temperature profile of the brine and the working
fluid along the length of the column using varia-

ble radius model, mb = 11.698 Kg/sec, hw = 12,259
Kg/sec.
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Temperature ( Deg C )

i
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P
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O Experimental Data {17]
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Figure 20. Temperature profile of the brine and the working
fluid along the length of the column using varia-
ble radius model, hb = 12.387 Kg/sec, tw = 11.109
Kg/sec.
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Temperature ( Deg C )

130.
120.
140.
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L
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o iw = 7.379 Kg/sec
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Initial Droplet Radius = 1.6 mm

) ‘D Experimental Data [17]
L] - 1 L | v ¥ I LB
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Figure 21. Temperature profile of the brine and the working

fluid along the length of the column using varia-
ble radius model, mb = 7.623 Kg/sec, tw = 7.379
Kg/sec.
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Temperature ( Deg C )
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110. 1 o
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Figure 22. Temperature profile of the brine and the working
fluid along the length of the column using varia-
ble radius model, tb = 9.032 Kg/rec, hw = 8,293

Kg/sec.
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130.
120. - 0
110.
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&
— 80.- fib = 13.142 Kg/sec
% 70. iw = 11.139 Kg/sec
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2 . A Tw,, = 36.28 Deg C
40. Ptop = 2.8613 MPa
2 Initial Droplet Radius = 1.6 mm
) O Experimental Data [17]
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Height (m)

Figure 23. Temperature profile of the brine and the working
fluid along the length of the column using varia-

ble radius model, mb = 13.142 Kg/sec, fiw = 11.139
Kg/sec.
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D
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Figure 24. ‘Temperature profile of the brine and the working
fluid along the length of the column using varia-
ble radius model, mb = 10.537 Kg/sec, hw = 11.292
Kg/sec.
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90, -
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50. - ) Tw,, = 36.44 Deg C

40. Ptop = 2.8613 MPa

30 Initial Droplet Radius = 1.6 mm
. . ‘0 Experimental Data [17]
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Height (m)

Figure 25. Temperature profile of the brine and the working
fluid along the length of the column using varia-
ble radius model, hb = 12.978 Kg/sec, fw = 10.913
Kg/sec.
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Temperature ( Deg C )
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20 Initial Droplet Radius = 1.6 mm
. _ ’ 0 Experimental Data [17]
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Height. ( m )

Figure 26. Temperature profile of the brine and the working
fluid along the length of the column using varia-
ble radius model, mb = 11.603 Kg/sec, mw = 11.404
Kg/sec.
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Temperature { Deg C )
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Figure 27. Temperature profile of the brine and the working
fluid along the length of the column using varia-
ble radius model, hb = 10.925 Kg/sec, mw = 11.185
Kg/sec.
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--“Teaperature (DegC) .
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120.~..
110. 4 .
1oq.ﬁ‘

@b = 12.020 Kg/sec

ww = 11.819 Kg/sec
Tbin = 132.626 Deg C
T“in = 30.00 Deg C
Ptop = 3.1026 MPa

Initial Droplet Radius = 1.6 mn
O Experimental Data [17]
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Figure 28.
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Temperature profile of the brine and the working
fluid along the length of the column using varia-
ble radius model, b = 12.02 Kg/sec, w = 11,819
Kg/sec.
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radius conduction model for the same ten conditions given
for the constant diameter conduction model. The curves
show excellent agreement with the data except at approx-
imately 3 meters. At this location the column's two
major halves (see Figure 4) are joined by massive flanges.
The thermocouple at 3.2 meters is just below the flange
and that at 4.3 meters is just above it. It is possible
that the existence of this mass of material suppresses
the‘temperatures by acting as both a heat sink and as an
extended heat transfer surface. As the current state of
two-phase flow analyses does not at this time allow for
an accurate computational evaluation of transient multi-
dimensional flows (although some have been tried), the other
possibility of back mixing cannot be assessed.

Figures 29 and 30 show additional output that can be
obtained from the two-phase model developed herein. They
correspond to the temperature profiles shown in Figures.l9
and 20, respectively. These figureé éhow the change in
velocities of the phases as well as the holdup. It is clear
that the dispersed phase accelerates as it moves up the
column, while the brine's velqcity remains_néérly constant.
The combinétion of increasing drop velocity and increasing
drop. diameter leads to the increased holdup.

_Eigure 31 correspdnds to the case shpwn in Figure 23.
Here are'presenéed the velocity of the two phases, the hold-
up and the increase in drop radii predicted'bélthe model.

It is seen that the drops increased from 1.6 to 1.8
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Figure 29. Variation of velocity of the brine and the
working fluid as well as holdup along the

length of the column, mb = 11.698 Kg/sec,
hw = 12.259 Kg/sec.
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mm in radius. The velocity of the drops increased from
0.18 to 0.23 m/sec. The corresponding increase in holdup

was from 0.14 to 0.165.

4.2. Transient Solution

As a result of the steady state analyses, it was deci-
ded to carry out all transient analyses utilizing the vary-
ing radius conduction model for investigating the transient
response of a direct contaét heaf exghanger. The analyses
that were conducted were carried for the isobutane-water
system corresponding to the Barber Nichols 500 kWe unit.

In considering the transient response of the column,
studies were first conducted to find the effect of changing
the flow rate for one of the two fluid streams. Both in-
creases and decreases were considered. Also considered
was a change in the pressure at the top of the column and
a decrease in the temperature of the incoming brine.

Figures 32-34 show the results obtained from changes in
the flow rates by 1 kg/sec and in column pressure by 5%.
Figure 32 indicates the change from the steady state brine
temperature; Figure 33 indicates the change from the steady
state working fluid te&petatu}e; and Figure 34 indicates
the change in holdup after the column has approximately
reached_the new quasi-steady state conditions. These changes
require:appro#imately' 180 seconds. Note that the steady

state conditions prior to the assumed changes-  were those

shown in Figure 21. It is seen that a decrease in brine flow
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Figure 32. Effect of change in mass flow rate and cblumn
pressure on the brine temperature.
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rate decreases the working fluid temperature throughout
the column while an increase in brine flow rate has ne-
gligible effect. A decre&se’ in"wOrking fluid flow rate
leads to an increase in working fluid temperature which
would shorten the preheater section. An increase in work-
ing fluid flow rate increases the preheater length. An
increase in system pressure by 5% requires a higher pre-
heater working fluid exit temperature. For no change in
the flow rates this results in a required increase in the
preheater length of approximately 1 meter or 13%. Hold-
up changes are only about 0.0l1; however, operation close
to the flooding limits could cause complete unstabilization
of the column if larger changes in flow rates or pressure
occurredh.hmnewggsul;ing preheaéer length. changes corres-
ponding to the cases studied in Figures 32-~34 are given in
Table 1.

Figure 35 illustrates the effect of a 5°C decrease in
brine inlet temperature from the conéitions.for Figure 21.
It is seen that this results in a change in the working
fluid temperature of ~-3°C at the top of the preheater and
would result  in a'corrEsponding'décfease i6 éressure. The
time constant to reach a new quasi-equilibrium state is
again about 180 seconds.

.figures 36 through 39 illustrate the effects of the
same type of ’éhanges that were shown in Figures 32-35;
however, the initial conditiohs correspond tb ‘the higher

flow rates for the steady state case of Figure 19.
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Figure 35. Effect of change in the brine inlet temperature

on temperature profile of the brine and the
working fluid.
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Table 1

Changes in column height after a sudden change in input
characteristic of the column. Steady state conditions
are: mb = 7.623 kg/sec, mw = 2.379 kg/sec, Tb;, = 108.176
Deg C, Twjn = 28.28 Deg C, Pygp = 2.2546 Mpa and initial
droplet radius = 1.6 mm.

change in Input characteristic H(t=180) - H(t=0) (m)
mb increased by'l kg/sec : -.02

mb decreased by 1 kg/sec 0.087

mw increased by 2 kg/sec 0.047

mw decreased by 2 kg/sec -0.04

Ptop increased by 5% 1.0m

Tbjn, decreased by 5 Deg C 0.8l m
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Figure 36. Effect of change in mass flow rate and column
pressure on the brine temperature hb = 11.698
Kg/sec, mw = 12,259 Kg/sec.
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Figure 37, Effect of change in mass flow rate.and column
pressure on the working fluid temperature ib =
11.698 Kg/sec, mw = 12,259 Kg/sec.
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Figure 39. Effect of change in the brine inlet temperature
on temperature profile at the brine and the
working fluid, mb = 11,698 Kg/sec, tw = 12.259
Kg/sec.
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Table 2 shows the corresponding changes in the height
of the preheater.

Figures 40 through 44 illustrate the transient response
of a preheater at discrete times after a change in either
mb, mw or Tb. The shapes of the curves, Tw (t) - Tw (t=0),
remain similar for changes in mb or Tb but are variable in
shape for changes in mw as viewed with respect to time.

In order to understand better the effects of changing
the £low rates, Figures 45 through 52 were generated.
Figures 45-48 represent the effect of a decrease in mb and
Figures 49-52, an increase in mw. When the brine flow
rate is decreased, the workihg‘fluid drops at first increase
in veloc;ty throughout the:entife column as the superficial
velocity of the brine decreases. This leads to a shorter
contact time and smaller heat transfer. This in turn
leads to a smaller density change in the working £luid
making the drops being less buoyant. Thus, the working
fluid momentum through the brine is éecrgased a§ shown
in Figuré 46. This increase in density and the necessity
of a longer column to reach the boiling point is also seen
in terms of-a higher -pressure - thrbughoqt “the length of
the‘preheaier' as il;gstrated in Figure 47. The change
in velocity qf the drops as they move through the column
leads‘to a gradual decrease»in holdup as shown in Figure
a8. L —

An increase in working fluid flow rate slowé the drops;

at first, drastically near the bottom of the column, which
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TABLE 2

Changes in column height after a sudden change in input
characteristic of the column. Steady state conditions
are: mb - 11.698 kg/sec, fw = 12.259 kg/sec, Tbjn =
111.883 Deg C, Twjp = 27.33 Deg C, Pgop = 2.3918 Mpa and
initial drorlet radius = 1.6 mm.

