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ABSTRACT

Preliminary results are presented of a numerical analysis to study the open-
cycle mist flow process for ocean thermal energy conversion (OTEC). Emphasis

"in the analysis is on the mass transfer and fluid mechanics of the steady-

state mist flow. The analysls is based on two one-dimensional models of the
mist 1ift process: a single-group model describes a mist composed of a single
size of drops and a multigroup model considers a spectrum of drop sizes. The
single~group model predicts that the 1lift achieved in the mist 1lift process
will be sensitive to the inlet parameters. Under conditions that lead to
maximum 1ift in the model for a single drop size, the multigroup model
predicts significantly reduced performance. Because the growth of drops is
important, sensitivity of the predicted performance of the mist 1lift to
variations in the collision parameters has been studied.



NOMENCLATURE
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geometrical collision cross—~section between
groups 1 and j (m“). .
area of cross-section of 1ift tube (m?)

total area of orifices (mz)

'drag coefficient

specific heat of water (J/kg-K)
drop diameter (m)

. diameter of 1ift tube (m)

rate of collisiops between groups { and j per
unit volume (1/m”-s)

rate of coalescences between groups i and J

- per unit length (1/m=-s)

- acceleration due to gravity (m/s?)

total aumber of drops lost from group i due to
coalescence with other drops per unit length

(1/m-s)
latent heat of vaporization of water (J/kg)

~

" specific enthalpy (J/kg)

mass of drop (kg)

number flux of drops (in a unit wmass interval)
(1/8)

pressure (bar)

source of drops in group 1 per unit length

(1/m=s)

- 0 e = ®

time (s)
temperature (K)
' velocity (m/s)
mass flow rate (kg/s)

€ <4 A3 e

vertical coordinate (m)

-coalescence efficiency
viscosity (N-s/mz)
density (kg/m3)

surface tension (N/mz)

Q O v o5 n

Subsgcripts

liquid

vapor

individual group of drops in multigroup model
Jet

stagnation (before orifices)

bottom of lift tube (after orifices)

INTRODUCTION

The mist flow concept is a promising alternative
to closed-cycle and other open-cycle ocean thermal
energy conversion (OTEC) concepts {1). ‘This concept
eliminates the heat exchanger losses of the closed
ecycle and the huge turbines of the steambased open
cycle in favor of a single direct—contact condemnser
and a standard hydraulic turbine. The mist 1lift tube,
the major component of a wmist flow OTEC plant,
converts the thermal energy of surface seawater into
gravitational potential energy, which 1s transformed
into useful work by the hydraulie turhine. Figure 1
shows a possible configuration for a mist flow power
plant, with the hydraulic turbine located upstream of
the mist 1ift tube. Useful power is obtained from the
generator connected to the turbine.
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Figure 1. Schematic of Mist Flow Power Plant

The 1lifting of the water against gravity inside
the 11ft tube is accomplished by the vertical flow of
a mist of water droplets entrained in low-pressure
water vapor. To produce the mist, the warm water is
injected into the bottom of the evacuated 1lift tube in
snmall jets which break up into drops of a few hundred
microns 1in diameter by Rayleigh instability. The
pressure in the 1lift tube i{s maintained at a value
less than the saturation vapor pressure of the warm
water so the drops evaporate. The vapor produced by
the evaporating drops expands upward, carrying the
water drops along by viscous drag to the top of the
1ift tube, where cold water from the ocean depths is
used to condense the vapor and the liquid drops are
collected.

Although the thermodynamics of the mist 1lift
process are relatively straightforward and support its
viability, the fluid mechanics of the flow are not
well understood. Major areas of concern are the
creation of the mist and the possibility of droplet
growth leading to “rainout,” where the drops are no
longer able to be supported by the vapor and fall back
dowm the tube 1like rain. An understanding of the
fluid mechanics of the mist 1ift process is necessary
to assess 1its viability and 1{ts sensitivity to
variations in the operating parameters. In parallel
with the experimental investigations of the mist flow
process conducted at the University of California at
Los Angeles (2), the Solar Energy Research Institute
(SERI) began an analytical investigation in FY79 to
delineate the important fluid mechanic parameters of
the process (3).

