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The steady and dynamic behavior of thin f i lm
evaporators and condensers are simulated with a
general thin f i lm heat exchanger model. The dyna-
mics of the gravity-controlled f a l l i n g laminar
f i lm on horizontal or vert ical tubes are studied
in de ta i l . For a f i r s t approach or for a slow
transient a single-lumped model can be used. For a
refined simulation or for a severe transient a
grouped model is proposed. The grouped model pre-
serves the unique feature of delay-time and wave-
distortion of a t ransient , which was observed in a
separate precised analysis.

The thin f i lm heat exchanger models are used in
the dynamic simulation computer programs ODSP3
and OSCAR which were established at CMU for OTEC
systems. Typical results are presented to demon-
strate the capabil ity of the model.

Introduction

pie design of shell and tube condensers has
achieved substantial attention in the past as i n d i -
cated in the review paper [ 1 ] , The thin f i lm evap-
orators also have been studied extensively in the
area of desalination and OTEC applications [ 2 , 3 ] ,
However, appropriate l i tera ture are not available
for dynamic modeling of these components.

The evaporator in an OTEC system generates vap-
or from a flowing l iquid f i lm on horizontal or
vertical tubes. The vapor, passes the turbine and
at a l a te r point , condenses in the condenser on the
l iquid films at horizontal or vert ical tubes again.
The common feature of evaporators and condensers
is that the major transport process happens on the
l iquid f i lms. Therefore, i t becomes possible to
simulate the dynamic behaviors of these components
by a unified approach which models "Thin Film Heat
Exchangers" in general.

In a thin f i lm heat exchanger the motion of a
l iquid f i lm can be influenced by the motion of the
flowing vapor. However, near the central region of
the bundle where vapor flow is insignif icant the
f i lm fa l ls mainly due to gravity. The schematic
of the flow regimes in a thin f i lm evaporator is
i l lus t ra ted In Figure 1 .

At close to the edge of the bundle the vapor
cross flow can be strong enough to break the l iquid
f i lm by shear stresses. The transit ion of f i lm flow
between the shear-controlled and gravity-controlled
regimes on horizontal tube bundles can be well des-
cribed by a dimensionless gas velocity Jg* [4 ] . In
addit ion, the l iquid entrainment and the breakdown
of films have been analyzed in [ 5 , 6 ] , respectively.
In spite of t h i s , the general behavior of this shear
dominant f i lm flow is s t i l l not well known.
it
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Figure 1 . Flow Regimes in a Thin Film Heat
Exchanger.

On the other hand, the gravity-controlled steady
state f i lm flow and heat transfer behavior has been
studied extensively in the past [7 ,8 ] and the dyna-
mic simulation based upon this flow regime could be
more feasible at the present time. In the present
unif ied approach, a column of horizontal tubes or a
single piece of vert ical tube in an evaporator or a
condenser is considered. Liquid f i lm fa l ls ver t ica l -
ly due to gravity. The f i lm thickness ei ther increas-
es or decreases depending upon whether the unit is
a condenser or an evaporator.

Pract ica l ly , in the thin f i lm OTEC evaporator
the feeding rate of the working f lu id onto the
bundle is considered as one of the frost effect ive
parameters for the control of the system. Generally
slow transients of the l iquid f i lm flow occur at the
conventional operations of an evaporator; however,
severe f i lm transients occur at emergency operations,
For example, a sudden drop of the load to the gener-
ator causes the turbine to overspeed. The opening
of the bypass valve and the shutoff of th* feeding
on evaporator react in the order of 1 second. The
l iquid f i lm on tubes experiences severe transients.

. . . T h * 5 l a s s i f 1 cation o f t h e f l c w transients in a
thin f i lm heat exchanger can be performed according
to the following argument. At steady operation the
l iquid is fed to the top of the bundle with s u f f i -
cient over-flow. The time required for the l iquid
traveling to the bottom of the bundle 1s, typ ica l ly ,
in the order of 5 seconds. For a variation of f a d i n g
with a characteristic time longer than 5 seconds,
the quasi-steady approach for the f i lm dynamics can
be used with reasonable accuracy. For the variation
of feeding with a characteristic time less than 5
seconds, the quasi-steady approach does not give a
reasonable result . More precised modeling w i l l be
necessary.