Change in Inzut Characteristic H(t=180) - H(t=0) (m)

mb increased bv 1 k3/sec -0.87
mb decreased by 1 kg/sec 0.1
mw increased by 1 kg/sec 0.04
mw decreased by 1 kg/sec -0.04
0.9

Ppop increased by 5%

Tbjn decreased by 5 Deg C 1.037
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Figure 40, Transient respdnse of the working fluid tempera-
ture after an increase in mass flow rate of
the brine.
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Figure 41. Transient response of the working fluid tempera-
ture after a decrease in mass flow rate of
the brine.
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Figure 42. Transient response of the working fluid tempera-

ture after an increase in mass flow rate of the
working fluid. -
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Figure 43, Tranaslent response of the working fluid tempera-

ture after a decrease In mass flow rate of

the working fluid.
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Figure 44. Transient response of the working fluid tempera-
s ture after a decrease in the brine inlet tem-
: perature.

0T



C TW (t) -Tw (t =0 (DegC)

Tt o"{ﬁub = 10.020 Kg/sec

35 sec

(ad
]

[ad
fn

70 sec

t =105 sec

11.819 Kg/sec| -

mb = 12.020 Kg/sec , . mw

= 140
t = 140 sec Th, = 132.626 Deg C , Tw,, = 30.00 Deg C
t = om n
| Prop = 3-1026 MPa
t = 210 sec \ Initial Droplet Radius = 1.6 mm
LI | | 1 L I 1 T |
|

0 20 30 40 50 60 7.0 8.0 9.0
' Height ( m )

Figure 45. Transient response of the working fluid tempera-
ture after a decrease in mass flow rate of the
brine, b = 12.02 Kg/sec, tw = 11.819 Kg/sec.
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Figure 46. Transient response of the droplet velocity
after a decrease in mass flow rate of the

brine.
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Figure 47. Transient response of the pressure after a
decrease in mass flow rate of the brine.
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Figure 48. Transient response of the holdup after a
decrease in mass flow rate of the brine.
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Figure 49. Transient response of the working fluid tempera-

ture after an increase in mass flow rate of the
working fluid, #@b = 12.02 Kg/sec, mw = 11.819
Kg/sec.
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Figure 50. Transient respoﬁse of the droplet velocity after

an increase in mass flow rate of the working
fluid.
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Figure 51. Transient response of the pressure after an

increase in mass flow rate of the working
fluid.
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Figure 52. Transient response of the holdup after an in-
crease in mass flow rate of the working fluid.
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allows for longer heating times. Thus, as shown in Figures
49 and 50, there is at first an increase in temperature
near the bottom of the colﬁmn. As time increases the brine
coming down is cooled and there is lower potential for heat
transfer; thus, as shown in Figure 49, the working fluid
at the bottom of the column gradually cools. The drops
remain smaller in size and their resulting reduced drag
allows for an increase in velocity, but not as high as the
original values. Attempting to get a higher flow rate of
working fluid through the column leads to lower pressures
in the column, since the column contains more working fluid
and correspondingly higher holdup as seen in Figures 51
and 52.

Figures 53 and 54 illustrate the transient effect df
a decrease in brine inlet temperature. The droplets grad-
ually cool increasing their density and thus reducing the
drag due to shrinkage in size. This leads to a decrease
in holdup at the top of the'column-ana would, of course,

cause an increase in the column preheater height.
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Figure 53. Transient response of the working fluid tempera-
ture after a decrease in the brine inlet tem-
perature.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

The operational characteristic of a spray column heat
exchanger was studied using a one-dimensional transient
two-phase flow and heat transfer model. A finite differ~
ence scheme was successfully applied so as to solve for
the local variation of properties along the length of the
column. ~This allowed for thorough examination of the be-~
havior of the column in steady state as well as the tran-
sient mode of operation. The solution scheme provided a
means whereby nmss,,mnmentum and enérgy coupling between
phases could Se adequately treated.

Various models of heat trénsfer were incorporated
into the solution routine and the validity of each model
was examined by comparison to experimental data. Further,
the solution routine was developed which could handle the
changes_in droplet size. The solution qlgar;y demonstrated
the effects éf mass fléw rate, pressure and incoming brine
temperature on the ‘overall performance of the column.

~ Base on ‘this study, which is the first to utilize
the two;phase'model for studying the behavior of the spray
column direct'céntact heat exchanger, the folloqing conclu-

sions are made:
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(1) Comparison of the present study and available ex-
perimental data suggests that conduction inside the working
fluid droplet is the dominating .heat transfer mechanism.

(2) Variation in flow rates of either stream, pres-
sure and incoming brine temperature can adversely affect
the operation of the column.

(3) The time constant for the transient response caﬁ
be assessed. For the 500 kWe Barber-Nichols direct con-
tactor is about 3-4 minutes.

(4) 1Two phase modeling provides a more accurate des-
cription of flow and temperature fields and therefore should
be empioyed in future designs of spray type direct contact
heat exchangers.

(5) For the 500 kWe Barber-Nichols direct contactor,
if‘appears that agmtﬁgmbbint where the two major sections
of the column are joined, some circulation or extended sur-
face effect is taking place.

As far as the future is concerned, there is a lot to
be done in the area of multiphase flow and heat transfer.
However, as an extension to the problem studied herein,
the following recommendations are made:

(1) This type of modeli;g should be\applied to other
types of direct contact heat exchangers as described in
Chapter 1.

v(2) A thorough investigation should be made into the
mechanism of heat transfer in the boiler section of the

spray column which would then allow one to utilize this
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model for complete study of the boiler section or perhaps
the combined preheater-boiler unit.

(3) The model should.be'madémmultidimensional so that

the wall effects may be examined.
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A.l. Subroutines

The TOSC program is a computer code capable of analyz-
ing the steady state or tf&nsieﬁé .operation of a spray
column preheater. The program can be used for studying
the effects of change in mass flow rate of brine, mass flow
rate of working fluid, pressure at top of the column and
incomihg brine temperature on operation of the column.
The program is written in subroutine form such ihat each
subroutine performs a specific task. Each subroutine is

listed here with a brief description of its major function.

TOSC (main program)
(1) contains the calling sequences to the other sub-
routine and thus provides ﬁyclic control over the calcula-
tion.
(2) t =t + DT.
(3) provides a shutdown procedure in the event that a
solution cannot be o¢btained that satisfies mass conserva-
tion. |
BRENT (BRine ENThalpy)
(1) Calculates the enthé}py of the brine.
BRPRO (BRine PROperty)

(1) Finds the 'dénsity ‘and temperature of the brine
using its pre;sure and enthalpy. |
BRVOI (BRine VOId)

(1) Calculates the corrected velocity of the brine

based on its calculated void fraction.
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COEFF (COEFFicient)

(1) Performs a least square curve fit in the pressure
range of interest to find the coefficients of a linear re-
lation for density of each phase as a function of pressure.
ERROR (continuity ERROR)

(1) Finds the continuity error for each cell.

FPRIN (Final PRINt out)

(1) Outputs data.
KDRAG (interphase friction coeffcient)
(1) Finds the interphase drag coefficient.
PCORR (Pressure CORRection)
(1) Finds the pressure correction so that the con-

tinuity equation is satisfied.

- PRESS (PRESSure)

(1) Finds the pressure distribution throughout the
column using the mixture's momentum equation.
SETPR (SETup the PRogram)

(1) Reads the input data.

(2) Assigns initial guess to all variables.
TRIDA (TRIDiAgonal matrix solver)

(1) solves a tridiagonal system of 1iﬁéér equations.
VCORR (Velocity CORRection)

(1) Finds the velocity correction to both phases based
on preésure correction to satisfy the continuity equation.
VELVA (VELocity .VAriations) |

(1) Calculates the velocity variation 'ofi'each phase

with respect to pressure.
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WFPRO (Working Fluid PROperty)

(1) Finds the enthalpy and density of the working fluid
using its temperature and pressure.
WFTEM (Working Fluid TEMperature)

(1) Calculates the temperature distribution within an
expanding droplet subject to variable surface temperature.
WFVEL (Working Fluid VELocity)

(1) Finds the velocity of the working fluid.

WFVOI (Working Fluid VOId fragtion).

(1) Finds the void fraction of the working fluid.

A.S. Basic Input Variables

The following is a list of all the input variables and
a description of each.
ALPG Guessed value of working fluid void fraction

ALPHA Thermal diffusivity of working fluid

DIAM Diameter of the column
DT Time step
FTIME Problem time to end calculation

FTYPE Working fluid type

HEIG Height of the célumﬁ

N Numéer of finiie diffe:éncé éells'

NPRIN Computer unit number for output

PTOP Pressure at top of the column

PTYPE | Mode of operation (i.e., transient or steady)
RMDB Steady-state value of brine mass flow';ate

. RMDW Steady state value of wroking fluid mass flow rate
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RWI

TBIN
TMDB
T™MDW

TOL

TTBT

TWIN

The variables and arrays contained

are given below with a brief description of each one.
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Initial radius of working fluid droplets
Incoming temperature of brine
Transient value of. brine mass flow rate
Transient value of working fluid mass flow rate
Pressure iteration convergence criterion
Transient value of pressure at top of the column
Transient value of incoming brine tempe;ature

Incoming temperature of working fluid

A.3. Variables and Arrays Listed in

COMMON Blocks

in COMMON blocks

Var-

iables already defined in the inputs are omitted from this

list.

AB

ALP(I)
ALPO(I)

AREA
Aw
DCON
DX |
E(I)
EPS(I)

EPSO(I)

dpb/9P

Void fraction of working fluid at present time
level

Void fraction of working fluid at previous time
level

Area of the column S

dpw/2P ‘

English-metric converison for density
Vertical node spacing

Continuity error for each cell

void fraction-of brine at present time .level

Void fraction of brine at previous time level



HB(I)
HBO(I)
HCON
HW(I)
HWO(I)
P(I)
PCON
PO(I)
PP(I)
RI(I)
RK(I)
ROB(I)
ROBO(I)
ROW(I)
ROWO(I)

TB(I)

TBO(I)

TSATNW

TW(I)
VB(I)
VBH(I)
VBPC(I)
VBO(I)
VW(I)
VWC (I)

VWH(I)
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Enthalpy of brine at present time level
Enthalpy of brine at previous time level
English-metric conversion-for enthalpy
Enthalpy of working fluid at present time level
Enthalpy of working fluid at previous time level
Pressure at present time level
English-metric conversion for pressure
Preésure at previous time level
Correction to pressure
Radius of working fluid droplets
Interphase friction coefficient
Density of brine at preéent time level
Density of brine at previous time level
Density of working fluid at present time level
Dens;ity of working fluid at previous time level
Temperature of brine
An array for temporary storage of brine temperature
Transient value of working fiuié saturation tem-
perature
Témperagure of working fluid
Velocity of brine at préseht'time v$lhe
Off-location velocity of brine

3Vb/3P

- Velocity of brine at previous time level

Velocity of working fluid at present time level
Correction to working fluid velocity |

Off-location velocity of working fluid
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VWPC(I) 3Vw/3p

VWO(I) Velocity of working fluid at previous time level

A.4. Comments on deing; Stability and

Execution of the Program

The TOSC program is written in Fortran 77. 1In writing
the program, a repetitious coding style has been used for
clarity of logic. The program is free f;om any numerical
instability due to employment of implicit upwind differenc-
ing technique. For efficient execution of the program, the
following guidelines must be observed:

(1) The number of finite difference cells should be
restricted to 65 or less.