Two models of the mist flow have been developed:
one model considers a mist composed of a single size
of drops, and the other considers a gpectrum of drop
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aizes so that effects of collisions and growth of the
drope are included. The mathematical formulation of
the models is detailed in the Appendix.

DESCRIPTION OF THE SINGLE-GROUP MIST FLOW MODEL

The single-group analysis is steady-state and
one-dimensional along the mist tube. No attempt has
been made to model three-dimensional effects such as
drop deposition on the walls of the tube or large-
scale instabilities that might arise. The purpose of
this analysis was to indicate the effect of droplet
growth on the performance of the mist 1ift, and it was
felt that the additional complication of multi-
dimensional effects was not justified at this point.
It 1s expected that such effects may be significant,

egpecially since the flow of vapor is turbulent, and:

experimental studies need to be performed to deterumine
the magnitude of the effects.

The following procedure 1s employed for the
solution of the governing equations in this model (as
detailed in the Appendix). Input parameters are the
drop size, the liquid mass flow rate, the pressure
upstream of the injeector, the total area of injector
holes, the 1inlet temperature, the condenser
temperature, and the geometric shape of the 1lift
tube. By using the inlet parameters in Barnoulli's
equation, the equilibrium pressure just inside the
14ft tube 18 calculated, which determines the
equilibrium temperature and amount of temperature
flashdown of the warm water. The drops are assumed to
form and their flashdown to equilibrium temperature is
assumed to occur within the first vertical step. This
assumption {8 reasonable for the drop sizes
encountered due to the high thermal diffusivity of the
water. Once the inlet conditions are established, a
step size up the tube 1is chosen and the droplet

momentum equation is employed to find the change in’
drop velocity over that step up the tube. A forward.

flulte difference expresslon 13 used to approximate
the derivative of velocity with respect to height.
The overall momentum, mass, and energy conservation
equations for the flow avre solved simultaneously to
yield the changes in steam quality, pressure, and
vapor veloeity for the step to the new locatlon.
Finally, the drop velocity, quality, pressure, and
vapor velocity variables are updated for the new
location, the change 1in droplet mass due to
evaporation 1is calculated, and output 1is generated.
This process 1s repeated until the point 1s reached
where the equilibrium bulk temperature becomes less
than the specified condenser temperature, or until the
droplet velocity 1s less than zero.
stops because the bulk temperature reaches the
temperature of the condenser, the drops may have
couslderable kinetic energy remainings Further 1lift
could be realized in a suitably designed "coasting”
gsection of 1lift tube. Such a coast section would be
degigned to recover the kinetic energy of the flow by
allowing it to follow a ballistic trajectory without
temperature change. The occurrence of negative drop
velocities implies “rainout” because the drops are no
longer lifted by the vapor and begin to fall back down
the 1ift tube. In either case, the 1lift height 1is
defined as the height at which one of the above
conditions is met.

DESCRIPTION OF THE MULTIGROUP MIST FLOW MODEL

To study the effects of droplet growth by

‘coalescence, the multigroup nodel was developed to

considery a spectrum of drop seizes (Ref. &4 and
appendix). The single-group model discussed in the

If calculation



preceding section is the degenerate case of this model
with one drop size. In the multigroup model, drops
are apportioned into a series of discrete sizes, the
masses of which are contiguous integral multiples of a
chosen base mass. Thus; the mass of a drop in group jJ
is taken to be (3°m;), where m; 1s the mass of-each
drop 1in group 1. Fifty drop sizes constitute the
spectrum, which gives a raange of drop sizes up to
about four times the diameter of the drops in the
first group. Equal mass intervals between groups were
chosen so that drops from groups 1 and 3 would
coalesce to form a drop in group (i + 3).

The multigroup model algorithm is similar to the
algorithm for the single-group model described in the
preceding section. Instead of one specific drop size,
an initial distribution of drops is input. All other
inputs are the same as for the single-group model.