(2) The convergence tolerance for pressure iteration
should be of the order of 10-3.

(3) The time step for transient calculation should be
about 30 seconds or more. Thirty seconds is thé approximate
time required for the workipg flu@d @roplets ‘to travel
from bottom to top of the column.

All computer runs were performed using 65 finite dif-
ference cells with a conve:éence tolerance equal to 0.001
(i.e., N = 65 and TOL = 0.001); .Uﬁde?-th;se conditions,
the steady state calculations required about 1 hour of CPU .
time on a VAX 11/750 ¢omputer. The solution required
40-50 iﬁerations to converge. A maﬁor portion of the CPU

time was required for calculation of the properties of the

phases.
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A.5. Sample Test Problem

To help the user of the TOSC code, this section con-
tains a listing from a simple test problem. The problem

is to study the transient behavior of the column when

sudden changes occur in mass flow rate of brine, mass flow

rate of the working fluid, pressure at top of the column
and brine inlet temperature. The column is initially oper-
ating at steady state. A complete' list of input para-
meter is:

PTYPE = TRANSIENT, FTYPE = ISOB

NPRIN = 6, ALPG = (0.1, TWIN = 20.0, T’BIN = 90.0

RMDB = 9.0, RMDW = 7.0

PTOP = 2300000.0, HEIG = 1.5, DIAM = 1.0

N = 15, TOL = 0.001, ALPHA = 7.0 E-08, RWI = 0.0016

DT = 35.0, FTIME = 70.0
™DB = 8.5, T™DW = 7.5, TPTOP = 2100000.0, TTBT = 110.0

The output from the computer program is presented

in the following pages.



MODE OP OPERATION

TYPE OF WORKING FIUID
COLUMS PRESSURB OUT
BRINE MASS FLOW RATB
WORKIG PLUID MASS PLOV RATE
ERINE TEMPERATURE IN
WORKING PLUID TEMPERATURE IN
WORKING FLUID SATURATION
TENPERATURE AT COLDMN
PRESSURE OUT

PREHEATIR HEIGH?

PREHEATER DIAMETER

RADIVS 0P VORKING PLUID
DROPLE?S (INITIAL)

NUMBER OF FINITE
DIFFERENCE CELLS

TIMB STEP VALUE

TRANSIENT VALUB OF THE
COLMS PRESSURE QUT

TRANSIENT VALUE QP THE
ERINE MASS PLOW RATE

TRARSIENT VALOE OF THE
WORKING PIUID MASS FIOW RATE

TRANSIENT VALUE OF THE
INCOMING ERINE TEMPERATURE

<<<< ANALYSIS OP THE OPHRATION OF A SPRAY COLUMN PREHEATER >>>>

= TRANSIENT

= ISOB

= 2500000.000 (Pa)
= 9.000 (Kg/s)

= 7.000 (Kg/s)

a 90.000 (Deg C)
a 20.000 (Deg C)

= 107.255 (Deg C)
s 1.500 (m)
= 1.0000 (m)

= 0.00160 (a)

= 15 4
= 35.000 (Seconds)

= 2100000.000 (Pa)
= 8.500 (Kg/s)
s T.500 (xd')

= 110.000 (D-@ c)
= 102.208 (Deg C)
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<<<< TRANSIEN? VALUES OP THE PRESSURE, MASS PLOW RATES AND INCOMING BRINE TEMPERATURE ARE AS POLLOWS >>>>



TIME = 0.000 (Seconds)

HEIGH? FRINE.VOID WORKING FIUID ERINE  WORKING FLUID  BRINE VORKING FIUID PRINE  VORKING FIUID  PRESSURE
FRACTION  VOID FRACTION DENSITY DENSITY TOPERATURE TEMPERATURE  VELOCTTY  VELOCITY

(m) (xe/m3)  (Kg/m3) (Deg C) (Deg C) (n/s) - (w/8) (MPa)

1.50  0.9124 0.0876 966.26 484.62 90.00 75.54 -0.01%0  0.20948 2.3000
1.0 0.9129 0.0871 9%6.82 481.46 89.16 74.03 0.01299  0.20911 2.3009
130 0.913  0.0869 967.41 490.40 8.1 = T2.4 -0.01288  0.20833 2.3018
1.0 0.9133 0.0867 9%8.03 495.45 81.34 70.74 0.01297  0.20750 2.3027
1.10  0.91% 0.0865  968.67 496.62 86.% 68.95 0.01295  0.20665 2.30%
.00  0.9157 0.083  99.36 49.9 | &.30 67.00 -0.01294  0.20576 2.3045
0.9 0.9139 0.0861 970.08  503.40 84.17 64.93 -0.01293 0.20483 2.3055
0.0 .0.9141  0.0859 970.86 507.06 8.% " 62.69 0.0122  0.20%85 2.3064
0.0  0.9144 0.00% 9N  510.99 81.63 60.24  -0.0120 020080  2.3073
0.60  0.9146 0.0854 gl2.62  S15.04 80.16 5754  -0.01289  0.20169 23062
0.5  0.9149 0.0851 973.65 °  519.66 78.49 54.53 0.01287  0.20049 2.3091
0.40  0.9151 o.oe49; 914.63 524.68 | 656 51.07 0.01285  0.19916 2.3100
030  0.915 0.0845.  976.29 530.39 42 47.01 -0.01283  0.19762 2.3110
0.20°  0.9159 0.0841 977.95 53747 ‘ 7.29 M.71 0.01281  0.19585 2.3119
0.10  0.9163 0.0837 981.84 545.44 4.3 35.61 0.012T1  0.19315 2.3128
0.00 0.9176 0.0824 981.84 564.25 64.73 20.00 -0.01274 0.19139 2.3137
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9Z1



« TIME = 35.000 (Seconds)

JETGE BRI VOID WORKING PLID PRINE ~ WORKING PIUDD  ERTNE VORKING PLUID BRINE  WORKING FLUID  PRESSURE
FRACTION  VOID FRACZION DENSITY  DENSITY TENPERATURE TEMPERATURE  VELOCITY  VELOCITY

(m) : (Kg/s3) (Kg/m3) (Deg C) (Deg C) (w/8) (u/s) (MPa)
1.0  0.9041 0.0053 %18 464.67 110.00 84.54 -0.01260  0.21314 2.1000
1.40  0.9063 0.0937 9%56.04 472.62 104.43 80.90 0.01259  0.21230 2.1009
1.30  0.9068 0.0932 959.31 479.28 99.93 T1.66 -0.01257  0.2107M 2.1018
1.20 0.9072 0.0928 961.93 485.07 9%.22 14.69 -0.01257 0.20926 2.1027
1.0 0.9075 0.025  964.09  490.29 93.09 7.9  -0.0125T  0.20193 2.10%
1.00 0.9078 0.0922  965.92 495.13 90.39 69.21 -0.61251 0.20669 2.1045
0.90  0.9081 0.0919 967.52 = 499.76 61.98 66.54 -0.01257  0.20548 2.1054
0.80 0.9083 0.0917 .  968.9% 504.30 6. 71 63.84 -0.01257  0.20429 2.1063

£ 0.70  0.9065 0.0915  970.32 508.86 g.61 6.0 0.01258  0.20308 2.1072

" 0.60  0.9087 0.0913 - 9M.64  513.58 B1.59 58.05 0.01258  0.2018 2.1081

. 0.50  0.9089 - 0.0911 - 97298 . 518.50 19.44 54.81 -0.01258  0.20050 2.1090
0.40  0.9092 0.0008 = 974.40 523.85 TIA 51.17 -0.01258  0.19908 2.1100
0.30 0.9094 0.0006 - 976.09 ~ 523.80 74.31 46.97 -0.01257 0.19747 2.1109 -
0.20 . 0.90%8 0.0902 977.91 537.10 - 7.2 0.6 -0.01257 0.19564 2.1118
0.10  0.9102 0.08%8 982.05 545.15 | 63.78 35.43 -0.01254  0.192% 2.1127
0.00  0.9115 0.0885 982.05 563.83 63.78 20.00 -0.01252 0.19123 2.113%

Lz1

et L e P S M



. TIME = 70.000 (Seconds)

HEIGH? ERTNE VOID WORKING FIUID BRINE  WORKING FIUID  BRINE WORKING FIUID BRINE  WORKING PLUID  PRESSURE
FRACTION  VOID PRACTION [DENSITY DENSITY . TEAPEUTURE TRMPERATURE  VEIOCITY  VELOCITY
(m) (kg/w3) (Ke/m3) | (Deg C) (Deg C) (n/8) (w/a) (MPa)
‘; ’

1.50, © 0.90%2 0.0968 951.68 459.32 /  110.00 86.65 -0.01259  0.21468 2.1000
1.40  0.9046 0.0954 953.63 465.83 = 107.42 84.00 0.01257  0.21387 2.1009
1.30  0.9052 :  0.0M48 956.00 412,33 | 104.50 81.04 0.01255  0.21225 2.1018
1.20  0.9057. 0,093 958.22 478.52 101.45 78.04 ©0.01253  0.21067 2.1027
t.10 0.9061 0.0939 960.39 484.42 98.40 75.03 -0.01251 o.aoén 2.103%6
.00 0.9066 0.0% . %2.41  490.08 %.44 .2 0.0129 0.7  2.1045
0.90 0.9 0.0930 964.43 495.53 92.59 68.99 -0.01247 0.20636 2.1054
0.80 0.9073 0.0927 966.29 500.84 89.84 65.91 -0.01245 0.20502 22,1063

- 0.70 0.9077 0.0923 968.06 506.10 . 81.16 62.74 -0.01243 0.20368 " 2.1072
0.60  0.9060 0.0320 969.T7 511.41 84.52 59.42 -0.01241 0.20232 2.1081
0.50 . 0.9084 0.0916 949 516.91 81.83 . 55.87 0.0123%9  0.20091 2.1090
0.40  0.9088 0.0912 913.25 522.72 79.00 51.%5 0.01257  0.19942 2.109
0.30  0.9091 0.0909 975.24 529.05 7.4 41.51 ©0.012%  0.97TI 2.1108
0.20  0.90% 0.0904 977.34 536.67 12.23 4.9 0.01232  0.1959) 2.118
0.10  0.9101 0.0899 91.77 544.92 64.30 35.60 ©0.0122]  0.19322 2.1127
0.00  0.9116 0.0884 981.77 563.83 64.30 20.00 0.01224  0.19149 2.113%

871
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* K Kk k k %k k ¥ k

* ".‘HISPROGRAMISSETUPTODOANANALYSISOF'EESTEADY
* STATE OR TRANSIENT OPERATION OF A SPRAY COLUMN PREHEATER.
¥ IT IS A DRIVING PROGRAM RESPONSIBLE FOR CALLING OTHER
* SUBROUTINES WHICH HANDLE DIFFERENT STAGES OF THE SOLUTION

* ROUTINE.
*

130

IMPLICIT REAL*S(A-H,0-Z)
CHARACTER FTYPE*6

CHARACTER PTYPE*Q

COMMON /BLKO/FTYPE, PTYPE, AW, AB, PTOP, TSAT
COMMON/BLK1/AREA, DX, N, NP1 , DT, DIAN, HEIG
COMMON/BIIQ/ROB(2025 ROW(202) ROBO(202) ROWO(202)
COMMON /BLK3 /RMDB, RMDW

COWI(X\T/BIM/ALP(ZOZ) EPS(202),ALP0(202),EPS0(202)
COMMON/BIK5/VB(202), W(202) VBO(202) VWO(202)
COMMQN/BIK6/P(202), PO(20

COMMON,/BIKT /E(202)

COMMQN/BIKB/RK(202§

COMMQN/BIKS/PP(202

COMMON /BIK10/NFRIN, TOL, TIME, FTIME
COMON/BIK11/VBC(202) VWC(202)

COMMON /BIK12/TB(202), TW(202)

COMMON /BLK13/HB(202) ,HW(202) ,HBO(202), HWO(202)
COMMON /BIX14 /DCON, HCON, PCON

COMON/BIK15/ALPHA RWI,RI(202)
CONMON/BIK16/VBH(202) VWH(ZOZ)

COMMON/BIK17/TMDB, TMDW, TPTOP, TTBT , TSATNW
COM{ON/BIK18/VZBPC(202) VWPC(202)

COMMON /BIK19/TB0(202)

DATA DCON,HCON, PCON/0.062428, 4. 2995E—04,1 4504E—-O4/

CALL SETIR

IF(PTYPE .EQ. 'TRANSIENT') CALL COEFF
IGON=0 S
ICON=ICON+1 T -
IF(ICON.GE.150) GO TO 200

CAIL SERENT

CALL BRERO

 CALL WFTEM

CALL WFPRO

- D0 20 I=1,NM1



TB(I)=TBO(I)
20 CONTINUE
C
CALL SPRESS
C
CALL KDRAG
C
CALL SWFVEL
C
CALL SERROR
C
0 I=2,N
IF(ABS(E(I)).GT.T0L) GO TO 40
30 CONTINUE .
GO T0 70
40 CALL SVELVA
C
CALL PCORR
o]
CALL VCORR
C
ROWH1=(ROW(1 )+ROW(2))/2
DO 50 I=2,NP1
ROWH=(ROW(I-1)+ROW(I))/2
RI(I)=RWI*(ROWH! JROWH)**(1./3.)
50 CONTINUE
C
CALL SWFVOL
C
DO 60 I=2,NP1
VB(I):-RMDB/ROB(I)/EPS(I)/AREA
60 CONTINUE
GO T0 10
DO 80 I=1,NP1
IP(I.BQ.1) THEN
VWHéI)=W£2)
VBH(I)=VB(2)
ELSE
IF(I.EQ.NP1) THEN
VWH(I)=VW(NP1)
VBH(I)=VB(NP1) - . .
ELSE
WH&I;=O. 5*(Wilg+W(I+1 g) '
VEH(I)=0.5*(VB(I1)+VB(I+1))
80 = CONTINUE
IF(PTYPE .IQ. *TRANSTENT') THEN
TIME=0.0 -
PEN=TPTOP*PCON "
CALL CARBON('PX',PB‘I,0.0,FTYPE,HWE‘I,S,VWEN,TF,PR,O,SL,HL,
1 V1,SV,HV, VV,QUAL)

TSATNW=(TF-32.)/1.8

131
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 TBEN=TTBT™ .8+32.
90 CALL WATER('TP",THEN, PEN,90,1,0,Q,S,HEEN, VEEN, U, TF, PR, SL, HL,
VL, UL, SV, HV, VV, UV, NERROR) B
HB(NP1 ) =HBEN /HCON _
ENDIF

CALL FPRIN

IF(PTYPE .EQ. 'STEADY') GO TO 210
P(NP1 )=TPTOP
TSAT=TSATNW
% TIME=TIME+DT
DO 100 I=1,NP1
EPSO(I)=EPS(I)
ALPO(I)=ALP(I)
VBO(I)=VB(I)
VWO(I)=VW(I)
PO(I)=P(I)
HBO(I)=HB(I)
HWO(I)=HW(I)
ROBO(I)=ROB(I)
ROVO(I)=ROW(I)
100 CONTINUE
. ICON=0
110 ICON=ICON+1
IP(ICON.GE.150) GO TO 200

CALL WFVOL
CALL ERVOI

DO 120 I=t,NP1
p(T)=P(I}+FR(I)
120 CONTINUE
DO 130 I=NP1,1,=1
TF(I.FQ.1) THEN
vwair)sz(m)
VEE(I)=VB(I+ )

ELSE
IF(I.2Q.NP1) THEN
) VWH(I):WiI) ~ .
VBH(I)=VB(I)

ELSE
VWH(I)=(W(I)+W(I+))/2
VEE(I)=(VB(I)+VB(I+))/2

. ENDIF

. EDIF -
130 CONTINUE

CALL BRENT

CALL BRPRO
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CALL WFTEM
CALL WFPRO

DO 140 I=1,NPt
TB(I)=TBO(I)
CONTINUE .

CALL PRESS
CALL KDRAG
CALL WFVEL
CALL ERROR

DO 150 I=NP1,1,-1
IF(I.EQ.1) THEN
VWH(I)=VW(I+)
VBH(I)=VB(I+)
ELSE
IF(I.EQ.NP1) THEN
VWH(I)=VW(I)
VBH(I)=VB(I)

EISE
YWH(I)=(VW(I)+W(I+1))/2
VBH(I)=(VB(I)+VB(I+))/2

ENDIF
ENDIF
CONTINUE
DO 160 I=2,N
IF(ABS(E(I)).GT.TOL) GO TO 170
CONTINUE
GO TO 190

CALL VELVA

CAIL PCORR

CALL VCORR

ROVH1 =(BOW(1 }4ROW(2))/2
DO 180 1=2,NPi

ROWH=(ROW(I-1 )+ROW(I)§/2 :
RI (I)=RWI*(ROWH1/ROWH)**(1./3.)

>

~ CONTINUE °
GO T0 110

CALL TRFPR -
IF(TIME .GE. FTIME) GO TO 210

GO TO 95
WRITE(NFRIN,1000) PTYPE

N PR PR TR FE WP TV SR A ey

133
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210 STOP
1000 FORMAT (10X, 'SOLUTION FAILED TO CONVERGE IN 150 ITERATIONS',

1 10X, 'DURING THE ',A9,' ROUTINE')
END : :



Ve A DU Y At e e A G it A A A S e

aaoaQaoaaaan

135

m*mmmmmmm*

*
BRENT -
THIS SUBROUTINE FINDS THE ENTHALPY OF THE ERINE.

SUBROUTINE BRENT
IMPLICIT REAL*S(A-H,0-Z)
COMMON/BIK1 /AREA, DX, N,NP1,DT, DIAM, HEIG
cmmwmmmm@mLMWKdmewnxmmwm)
COMMON /BLK3 /RMDB, RMDW
COMMQN/BLK4,/ALP(202) , EPS(202) , ALPO(202 ), EPSO(202)
COMMON,/BLKS /VB(202) , YW(202), VBO(202) , VWO(202)
COMMON/BIK6/P(202) , PO(202)
COMMON/BLK13/HB(202 ) ,HW(202) ,HBO(202) , HWO (202 )
COMMQN/BIX17/TMDB, TMDW, TPTOP, TTBT , TSATNW

DO 10 I=N,2,-1
DH‘IO:DX/DT*EPS(I)*ROB(I)+EPS(I)*ROB(I)*DABS(VB(I))
RNUM=EPS (I+1 )*ROB(I+1 )*DABS(VB(I+1) )*HB(I+ )

-(DX/DT*ALP(I)*ROW(I)+ALP(I)*ROW(I)*VW(I+1 ) )W (I)
+ALP (I-1 ) *ROW(I~1 ) *VW (I ) *HW(I-1)

* &k k k x
* ok Xk

1
2
2 +DX/D'J!*(EPSO(I)*ROBO(I)*IIBO(I)+ALPO(I)*ROWO(I)*HWO(I))

+DX/DT*(P(I)-PO(I))
HB(I)=RNUM/DENO ,

ENTRY SERENT
RAMD=RMDW /RMDB _
m 20 I=N,2’-1 i

HB(I )=—RAMD*(EW(I )~HW(I~1))+HB(I+1)
CONTINUE
HB(1)=HB(2)
RETURN

END
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BRPRO

THIS SUBROUTINE CALCULATES THE TEMPERATURE AND DENSITY
OF THE BRINE USING ITS ENTHALPY AND PRESSURE.

% %k k Kk Xk X

l

SUBROUTINE BRPRO

IMPLICIT REAL*8(A-H,0-Z) |

COMMON /BIK1 /AREA, DX, N, NP1 , DT, DIAM, HEIG -

COMMON /BLK2/ROB(202) ,ROW( 202 , ROBO(202) , ROWO(202)
COMMON /BIX6,/P(202) , PO(202)

COMMON /BLK1 3/HB(202) , EW(202) , HBO(202) ,HWO( 202)
COMMCN,/BIK1 4 /DCON, BCON,, PCON

COMMON /BIK1 9/TBO(202)

D0 20 I=1,NPt
HBEN=HB(I ) *HCON
PEN=P(I)*PCON )
CALL WATER('PH', PEN,HEEN,10,1,0,Q,S,H, VEEN, U, TF, ER, SL,HL,
VL, UL, SV, HV, YV, UV, NERROR)
TB0(I)=(TF-32.)/1.8
ROB(T)=1 . /VEEN/DCON
CONTINUE
RETURN
END

* ¥ ok k %k X

FH IR IREEEEEHHRHHHHHEHE
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BRVOI

THIS SUBROUTINE FINDS THE CORRECTED VELOCITY OF THE
BRINE BASED ON ITS CALCULATED VOID FRACTICN.