At the bottom of each step up the 1lift tube,.

calculations are made of the interactions among the 50
groups of droplets to determine the evolution of the
drop-size sgpectrum due to collisions. A geometric
collision cross~section based on the diameters and
speeds of the interacting drops 1s wused, and a

coalescence efficiency 1s calculated based on the -

diamctcrs of the iateracting drops. TPor cach group of
drops, the droplet momentum equation 1s applied to
obtain the average velocity of the group. Finally,
solution of the overall conservation equations yields
the temperature, quality, and vapor velocity at each
step. Thus, the flow properties and the evolution in
size and velocity of the drop spectrum are obtained as
the mist proceeds up the 1ift tube. The calculation
i{s terminated when the equilibrium temperature becomes
the temperature specified for the condenser, or when
any group of drops acquires a zero velocity, implying
rainout. . .

The model includes an algorithm to “squish”™ the
spectrum of drop sizes when it becomes full of
drops. Conserving mass and momentum, the algorithm
combines the groups of drops in the 50-drop spectrum
Ly palrs lnlo Lhe swallest 25 Jdrup slzes of a new 50-
drop-size spectrum with a mass increment twice that of
the original spectrum. Calculation then proceeds with
the new spectrum. The criterion chosen for cthis
process was to squish whenever the number of groups
containing more than 1% of the total mass flow
exceeded a value of eight. This criterion led to
consistent squishing of the spectrum without 1large
losses "at the end of the spectrum and without overly
limiting its extent.

The coalescence efficiency model was based on the
results of Abbott (5) for drops falling in air at
their terminal velocities. The probability of
coalescence was digitized from Abbott's results for
the range of drop sizes encountered in the mist flow
and entered as a subroutine to the multigroup mist
11ft computer programe. Palrs of drops not coalescing
were assumed to separate without satellite drops or
exchange of mass. Also coded into the program was an
upper limit on drop size based on the balance of the
drop's surface tension and fluid pressures from the
flow, so that drops could not combine to create a drop
larger than the limiting drop size.

RESULTS

A plot of the velocities of the largest and
smallest drops in the spectrum and the velocity of the
vapor from a single run of the multlgroup wmodel 18
given in Fig. 2. The drop-size distribution measured
by Charwat (2) for an Injector designed for the mist
flow was used as the initial drop-size spectrum. The
inlet drop~diameter spectrum has a mean of 0.176 mm

and a standard deviation of 0.030 mm and {s
approximately Gaussian in shape. The two downward-
sloping curves in Fig. 2 are the velocities of the
smallest and largest drops 1in the spectrum as {it
develops up the length of the 1lift .tube. The third
curve {s the plot of vapor velocity versus distance up
the tube. The points at which squishing of the
spectrum occurred are Indicated by the downward-
pointing arrows and show growth of the droplets by
coalescence is significant. The 1lift height achieved
is only 26.6 m more than the height to which the drops
would rise ballistically in the absence of drag, given
their inlet velocity.

Vapor Velocity
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Velocity of Smallest Drope in
Orop Size Spectrum
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Brop Size Spectrum
21 Inlet Temperature 25 C

Inlet Pressure S bor
Intet Flow Rate 946.2 kg/e
Lift Tube Diometer 10 m 2
firea of In jectore 0.03 m

Wb bbby

Height (m)
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Fig. 2. Velocity predictions of the multigroup mist
flov modsl 9P o

The 1lift height predicted by both models is quite
gensitive to the inlet conditions, especially the mass
flow rate and pressure upstream of the injector. This:
sensitivity is evident in Fig. 3, where the results
obtained from the two models are plotted as curves of
predicted lift height versus mass flow rate. at two
selected inlet pressures. The range of mass flow rate
for each of the two inlet pressures correspoands to the
pressure just inside the 1lift tube varying from the
saturation vapor pressure of the inlet warm water to
that associated with the temperature of the
condenser. Thus, the mass flow rates span from the
condition of no flashdown at the entrance of the 1lift
tube to the condition where the inlet warm water
flashes down {mmediately to the condenser tempera-
ture. For a given set of conditions, variation of the
flow rate by as little as 1Z leads to large changes in
the predicted 1ift hefght (neglecting ‘possible
recovery of kinetic energy by a coast phase at con-
stant temperature).