* Kk ¥k % % ¥

i******

SUBROUTINE ERVOI
IMPLICIT REAL*S(A-H,0-3)

COMMON /BIK1 /AREA, DX, N, NP1 , DT, DIAM, HEIG

COMMON /BIK2/ROB( 202} , Row (202}, ROBO(202) ,ROWO(202)
COMMON /RIK4/ALP(202) | EPS(202 ) . ALPO(202) , EPS0(202)
COMMON,/BIKS /VB(202) , WW(202) , VBO(202) , VWO (202)
COMMON /BIX17/TMDB, TMDW, TPTOP, TTET

DIMENSION A(202),B(202),C(202),D(202)

DO 10 I=2,NP1
A(1)=0.0
IF(I.EQ.NP1) THEN
B(I)=-EPS(I)*ROB(I)
D(I)=TMDB/AREA-DX/DT/2*(EPS(I)*ROB(I)-EPSO(I)*ROBO(I))
BgIg:—EPS(I)*RQB(I)
C(I)=EPS(I+ )*ROB(I+1)
D(I)=-DX/DT*(EPS(I)*ROB(I)-EPSO(I)*ROBO(I))
ENDIF
CONTINUE

CALL TRIDA(2,NP1,A,B,C,D,VB)
RETURN
ED
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*
* COEFF
*
*

THIS SUBROUTINE PERFORMS A LEAST SQUARE CURVE FIT IN.
* THE PRESSURE RANGE OF INTEREST TO FIND THE COEFFICIENTS
* OF A LINEAR RELATION FOR DENSITIES OF THE BRINE AND THE
* WORKING FLUID AS A FUNCTION OF PRESSURE.

* %k k ¥k k Kk ¥k kK

olosloNoNoNoNoNoXoXo Yo
1*

SUBROUTINE COEFP
IMPLICIT REAL#S(A-H,0-Z)

CHARACTER FTYPE*S

CHARACTER PTYPE®) .

COMMON /BIKO/FTYPE, PTYPE, AW, AB, PTOP, TSAT
COMMON /BLK14 /DCON, HCON, PCON

DIMENSION ROBC(31S ROWC(31) PTEM(31)

DATA PDIF,NC1/2.1E05,31/

DATA SUMIW , SUM2W, SUM1 B, SUM2B, SUM3, SUM4./6%0.0/

 DP=PDIF/(NC1-1)
0 20 I=1,NCi
PTEM(T)=PTOP+(I~1 )*DP
PEN=PTEM(T ) *PCON
10 CALL WATER('PX',PEN,0.0,10,1,0,Q,S,H, VERN, U, T, PR, SL, HL,
1 VL, UL, SV, HV, VV, UV, NERROR)
CALL CARBON('PX',PEN,0.0,PTYPE,H, S, VWEN, T, IR, 0,
1 SL, AL, VL, SV EV, VV,QUAL)
ROBC (I )=1 . /VEEN,/DCON
ROWC(T )=1 . /VWEN /DCON
20  CONTINUE
DO 20 I=1,NCi
SUM1 B=SUM1 B+ROBC(I)
smmaom&z)*m(x)
SUM? W=SUM1 W+ROWC (1)
SUMZW=SUMZW+ROWC (I ) *PTEM(I)
SUM3=SUM3+PTEM(I )
SUM4=STUM4-+PTRM( T ) #*2
30  CONTINUE
COMD=NC1 *SUM4~SUM3**2 .
AB=(NC1 ¥SUMZB-SUM3*SUM1 B) /COMD
AW=(NC1 *SUM2W—SUM3*SUM1W ) /COMD
EB=(SUM4 *SUM1 B-SUM3*SUM2B ) /COMD
Bi=(SUM4*SUM1 W-SUM3*SUM2W ) /COMD
BD
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ERROR

THIS SUBROUTINE CALULATES THE CONTINUITY ERROR FOR FACH
CONTINUITY FINITE DIFFERENCE CELL.

Wmmmﬁmmmﬂmﬂ&m

SUBROUTINE ERROR
IMPLICIT REAL*S(A-H,0-2)

COMMON/BIK1 /AREA, DX, N,NP1,DT, DIAM, HEIG
COKMON/BIKZ/ROB(ZOZS,ROW(ZOZS,ROBO(ZOZ),ROWO(ZOZ)
COMMON /BIK4 /ALP(202) , EPS(202) , ALPO(202 ), EPSO(202)
COMMON /BIK5/VB(202) , VW(202), VBO(202) , WO (202)
COMMON /BLKT7/E(202)

DO 10 I=2,N
E(I)=ALP(I)*ROW(I)*VW(I+1)-ALP(I-1)*ROW(I-1 Y*¥VW(I)+
DX/DT*(ALP(I ) *ROW(I)-ALPO(I )*ROWO(I) )~

* Ok ok Kk k %
* %k k &k k ok

2 EPS(I)*ROB(I)*VB(I )+EPS(I+1 )*ROB(I+1 )*VB(I+1)+
3 DX/DT*(EPS(I)*ROB(I)-EPSO(I)*ROBO(I))

CONTINUE
RETURN

ENTRY SERROR

DO 20 I=N,2,=1 T :
E(I)=(ALP(I)*ROW(I)*VW(I+1 )~ALP(I-1 )*ROW(I-1 Y*VW(I) )+
(~EPS(I)*ROB(I)*VB(I)+EPS(I+1 J*ROB(I+1 )*VB(I+1))
CONTINUE
RETURN
END
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*

* FPRIN
*

*

'I!HIS SUBROUTINE IS IN CHARGE OF PRINTING THE VELOCITY
* AND THE PROPERTIES OF THE BRINE AND THE WORKING FLUID IN
* THE CALCULATION DOMAIN.

* Kk ok ok ok k kK

SUBROUTINE FPRIN
IMPLICIT REAL*S(A-H,0-2)

CHARACTER FTYPE*6

CHARACTER PTYPEG

COMMON /BLKO/FTYPE, PTYPE, AW, AB, PTOP, TSAT
COMMON,/BIK1 /AREA, DX, N, NP1 , DT, DIAM, HETG

COMMON /BIK2/ROB(202) , ROW( 202, ROBO(202 ) , ROWO(202)
COMMON /BLK3 /RMDB , RMDW

COMMON /BLK4/ALP (202) , EPS(202) , ALPO(202),, EPSO(202)
COMMON/BIK6/P(202), P0(202)

COM‘IQN/BIK10/NPRDT TOI-,TIME FTIME
COMMON/BIK12/TB(202), TW(202)

~ COMMON /BIK1 4/DC®T,HCON PCON

COMMON /BIK15/ALPHA, RWI ,RI (202)
COWION/BHGG/VBH(ZOZ) VWH(ZOZ)
COMMON /BLK1'7 /TMDB, TMDW, TPTOP, TTBT, TSATNW

WRITE(NPRIN, 1000)

: WRI’.EE&NPRDI,HOO) PTYPE

WRITE(NPRIN, 1200) FTYPE,PTOP RMDB,M‘DW,TB(N’PU ’.I.'W(1) TSAT
WRITE(N'PRIN,1300) EEIG,DIAM,
IF(PTYPE.EQ. 'TRANSIENT') THEN
WRITE(NPRIN, 1400) DT
WRITE(NPRIN, 1500)
WRITE(NPRIN 1600) TPTOP,TMDB, TMDW, TTBT , TSATNW
ELSE
WRITE(NPRDI,‘I&)O)
ENDIF

ENTRY TRFPR

IF(PTYPE.EQ. 'TRANSIENT' ) THEN
WRITE(NPRDI,WOO) TIME

ENDIF

WRITE(NPRIN, 1900)

1000 - FORMAT(1H1,,2X, '<<<< ANALYSIS OF THE OPERATION OF A ',

1 'SPRAY COLUMN PREHEATER >>>>',//)
1100 . FORMAT (10X, 'MODE OF OPERATION 1,A9,/)
1200 FORMAT(10X, 'TYPE OF WORKING FLUID ',46,/
10X, 'COLUMN PRESSURE OUT

1

2 . 10X, 'BRINE MASS FLOW RATE

3 10X, 'WORKING FLUID MASS FIOW RATE
2 10X, 'BRINE TEMPERATURE IN

iowuwuwuuy
"
=i
-
—-—
.\
- * w-w -
—~
g
“
~
S~

', F7.3,' (Deg C),//

’
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5 10X, '"WORKING FIUID TEMPERATURE IN = ',F6.3,' (Deg C)',//,
6 10X, 'WORKING FIUID SATURATION v/

7 10X, 'TEMPERATURE AT COLUMN v/

8

10X, 'PRESSURE OUT
1300 FORMAT (10X, ' PREHEATER HEIGHT
10X, ' PREHEATER DIAMETER

', F6.3," (m)' y//;
',F6.4,' (m)',//y

2 10X, 'RADIUS OF WORKING FLUID ./,
3 10X, 'DROPLETS (INITIAL) = ', F1.5,' (m)',//,
4 10X, 'NUMBER OF FINITE v/,
5 10X, 'DIFFERENCE CELIS = ',13,/)
1400 ~FORMAT(10X, 'TIME STEP VALUE = ',F7.3,
| ]

(Seconds)', //)
1500 FORMAT(ZX,'(((( TRANSIENT VAIUES OF THE PRESSURE, MASS FLOW',

1 ' RATES AND INCOMING BRINE TEMPERATURE', '

2 ' ARE AS FOLIOWS »>»',//)
1600 FORMAT(10X, 'TRANSIENT VALUE OF THE

- 10X, 'COLUMN PRESSURE OUT
10X, 'TRANSIENT VALUE QF THE
10X, 'BRINE MASS FIOW RATE
10X, 'TRANSTENT VALUE OF THE
10X, 'WORKING FLUID MASS FLOW RATE
10X, ' TRANSTENT VALUE OF THE of s
10X, ' INCOMING ERINE TEMPERATURE LT3, (Deg C)',//,
10X, 'NEW SATURATION TEMPERATURE 'LVFT.3,! (Deg C)')
1700 FORMAT(1H1 ,T54,'TIME = ', F7.3,! (Seconds)',/)
1800 FORMAT(1H1)
1900 I"ORMAT('IX,TZ,'EEIGHT',
™1, 'BRINE VOID',T24,'WORKENG FLUID',T40, 'BRINE’,
750, 'WORKING FIHID',TGG,'BRINE',T&), 'WORKING FLUID',
T96,'BRINE',T107, "WORKING FT.UID',T123,'PR]‘BSURE',/,
711, '"FRACTION',T24, 'VOID FRACTION'®,T40, 'DENSITY!,
750, 'DENSITY',
T%,'W',T&,'TMTURE',T%,'VELOCITY',
1107, VELOCITY', /.72, * (m)', 140, ' (Ka/n3) " , 750, ' (Ke/u3)
T66,'(Deg C)',T&),'(De c)',T9%, '(m/s)' ,M07,' (m, S)',
2125, (Bay*,//,72,129C' ), /) |
DO 10 I=NP1,1,-1
EEIGHT=DX*(I—1)
WRITE(NPRE,M) HEIm,EPS(I),ALP(I),mB(I),ROW(I),

;ZE/‘1'1-3,' (Pa)',//
;11;’6.3,' (Ke/s)'s// s
;ZFéJ,' (Ka/s)'»//

oownmpuin -

wo-~ltovnLuan -

1 TB(1), TW(I), VBE(I),VWH(I),P(I)/1000000.
10  CONTINUE | o
2000 FORMAT(1X,T2,F5.2,™3,F6.4,127,F6.4,140,F6.2,153,F6.2,

1 768, F6. 2,183, ¥6. 2,19, F8.5,1110,F7.5,1124,F6.4, /)

END
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KDRAG

A LINEAR MODEL.

* k ok Xk Xk ¥

SUEROUTINE KDRAG

IMPLICIT REAL*8(A-H,0-2) |

COMMON /BIK1 /AREA, DX N, NP1 , DT, DIAM, HEIG |
COMMON /BIK2,/ROB(202) , Row(202) , ROBO(202 ) ,ROWO(202)
COMMON /BIK4 /ALP(202)  EPS(202) , ALPO(202) , EPS0(202)
COMMON /BIKS /VB(202 ) , VW(202) , VBO(202) , TWO(202)
COMMON /BIKB/RK (202

COMMOR /BILK15/ALPHA, RWI ,RI (202)

DATA CD/0.4/

" DO 10 I=2,NP

1
ALPH=(ALP(I-1 )+ALP(I) )/2
ROE—’-(ROB(I—J ).+ROB(I) )/2
RK(1)=3. /8.*ALPH*ROBH*CD*(DABS(W(I )=VB(I)) )/RI(I)
CONTINUE .
RETURN

. END

THIS SUBROUTINE FINDS THE INTERPHASE FRICTION BASED ON

%*
*
*
%*
%*
*
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: BALANCE OF CONTINUITY.

SUBROUTINE PCORR

IMPLICIT REAL*S(A-H,0-3)

CHARACTER FTYPE*6

CHARACTER PTYPE*)

COMMON /BIKO,/ FTYPE, PTYPE, AW, AB, PTOP, TSAT
COMMON/BIK1 /AREA, DX, N, NP1 , DT, DIAM, HEIG
COMMON/BIK2 /ROB(202) ,ROW(202 ) , ROBO(202) ,ROWO(202)
COMMON/BLK4/ALP(202) , EPS(202) , ALPO(202) , EPSO(202)
COMMON /BIKT/E(202)

COMMON /BIK9,/PP(202)

COMMON /BIK18/VBEC(202) , WEC(202)

DIMENSION A(202),B(202),C(202),D(202)

PPé‘l )=0.0
PP(NP1)=0.0
DO 10 I=2,N
B1=>=-ALP(I~1)*ROW(I-1 )*YWPC(I)
C1=-EPS(I)*ROB(I)*VBPC(I)
At =ALP(I)*ROW(I)*WPC(I+1 )
D1=EPS(I+1 )*ROB(I+1 )*VBPC(I+)
IF(PTYPE .EQ. *TRANSTENT') THEN
E1=DX/DT*ALP(I)*AW
1 =DX/DT*EPS(I)*AB
ELSE
E1=0.0
™=0.0
ENDIF
A(TI)=B1+C1
B(I)=A1-B1=C1+D1+E1+M
C(I)=—A1-D1
D(I)=-E(I) -~ .
CONTINUE

RETURN
END

CALL TRIDA(2,N,A,B,C,D,PP)
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* k k ok k kX *

*
* ' PRESS
*

*  THIS SUBROUTINE FINDS THE PRESSURE DISTRIBUTION FROM
* COMBINED MOMENTUM EQUATION BASED ON GUESSED VALUES OF THE

* VELOCITIES,DENSITIES AND THE VOID FRACTIONS.

*

SUBROUTINE PHESS
IMPLICIT REAL*S(A-H,0-Z)

COMMON /BIK1 /AREA, DX N, NP1 , DT, DIAM, HEIG
COMMON /BLK2 /ROB(202 ) , ROW(202) , ROBO(202) , ROWO(202)
COMMON,/BIK /RMDB,, RMDW

COMMON /BIKA /ALP(202) , EPS(202) , ALPO(202 ) , EPSO(202)
COMMON /BIKS /VB(202) , VW(202), vao(zoz) vwo(zoz)
COMMON /RIK6/P(202), P0(202) |

COMMON /BLK16 /VEE(202) , VWE(202) |

COMMON /BIK1 7/TMDB, TMDW, TPROP, TTBT , TSATNW

DO 10 I=NP1,2,~1
ALPPH=(ALP(I-1 )+ALP(I; /2
ROWH=(ROW(I-1)+ROW(I))/2
ALPCH=(ALPO(I-1)+ALPO(I)
ROWOH=(ROWO(I-1 )-I-ROWO(I%

2
)
)

DN

)
3
EPSH:éEPS(Id MEPS(I))/2
ROBH=(ROB(I-1)+ROB(I))/2 .
EPSOH=(EPSO(I-1)+EPSO(I))/2
ROBOH=(ROBO(I-1 )+ROBO(I )/2
IF(I.BQ.2) THEN
FLUXIW=TMDW*VW(I) "
mmm*zps(x)*non(r)*nm(m(x ) )*VB(I+1)
EISE
IF(I.EQ.NP1) THEN
FLUXIW=AREA*ALP (I-1 )*ROW(I—1 )*VWH(I-1 )*W(I—1 )
FLUXTB=TMDB*VB(I)
EISE
FLUXIW=AREA*ALP (I-1 ) *ROW(I-1 ) *VWH(I-1 ) *VW(I-1)
FIDI[B:AREA*EPS(I)*ROB(I)*DABS(VBH(I) )*VB(I+1 )
ENDIP .. .
ENDIF -
mow.m*mgx)*nowu)*vwn(r)*vw(l)
FLUXOB=AREA*EPS(I-1 )*ROB(I-1 )*DABS(VEH(I-1))*VB(I)

STORAW=AREA*DX /DT ( ALPH*ROWH*VW (I ) ~ALPOH*ROWOH*VWO(I))
" STORAB=AREA*DX/DT*(EPSH*ROBH*VB(I )-EPSOH*ROBOH*VBO(I))

TERM1 =FLUXOW-+FLUXOB~FLUXIW-F LUXTB+STORAW-+STORAB

* TERM2=AREA*DX*9.81 *(EPSH*ROBH+ALPH*ROWH)
P(I-1)=P(I)+(TERM1+TERM2)/AREA

CONTINUE

RETURN

ENTRY SPRESS



- 20

DO 20 I=NP1,2,~1
IF(I.EQ.2) THEN
FLUXOW=RMDW*VW(2)
FLUXIW=RMDW*VW(2)
FLUXOB=RMDB*VB(2)
FIUXIB=RMDW*VB(3)
ELSE
IP(I.EQ.NP1) THEN

FLUXIB=RMDB*VB(I+ )
ENDIF
ENDIF
TERM{ =FLUXOW-FLUXIW+FLUXOB-FIUXIB .
TERM2=(0. 5*(EPS(I-1 )+EPS(I) )*0.5*(ROB(I-1)+ROB(I))+
1 0.5%(ALP(I-1)+ALP(1))*0.5*(ROW(I-1 )+ROW(I)))*
2 AREA*DX*9. 81
P(I-1)=P(I)+(TERM1+TERM2)/AREA
CONTINUE
RETURN
END

145
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SETPR

THISSUBROUTINEISDTGHARGEOFREADINGTHEINPUT '
* PARAMETERS AND SETTING UP THE INITIAL GUESSES FOR ALL THE
* VARTABLES.

*

* K %k X
* ok K k * k ok

SUBROUTINE SETPR

IMPLICIT REAL*S(A-H,0-Z)

CHARACTER FTYPE*S

CHARACTER PTYPE*9

COMMON /BLKO,/FTYPE, PTYPE, AW, AB, PTOP, TSAT

COMMON /BIK /AREA, DX, N, NP1 , DT, DIAM, HEIG
COMMON /BIK2 /ROB(202) , ROW(202) , RoBO(202) ,ROWO(202)
COMMON /BLK3 /RMDB, RMDW

COMMON,/BIKA/ALP (202 ), EPS(202) , ALPO(202) , EPSO(202)
COMMON /BIKS,/VB(202) , W (202) , VBO(202) vwo(zoz)
COMMON /BIKG,/P(202) , P0(202)

COMMON /ELK10/NPRIN, T0L, TTME , FTIME

COMMON /BIK1 2/TB(202) , ™W(202

COMMON /BIX13/HB(202) | EW(202) ,HBO(202) ,HWO(202)
COMMQN,/BIK 4,/DCON, HCON,, BCON

COMMON/BLK1 5 /ALPHA, RWL RI (202)