The single=group model results, plotted as solid
lines in Fig. 2, are explained as follows. In the
Low-flow-rate région of the ‘cutves, the préssutre
calculated for the bottom of the 1lift tube from
Bernouilli's equation is relatively high. This means
that little flashing of the warm water to steam occurs
and thus the vapor velocity is small. The drops are
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injected into this almost stagnant vapor and are
slowed by drag forces and gravity until they stop, so
that rainout occurs after only a few metres. The
steep jump at the low-flow-rate side of each of the
curves corresponds to the flow rate at which just
enough vapor 18 generated by flashing of the warm
water to accelerate the drops up the tube just before
they stop due to the force of gravity. This condition
leads to a maximum 1ift height. As the flow rate is
increased further, the predicted pressure at the
bottom of the 1lift tube decreases, which leads to
increased flashdown of the warm water and higher vapor
velocities at the inlet. Since the temperature at the
entrance decreases as the flow rate increases, the
condenser temperature is reached at a lower height and
the model predicts a decreased 1lift height. However,
the velocities of the vapor and droplets are not zero
when the temperature of the condenser is reached, and
kinetic energy 1s available for recovery by
coasting. The high-flow-rate cutoff of each of the
curves corresponds to the flow rate at which the
flashdown temperature of the watet 18 calculated to be
the temperature of the condeuser immediately upon its
entrance; the calculation is terminated at that poiant.

The results of the multigroup model are shown in
Fig. 3 as dashed curves. In the multigroup model, the
growth of the drops in the spectrum causes the drops
to rain out in a short distance unless there is enough
flashing of the warm water to generate a substantial
amount of vapor to sustain the drops as they grow.
The predicted 1lift for the low-flow-rate portion of
each curve, where the flashdown is small, is therefore
much less for the multigroup model than for the sin-
gle-group model. As the flow rate is increased, the
amount of flashdown and, hence, the amount of vapor
generated 1increase. Thus, the vapor velocity im
creases, and the drops are lifted more by the vapor

8
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Fig. 3. Comparison of Single-group and Hulti-
group Reeults.

before raining out. This process yields an increasing
1ift height before rainout with increasing flow rate,
as shown in Fig. 3. This increase in, predicted lift
height with flow rate continues to a point at which
the flashdown temperature becomes nearly equal to the
condenser temperature. At this poiant, the multigroup
model predicts the greatest 1ift height. Beyond the
point of maximum predicted 1ift height, the multigroup
model results are similar to the single-group model
results; the predicted lift decreases because the tem=
perature of the condenser 1is soon reached. However,
the drops still have kinetic energy at that point.

In Fig. 3, the reduction in the maxioum 1ift
height predicted by the single-group model for the
higher inlet pressure is the result of a combination
of increased 1inlet losses and exit kinetic energy
losses at the higher inlet pressure. The multigroup
model predicts an increase in maximunm lift height at
the higher {nlet pressure because the Iinjection
velocities increase with the {nlet pressure, and thus
the ballistic height 18 increased.

To asgess the effect of the coalescence afficlency
model on the predictions of the wultigroup model, the
original results were compared with the results
obtained with the coalescence efficiency set at unity
and at one-half of the value obtained from Abbott.
Figure 4 summarizes the results of this parametric
study.

With a coalescence efficiency of one (i.e., all
collisions resulting in coalescence), the results do
not greatly differ from the original results. This is
expected for the drops while they are small because
the coalescence efficiency is very near unity for
drops less than 1 mm in diameter. The slight increase
in l4ft height achieved with a coalescence efficiency

of one is due to the formation of larger drops that

are not slowed as much by the low-velocity vapor at
the entrance.