COMMQN/BIK17 /TMDB, MDW, TPTOP, TTBT,, TSATNW

READ 5,1000) PTYPE,FTYPE
READ(5,*) NPRIN,ALPG,TWIN,TBIN
READ(5,*) RMDB,RMDW

- READ(5,*) PTOP,HEIG,DIAM

READ(5,*) N TOL,ALPHA RWI
IF(PTYPE .BQ. 'TRANSIENT') THEN
READ(5,*) DT,FTIME
READ(S,*) TMDB TMDW, TPTOP, TTBT
ENDIF

NP1 =N+1

DX=HEIG/N

AREA=4. *ATAN(1 . )*(DIAM/2.)%%2 _

P(NP{ )=PTOP

PTEN=PTOP*PCON

GATL CARBON('EX' , PTEN,0.0, FTYPE, 1,5, V, TSAT, IR, O,
1 ST, HL, VL, SV, BV, VV, QUAL)
TSAT=(TSAT=32)/1.8

TB(NP{ )=TBIN

 TBIN=TBIN*{ .8+32

CALL WATER('TP',TBIN,PTEN,10,1, OQSHBENVBENUTPRSLIE
1 VL, UL, SV.HV, VV, UV, NERROR)

HB(NP1 )~HEEN/HCON

ROB(NP1 )=1 . /VEEN,/DCON

DO 20 I=1,NP1
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W (I ) =TWIN+(TSAT-TWIN-0.5)*(I-1)/N
TWEN=TW (I )* .8+32
CALL CARBON('TP',TWEN, PTEN, FTYPE, HWEN, S, WWEN, T, P,0,
1 SL,HL, VL, SV, HV, VV, QUAL)
HW(I )=HWEN/HCON -
ROW(I)=1./VWEN/DCON
20  CONTINUE
- DO 30 I=1,NPt
ALP(I)=0.05+DABS( (ALPG-0.05) ) /N*(I-1)
EPS(I)=1.-ALP(I)
P(I)=PTOP
ROB(I)=ROB(NP1)
30  CONTINUE
DO 40 I=NP1,2,-1
VB(I )=-RMDB/ROB(I) /AREA/EPS(I)
VW(I )=RMDW/ROW(I~1)/AREA/ALP(I-1)
40  CONTINUE
ROWH1=(ROW(1 )+ROW(2))/2
DO 50 I=2,NP1
ROWH=(ROW(I-1)+ROW(I))/2
RI(I)=RWI*(ROWH1/ROWH)**(1./3.)
50  CONTINUE :
1000 FORMAT(A9,1X,A6)
-RETURN
END
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* %k k ok xk

TRIDA

* %k ok %k

THIS SUBROUTINE FINDS 'I!I'IE SOLUTION 70 A SET OF LINEAR

: %ILTANEOUS ALGEBRAIC EQUATIONS WHICH ARE IN TRIDIAGONAL
* *

JHEIHEEHEHEHEEEREHESHEHHEHEHHEHEHEREEREEEEEEHEHHEEERREREEECHEEE

SUBROUTINE TRIDA(IF,L,A,B,C,D,V)
IMPLICIT REAL*8(A-H,0-Z
DIMENSION A(L),B(L),C(T),D(L),V(L),BETA(202),GAMMA(202)

BETA(IF)=B(IF)

GAMMA(IF)=D(IF)/BETA(IF)

IFP1 =IP+

DO 10 I=IFM,L
BE'.EA(I)—B(I)-A(I)*C(I—‘! )/BETA(I-1)
GAMMA (I)=(D(I)-A(T)*GAMMA(I-1 ))/BEIA(I)

CONTINUE

V(L)=GAMMA(L)

LAST=1L~-IF

DO 20 K=1,LAST

I=I-K ‘
V(I)=GAMMA(I)~C(I)*V(I+1 )/BETA(I)
CONTINUE
RETURN
END
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VCORR

* % ok ok

THIS SUEROUTINE FINDS THE CORRECTION TO VELOCITIES OF
* THE BRINE AND THE WORKING FLUID BASED ON THE PRESSURE

* CORRECTIONS TO ERING ABOUT A BATLANCE IN CONTINUITY.
*

HEHHHPEHEHHEHEHHEERHEHHEERERHOEHEHEOHHEHEREEEEHEREHEEEEHO0HHHEE

k ok %k %k k k Xk

SUBROUTINE VCORR
IMPLICIT REAL*S(A-H,0~Z)

COMMON,/BIKO/FTYPE, PTYPE, AW, AB, PTOP, TSAT
COMMON/EIK1 /AREA, DX, N, NP1 , DT, DIAM, HEIG
COMMON /BIK2 /ROB(202 ) , ROW( 202} , ROBO(202 ) , ROWG(202)
COMMON /BIKS /VB(202) , W(202) , VBO(202) , VWO(202)
COMMON /BIX9,/PP(202)

COMMON /BIK11 /VBC(202) , WWC (202)

COMMON /BIK18,/VBEC (202 , WWBC(202)

DO 10 I=2,NP1
VWC(I)=VWPC(I)*(PP(I-1)-PP(I))
VBC(I)=VBPC(I)*(PP(I-1 )-PP(I))
CONTINUE
DO 20 I=2,NP4
YW(I)=VW(I)+VWC(I)
VB(I)=VB(I)+VBC(I)
CONTINUE
IF(PTYPE .BEQ. 'TRANSIENT') THEN
DO 20 I=1,NP1
ROB(I):ROB(I)-!-AB*PP(Ig
ROW(I)=ROW(I)+AW*PP(I
CONTINUE
ENDIF
RETURN
END

LTSGR A e
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VELVA

THIS SUBROUTINE FINDS TIIE VARIATION OF VELOCITIES OF
EACH PHASE WITH RESPECT 70 PRESSURE.

* ok %k %k *k %k
¥ %k %k k % %

SUBROUTINE VELVA |
IMPLICIT REAL*S(A-H,0-2)

COMMON /BIK1 /AREA, DX N, NP1 , DT, DIAM, HETG -
COMMON /BLi2/ROB(202 ) , RoW(202) , ROBO(202) , ROWO(202)
COMMON B, RMDW
COMMON,/BIK4/ALP(202) , EPS(202) , ALPO(202 ) , EPSO(202)
COMMON /BIKS/RK(202)

COMMON /RIK1 6 /VBH(202) , VWH(202)

COMMON /BIK17/TMDB, TMDW, TPTOP, TTRT
COMMON/BIK18/VBRC(202) , WEC(202)

DO 10 I=2,NP1
ALPH=(ALP$I—1 )+AI.P§I;)/2
ROWH=(ROW(I-1 )+ROW(I))/2

+ROB

EPSE=(EPS(I-1 ;+EPS§I) )/2

ROBH=(ROB(I-1

1
1
1

1))/2
IM(I.EQ.2) THEN
VWP=1 . /(DX/DT*ALPH*ROWH+ALP (I ) *ROW (I ) *#VWH(I )+DX*RK(I)~
TMDW/AREA ) *ALPH .
VWVB=1 . /(DX/DT*ALPH*ROWE+ALP (I ) *ROW(I ) *VWH(I )+DX*RK(I )~
TMDW/AREA ) *DX*RK(I) :
VBP=1./(DX/DT*EPSH*ROBH+EPS(I~1 ) *ROB(I-1)*DABS(VBH(I-1))+
DX*RK(I) ) *EPSH '
VBVW=1 . / (DX/DT*EPSH*ROBH+EPS(I~1 ) *ROB(I~1)*DABS (VEH(I-1 ))+
DX*RK(I) )*DX*RK(I) -

IF(I.BQ.NP1) THEN
~ VWP=1./(DX/DT*ALPH*ROWH-+ALP(I ) *ROW (I )*VWH(I )+
DX*RK(I) J*ALPH .
VWVB=1 . /(DX/DT*ALPH*ROWH+ALP (I ) *ROW (I ) *VWH(I )+
-  DX*RK(I))*DX*RK(I) . . .= . . . -
VBP=1 . /(DX/DT*EPSH*ROBH+EPS(I~1 ) *ROB(I-1.)*DABS (VBH(I~1) )+
DX*RK(I)-TMDB/AREA ) *EPSH
VBVW=1 . /(DX/DT*EPSE*ROBH+EPS(I-1 )*ROB(I~1 )Y*DABS (VBH(I~1))+
DX*RK(I)-TMDB/AREA ) *DX*RK(I)

~ VWP=1./(DX/DT*ALPH*ROWH+ALP (I ) *ROW(I ) *VWH(I )+
o - DX*RK(I))*ALPH _
VWVB=1. /(DX/DT*ALPH*ROWH+ALP (I ) *ROW (I ) *VWH(I )+
* - DX*RK(I) )*DX*RK(I)
VBP=1./(DX/DT*EPSH*ROBH+EPS(I~1 ) ¥ROB(I-1 ) *DABS{(VBH(I-1))+
DX*RK(I))*EPSH X
VBVW=1. /(DX /DT*EPSH*ROBH+EPS(I-1 )*ROB(I~1 ) *DABS(VBH(I~1) )+
DX*RK(I) )*DX*RK(I) -~-- . - _
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ENDIF
ENDIF
VWPC(I )=(VWP+VWVB*VBP)/(1.-VWVB*VBVW)
VBPC(I)=(VBP+VBVW*VWP) /(1..-VBVW*VWVB)
CONTINUE s
RETURN

ENTRY SVELVA

DO 20 I=2,NPt
ALPH=(ALP(I-1)+ALP(I))/2
EPSH=(EPS(I-1 )+EPS(I))/2
IF(I.EQ.2) THEN

VWP=1./(AREA*DX*RK(I) ) *AREA*ALPH
VWVB=1.0
VBP=1./(RMDB+AREA*DX*RK(I ) ) *AREA*EPSH
VBVW=1. / (RMDB+AREA*DX*RK (I ) ) *AREA*DX*RK (I)
ELSE
IP(I.EQ.NP1) THEN
VWP=1 ./ (RMDW+AREA*DX*RK (I ) ) *AREA*ALPH
VWVB=1. /( RMDW+AREA*DX*RK (I ) ) *AREA*DX*RK (I)
VBP=1./( AREA*DX*RK (I ) ) *AREA*EPSH
VBW=1.0
EISE _
VWP=1./(RMDW-+ARBA*DX*RK (I ) ) *AREA*ALPH
VWVB=1. /(RMDW+AREA *DX#RK (I ) ) *AREA*DX*RK (I )
VBP=1. /(RMDB+AREA*DX*RK(I ) ) *AREA*EPSH -
VBVW=1 . /(RMDB+AREA*DX*RK(I ) ) *AREA*DX*RK (I)
IF

ENDIF
VWPC(I)=(VWP+VWVB*VBP)/(1.-VWVB*VBVW)
VBEC(I )=(VBP+VBVW*VWP) /(1 .~VBVW*VWVB)

CONTINUE

RETURN

END
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WFPRO

THIS SUBROUTINE CAICULATES THE ENTHALPY AND DENSITY' OF
OF THE WORKING FLUID USING ITS TEMPERATURE AND PRESSURE.