8 .
------ Normal Coalesocence Efficiency Hodal
! ———-=Coalescence Efficiency = 1.
------------ Coalescence Efficiency = 172 Normal
8 Inlet Temperature S C
Inlet Pressurs 0.1 bor
Lift Tube Diameter 10 m ,
Area of [njectore 0.3 m
R

WALTCH

rd
o Tvenayt

Lift Height (m}
3

“hw | um 1200 1250 1300
Moes Flov Rate (kg/e}

Fig. 4. Lift Height Predictad by Multigroup fodel
for Various Values of the Coolescence Etfficiency.



With a coalescence efficliency of one~half of the
value obtained from Abbott's results, the difference
in the results is much more pronounced. The reduction
in droplet growth causes the drops to be lifted umore
effectively by the vapor and to rise further before
rainout.

CONCLUSIONS

The most significant conclusion from the single-~
group model 1is that the predicted lift produced by the
mist flow is strongly dependent on the 1inlet condi-
tions. - Small variations in the mass flow rate at s
given 1inlet pressura, corresponding to small changes
in the amount of flashing by the warm water at the
inlet, produce large variations 1in the predicted 1lift
height. Also, the maximum 1lift is obtained just on
the brink of collapse of the mist flow. The current
injector design, which causes the drops to be injected
into an almost stagnant layer of vapor, results in
large friction losses at the entrance of the lift tube
and a sharp low-flow-rate cutoff in the allowable
pressure/flow rate operational envelope. An {njector
designed to allow the drops to be introduced at nearly

the velocity of the vaper over a wide range of flow

rates would alleviate this problem.

The results of the multigroup model indicate that
the growth of droplets by collision and coalescence {is
significant. Compared to the results of the single~
group model, the growth of the drops in the mist
predicted by the multigroup model reduces the 1lift
height achieved and the range of operation possible
without rainout. Maximum 1ift is achieved when a
large amount of flashing of the warm water occurs at
the inlet of the 1ift tube, producing sufficient vapor
to 1lift the drops while they are still small.
Sengitivity of the results to the coalescence
efficiency model indicates that mechanisms that reduce
the coalescence efficiency or produce small drops are
important in increasing the 1lift height achieved by
the mist flow. Therefore, efforts are now being made
to 1include the collisiominduced breakup of drops,
which is expected to reduce the maximum size attained
by drops aand to produce small drops.
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APPENDIX}

N-Group Mist Lift Model

The droplets are divided up into groups, and the
mass of each group 1s an integral multiple of the masse
of the smallest group, designated by subscript 1.
Thus, 1f group 1 has a diameter of 0.2 mm and a mass
of 4.19 ug, then group 2 has a diameter of 0.252 mm
and a mass of 8.38 ug, group 3 has a diameter of
0.288 mm and a mass of 12,6 ug, and so on.

The diameter, mass, and velocity of the drops in

group 'i' are denoted by d,, m;, and v,

respectively. The overall flow rate of these drops is
n; (number per unit time over the cross-sectional area
o% the 1ift tube, A). The number of thése drops per
unit voluma at any location ig then nllAvi.

Collisfons. The rate of collisions between dfops
from species { and j per unit volume is

oy = (3g) (@) - val oy W

where a is a collision croes-section. From a review
of the terature and, in particular, the results of
Abbott (5), it appears reagsonable to assume that the
drops move 1in straight lines and that any geometrical
interference between their trajectories leads to
either coalescence or separation. Therefore, the
collision cross-gection is :

agy =7 (4 +dp2. (2)

A coalescence efficiency n 1s introduced to account
for the finite probability that the result of the
collisfon 18 ¢the creation of a drop in group
(4 + j). Drops not coalescing are assumed to split
apart, retaiaing their original identities. The total
rate of collisions resulting in coalescence between
drops in groups { and j in length dz of the column is
obtained from Eqs. (1) and (2):

Fijdz = Afijﬂdz - Eﬂi—‘ lvg - vjl% (44 + dj)zﬂdz. (3)

Avyv L]

As long as dz is infinitesimally short there will be
00 wmltiple collisions, nor will the number of

collisions be limited by the droplet flow rate in a .

given group. However, these effects must be con—
sidered in a finite difference numerical schenme.