% %k %k %k %k X

* %k k k % *

SUBROUTINE WFPRO

IMPLICIT REAL*8(A-H,0-Z)

CHARACTER FTYPE*6

CHARACTER PTYPE*Q

COMMON /BIKO/FIYPE, PTYPE, AW, AB, PTOP, TSAT
COMMON/BIK1 /AREA,DX,N,NP1,DT, DIAM,HEIG
COWION/BIK2/ROB(202),ROW(ZOZS,ROBO(202),ROWO(202)
COMMON/BIK6/P(202),P0(202)

. COMMON/BIK12/TB(202),TW(202)

COMMQN /BLK13/HB(202) ,HW(202) ,HBO(202) ,HWO(202)
COMMON /BILK1 4,/DCON,, HCON , PCON

TLIMIT=(TSAT-0.5)* .8+32.0
DO 10 I=1,NP1
TWEN=TW(I)*¥ .8+32. -
TWEN=DMIN{ (TWEN, TLIMIT)
PEN=P(I)*PCON R :
CALL CARBON('PP',TWEN,PEN,FIYPE,HWEN,S, WWEN, T, PR,0, SL, HL,
VL,SV,HV,VV,QUAL)
W (T )=HWEN /HCON
ROW(I)=1. /VWEN/DCON
CONTINUE
RETURN
END
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*

* WFTEM
*

*

THIS SUBROUTINE FINDS THE MEAN DROPLET TEMPERATURE {E
* BASED ON THE NUMERICAL SOLUTICN OF TRANSIENT SPHERICAL
* CONDUCTION EQUATION SUBJECT T0 VARIABLE SURFACE
* TEMPERATURE.

* %k k Kk % %k %k %

SUBROUTINE WFTEM

IMPLICIT REAI*S(A-H,0-Z)

CHARACTER FTYPE*6

CHARACTER PTYPE*Q

COMMON /EIKO,/FTYPE, PTYPE, AW, AB, PTOP, TSAT

COMMON,/BIK1 /AREA, DX, N, NP1 , DT, DIAM, HEIG

COMMON,/BIKS /VB(202) W(202) vso(zoz) , VWO(202)

COMMON /BIK1 2,/TB(202) , ™w (202}

COMMON/BIK15 /ALPHA, RWT, RI (202)

DIMENSION T0(202),DR(202),A(202),B(202),C(202),D(202),
FAC(202),D1¢(202), T(202)

NIR=50
NT=5
NIRP=NIR+
DO 5 IR=1,NIRP! -
TO(IR)=TW(1) .
DR(IR)=RWI/NIR
CONTINUE
DO 10 I=2,NPi
DIC(I-1 )=DX/VW(I)
CONTINUE
DO 80 I=2,NPi
THE=(TB(I-~1 }+TB(I))/2
DTD=DIC(I-1)/NT
DO 50 JJ=1,NT
DO 30 IR=2,NIR
R=0.0
K=IR~1
DO 20 J=1,K -
R=R+DR(J)
CONTINUE
IF(JJ.BQ.NT) THEN
FAC(1)=(DR(1)/2) %3
FAC(IR)=(R+DR(IR) /2)**3~(R-DR(IR-1) /2) %*3

ENDIF
A(IR)=(R-DR(IR-1)/2)**2/DR(IR-1)

B(IR)=-(R-DR(IR-1)/2)%**2 /DR(IR-1)- (R+DR(IR)/2)**2/DR(IR)—

(DR(IR-1)/2+DR(IR)/2)*R**2/DTD/ALPHA
C(IR)=(R+DR(IR)/2)**2/DR(IR)
D(IR)=—(DR(IR-1)/2+DR(IR) /2)*R**2/DTD/ALPHA*TO(IR)

CONTINUE o



38

m(JJ EQ.NT) THEN

ENDIF
D(1)=0.
D(NIRP! )=TBH
B(1)==1.
A(NIRP1 )=0.
B(NIR.P1 )=t.
CAI.L TRIDA(1,NIRP1,A,B,C,D,T)
D0 40 IR=1,NIRP1
TO(IR):T(IR)
CONTINUE
CONTINUE
SUMI=0.0
DO 60 IR=1,NIRP1
SUMI.SIMI+T(IR)*FAC(IR)

CONTINUE
TW(I)=SUMI/RI(I)%*3
NIR=NIRP!

NIRP1=NIR+
DO 70 IR=NIRP1,2,-1
T0(IR)=T0(IR-1)
CONTINUE
TO§1)-T0( )
NIR)=RI (I+ )-RI(I)

CONTINUE

DO 9% I=1,NP
TW(I)—DMIN1 ((TSAT-0.5),TW(I))

CONTINUE

RETURN

END

FAC(NIRP1)=RI(I)**3-(RI(I)-DR(NIR)/2)**3

154
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* .
* WFVEL

* . .

#*  THIS SUBROUTINE CAICULATES THE VELOCITY OF THE WORKING
* FLUID DROPLETS.

*

IEEHRHREHEHEEHHEHEERHEHEHEHEEHRAEHEREEEEHEHEEHEREREEERHEREEE

%k ok Xk Xk >k ¥

SUBROUTINE WFVEL
IMPLICIT REAL*S(A-H,0-2) ‘

COMMON/BIK1 /AREA, DX, N, NP1, DT, DEAM, HEIG
COMMON,/BIK2/ROB(202) ,ROW(202 ), ROBO(202) ,ROWO (202)
COMMON /BLK3 /RMDB, RMDW

COMMON /BIKA /ATP (202) , EPS(202) , ALPO(202) , EPSO(202)
COMMON /BIK5 /VB(202) , W(202) , VBO(202) , VWO (202)
COMMON /BIK6/P(202) , PO(202)

COMMON /BIKB,/RK (202 '

COMMON /BIK16/VEH(202) , VWH(202)

COMMON /BLK1 7 /TMDB, TMDW, TPTOP, TTBT, TSATNW
DIMENSION A(202),B(202),C(202),D(202)

DO 10 I=2,NPt
ALPH=(ALP (I~ )+ALP§I))/2
ROWH=(ROW(I-1 )+ROW(I))/2
ALPOH=(ALPO(I-1)+ALPO(I))/2
ROWCH=(ROWO(I-1 )+ROWO(I))/2
A(I)==ALP(I-1)*ROW(I-1 )*VWH(I~1)
IF(I.EQ.2) THEN
B(I )=DX/DT*ALPH*ROWH-+ALP (I ) ¥ROW(I ) *VWH(I )+DX*RK(I)-
1 TMDW /AREA
ELSE

Ewg:ElIa)=DX/DT"’AI.PH"*ROWHH\I-]?(I)""RCN(I)""VMI(I)+DX"‘RK(I)
D(I)=DX/DT*ALPOH*ROWOH*VWO (I )+ALPH*(P(I-1)-P(I))-
1 DX*9. 81 *ALPH*ROWH+DX*RK (I ) *VB(I)
CONTINUE . :
CALL TRIDA(2,NPi1,A,B,C,D, VW)
RETURN _

ENTRY SWFVEL

DO 20 I=2,NP1 :
" AH=0.5%(ALP(I-1 3+ALP(I))
DH=0.5%*(ROW(I-1 )+ROW(I))
A(I)=-ROW
IF(I.EQ.2) THEN '
B(I)=AREA*DX*RK (1)
ELSE
B(I)=RMDW-+AREA*DX*RK (1)
ENDIF '
C(I)=0.0

L
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D(I)=AREA*AH*(P(I-1)-P(I))-AREA*DX*9.81 *AH*DH+
1 AREA*DX*RK (I )*VB(I)
20  CONTINUE
CALL TRIDA(2,NP1,A,B,C,D,VW)
RETURN .
END
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WFVOI

THIS SUEROUTINE FINDS E.E VOID FRACTION OF THE WCRKING
* FLUID DROPLETS BASED ON ITS CORRECTED VELOCITY.

*

* ok ok Kk ok k

SUEROUTINE WFVOL
IMPLICIT REAL*S(A-E,0-3)

COMMON /BIK1 /AREA, DX, N, NP1 , DT, DIAM, HEIG
comou/ma/ma(zozS ROW(202), ROBO(202) , ROWO(202)
COMMON /BIK /RMDB,, RMDW

COMMON /BIK4/ALP(202) , EPS(202),, ALPO(202) , EPSO(202)
COMMON /BIK5 /VB(202) , TW(202), VBO(202) , WO (202)
COMMON /BIK17/TMDB, T™MDW,, TPTOP, TTET , TSATNW
DIMENSION A(202),B(202),C(202),D(202)

DATA ALPHIG,ALPLOW/0.99.0. 01/

DO 10 I=1,NP1
TF(I.EQ.1) THEN
B(I%-DX/DT/Z*ROW(I)+ROW(I)*W(I+1 )
D(I)=DX/DT/2*ALPO(I )*ROWO(I )+TMDW/AREA
IF(I.EQ.NP1) THEN
A(I)=—ROW(I-1)*yW(1) -
B(I)=DX/DT/2%ROW(I)+ROW(I)*WW(I)
* D(I)=DX/DT/2*ALPO(I)*ROWO(I)

ELSE
A(T)=-ROW(I-1)*VW(I)
B(I)=DX/DT*ROW(I)+ROW(I)*VW(I+1)
D(I)-DX/DT*ALPO(I)*ROWO(I)
ENDIF
ENDIF
¢(1)=0.0
CONTINUE
CALL TRIDA(1,NP1,A,B,C,D,ALP)
DO 20 I=1,NP1
gr)-—mnn (ALPHIG, DMAX1 (ALPIDW ALP(I))) -
EPS(I)=1.-ALP(I)
CONTINUE
RETURN

ENTRY SWFVOL
D0 30 I=1,NP1

C(I)=0.0

TF(I.EQ.1) THEN
B(I)=ROW(I)*VW(I+1)
D(I)=RMDW/AREA

ELSE

IF(I.EQ.NP1) THEN
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A(T)=-ROW(I-1)*VW(I)
B(I)=ROW(I)*WW(I)

D(1)=0.0
A(I)=-ROW(I-1)*WW(I)
B(I)=ROW(I)*W(I+)
D(I)=0.0
ENDIF
' ENDIF
30  CONTINUE
CALL TRIDA(1,NP1,A,B,C,D,ALP)
DO 40 I=1,NP{ '
ALP(I )=DMIN1 (ALPHIG,DMAX1 (ALPLOW,ALP(I)))
EPS(I)=1.-ALP(I)
40  CONTINUE
RETURN
END
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