The total number of collisions resulting in a loss
of drops in group i in a distance dz is

k
Gy = 2 Pyydz,

11

where k is the number of groups in which there are
droplets. There 18 no need to remove the self-
collision term F,,; {ta value 18 zero because
lvy = v;!| = 0. At the same time, drops are created in
group i by collisions over all combinations of drops

[N

1A::lam:ed from Ref. 4.
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in groups J and r for which j+r =1, By letting
"r"” always represent the heavier drop in a collision,

the source of drops in group 1 per unit length is

INT(i/2)
5y = Fy(1-1)dz » *
3=1

where INT(1/2) represents the largest integer that is
less than or equal to 1/2.

The congervation equation for drops in group i is
then

dng INT(4/2) k
a;—— - Z Fj(i‘j) - Z Fij - (5)
J=1 j=1

Integration of Eq. (5) enables the evolution of the
droplet size spectrum to be computed.

Draop Momentum, Consider a control volume which
spans the 1ift tube horizontally and has a height
dz. We may formulate a momentum balancé 6n the drops
of group 1 passing through the control volume as
follows. The incoming drops in a group i transport
momentum at a rate of (n my vy ) « The outgoing drops
carry away momentum at a rate of (nimiv ) z4+d The
drops added to group i by collisions conttibute a
momentum equal to

INT(1/2)

The drops that are remo?ed from group { by collisions
cause a loss of momentum of

k
(mivi)z Fiydz .
J-

Evaporation leads to a loss of momentum of =-m vtdmi.
The important forces on the drops {n the control
volume are gravity and the drag force on the drops
from the steam. The overall momentum balance is then

Fj(i-j) (mjVj + mi-jvi_j)dz.

agmydvy + myvydngy + ni’\lidmi

INT(1/2)
- Z {Fj(i‘j) (‘nj"j + mi_jvi_j)dz} + ngvydmy
j=1
k
- myvy Z {Fy ydz}
3=1

ny nd2 - -
+ 7y [cd,i < pglvg vy l(vg = vy) nggldz . (6)

The small ‘contribution to the force term from the
pressure gradient 1is neglected. There 1is also some
qnuestian ahout how to handle the interchange of
momentum between the .phases due to evaporation: Which
phase is "charged” for how much of the momentum change
- vy)dm;/dz? At this stage this is neglected in
thg momentum equation. In fact, all coatributions in
Eq. (6) resulting from dm,/dz are neglected, which
reduces Eq. (6) to a differential equation 1involving
dn;/dz and dv,/dz.
Substituting from Eq.
equation for dvi/dz:

(5), we obtain an explicit

dvy | 1 w42 =
dz " myvq (ca,1 5= pg Ivg = vil (vg = vy) - myg]
INT(1/2) :
mivy + Di-y Vi-i
+ —_— F (1- ( - vy
l‘li % J j) mi (7)
The first term on the right~hand side of Bq. (7) is

Just what we would have 1in the absgence of colli-
sions. The second term represents the net result of
all collisions; it {8 equal to zero if all the v, are
equal because m; + Oy = My In reality, of course,
the drops (in~ group™ 1) resulting from different
collisions will have different velocities. We are
choosing to average over all these velocities;
otherwise we would have to keep track of velocity
profiles for every group of droplets, and the
complexity of our numerical scheme would {increase
envruvuslys .

Overall Conservation Laws. Equations (5) and (7)
enable us to step along the column caleculating changes
lu ny aud vy We also ueed to caleulats ehangeo in
v,, P, and the quality x. The differentials of these
tﬁtee variables are computed by using the three
conservation laws of mass, momentum, and energy.

Mass. The total mass flow rate 1is constant.
Because the vapor occupies almost all of the space, we
can write, to & close approximation,

PgVgh = Wy = xw; (8)
whence

dx _ (Eﬁﬁ) dp _dvg . 9

X dp/ pg vy A °

Mags lost by the drops appears as vapor; so

dwg = ~dwg = =d ) ngmy . (10)

=

We assume that evaporation occurs from all drops at a
rate proportional to their mass (this seems reasonable
becaugse the latent heat is supplied by cooling the
drops); therefore,

dm1 - Xmi. (1)
Substituting Eq. (11) into Eq. (10) gives .
dwg = - ) mgdng - A § nymy - (12)

Now, Z my dn} equals zero because collisions conserve
2]

mags; therefaore Eq. (12) can be uged to deduce the
value of A:
-dw
A e A (13)
T ngoy
and this can be used in Eq. (11) to give
-m
dng = e dwg (14)
LN
or
-t
dmg = —1 ax . (15)
1 -x

Therefore, the mass change of each droplet specles can
be related to changes in quality of the entire flow.



R
Momentum.
flow {s

diuwgve + Zru‘m‘lvi> = =Adp ‘-‘At;.gdz .
i{=1

The momentum equation for the eantire

(16)

where_s is the mean density given by

k ' .
- PE = P nymy -
b =pg +(——a-f-—&) Z —:% . a7n

i=1
"We now wish to rearrange the left-haﬁd gide of

Eq. (16) in terms of the variables to be used in the
computation; thus:

d(wgvg + Z nymyvy)
i=1
- vgmzlx + xwdvg + ) my vydny +7 nimidv;i +3 nyvydmy .
(18)

We use Eq. (15) in Eq. (18) and substitute the result
in Eq.;_(16) to get

] agnqvy
UVB -

'—(m—)dx + Adp + xwdvg
-1 m1§1an1 . Q9

(19) can be

- - ;gAdz - 2 r;tmicivi

" The sums on the right-hand side of Eq.
derived from Eqs. (5) and (7).

Energy. The energy equation for the entire flow
is
y 2 k . 2
v, v
d[ wx(hg + -g-— + gz) + E nim’_(hf + -;— + gz)]- 0.

i=1
(20)

This can be expanded as
v, 2 ) " fdhg\ |
w(hg +.—L2 Ydx + wgdz + wx —&dp )dp
' dhf
+ mgd"gZ“t"i (d—p—) dp +2ntm1v1dvt

2
+Z (ngdmy + mydny) (hf + X’;—)- 0 . (21)

Collecting terms, using Eq. (15), and realizing that

nydny = 0, we obtain
vy nymylhe + vq2/2
ofng + 2 - Lrambe s v WD) o

[ nqmg
dh dh
+ [x-v(-d—,;&) + (1 - x) w( f)]clp + xwvgdvg
vs?
= - wgdz = | ngmyvedvy = ] my —7~ dng . (22)

All of the thermodynamic property derivatives in
Eqs. (9) and (22) are computed along the satucatloa
line. Equations (9), (19), and (22) then form three
simultaneous equations for dx, dp, and dvg

Inlet Calculations

The equilibrium pressure,” temperature, and
velocity of the drops and vapor at the bottom of the
11ft tube must be calculated to start the calculations
of the mist flow. The apeed of the liquid Jet

entering through an effective orifice area A,
(including any effect of vena contracta) is
w
v - . (23)
L WP .

Using Bernouilli's equation and allowing for the
pressure difference across the jet due to surface
tension, we obtain for the pressure in the vapor above
the injector: .

. 1w g .
PL=Po =3 - = (24)
2 Aoz og tj
In a short length, the Jet comes almost to the
equilibrium temperature corresponding to pj. Because

the liquid makes up almost all of the mass flow and
velocity changes little in this short length, momentum

.18 conserved across the "development region” and there

is little pressure change. We wmay therefore assume
that py exists throughout the region and the jet is
cooled to the corresponding equilibrium temperature
The mass flow of vapor {is, therefore,
wé (T, - T; Y/h If the vapor is assumed to leave
thgs region wi unifom speed Yal» the initial vapor
velocity 1is .

wCp(To = T1)

Ahgop o .
because the liquid occupies only a small fraction of
the volume.

Vg1 - (25)
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