In the quasi-steady approach the flow t ransi -
ent is slow. At any moment the flow conditions on
a l l the bundle are very similar . Therefore, a l l the
tubes in a bundle can be considered as a single
representative tube. In other words, the whole bun-
dle m a thin f i lm heat exchanger can be simulated
by a single-lurnped tube with steady state solution
applied at each moment.
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At severe transients the model should consider
the whole horizontal tube column as a series of
grouped-control-volumes with each group containing
several tubes. The most accurate analysis considers
each horizontal tube as a group. If only one group
1s used for whole column this model becomes a single-
lumped approximation. The practical selection of the
number of groups is based upon the typical transient
of the feeding which we are interested in. With these
lumped subsystems arranged in a vertical series the
time response of a film is simulated while keeping
calculational effort to a minimum.

In each lumped subsystem the film thickness and
the heat transfer coefficients are taken from the
results of theoretical studies or empirical correla-
tions. The dynamic behavior of the film is studied
with quasi-steady analysis, and some typical results
of the model will be compared with detailed exact
calculations of transients.

In the following sections the quasi-steady
approach and the grouped approach of the film tran-
sients will be presented in detail. Additionally,
the results of a separate detailed analysis on film
transients are indicated as an reference to the
proposed model. The integration of these models to
the heat exchanger model is illustrated in the sec-
tion of "The Modeling of Heat Exchangers." The
heat exchanger model then will be used in some dyna-
mic simulation computer programs established at CMU.
Finally, a typical result of the dynamic behavior
of the thin film exchanger in an OTEC system is
shown.

The Quasi-Steady Approach to Film Dynamics

A. Horizontal Tubes

Generally, the single-lumped approach and steady
state results were used in the present case. The
ini t ia l condition at x= 0 is that the inlet volume
flow rate per unit length equals 2r . At laminar
flow with constant wall heat flux tne film thick-
ness <5 is

°l"fg
(1)

where v is the kinematic viscousity, qw is the wall
heat flux leaving the surface, p£ and hfg is the
liquid density and latent heat of vaporization, R
1s the radius of the horizontal tube, and x is the
distance measured from the too of the tube along
the surface. We may set sin(£.) « 1 in the equation
(1) for vertical tubes. In m£t cases, the rate of
evaporation of the liquid on an horizontal tube is
very much less than the liquid flow rate.

In some cases the tubes are coated with heat
transfer augmentation material such that boiling
occurs in the evaporator. The heat transfer coeffi-
cient of the boiling thin film can be put in a gen-
eral form [9]

B. Vertical Tubes

Liquid falling on a vertical tube is very likely
to be 1n wavy laminar flow or in turbulent flow.
Correlations are presented here for smooth tubes.
The film thickness is described as [11]

1/3 0.55

0.36(21) (4)

The heat transfer coefficient for wavy laminar flow
1S o 2 1/3 -0.22
h » 0.606 (k3g/vZ) [r/u] (5)

0.4 0.65
3.8xlO"3(kW) (4r/u) (£) (6)

for turbulent flow with laminar to turbulent tran-
sition [7] at

4r ,vr}'0S

— » 5800 (-) (7)
Grouped Approach to Film Dynamics

In this approach lumped subsystems are assigned
to several consecutive horizontal tubes or a sec-
tion of vertical tubes. Figure 2 shows the schematic
of the model. Within that subsystem, a proper delay
time is chosen to take into account the free falling
of liquid between horizontal tubes as well as the
finite liquid flow velocity along the tube. When the
number of horizontal tubes in a subsystem equals
the total number of tubes in a column or the length
of the vertical section equals the total length of
the vertical tube, the present model corresponds
to the single-lunped model. When there is only
one horizontal tube in a suDsystem or when the
length of vertical section in a subsystem, is very
short the present model approaches the exact case.
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Figure 2. Single-Lumped and Grouped Models.

- V (2)

In a condenser or when pure evaporation occurs in
the laminar film the heat transfer coefficient is
related to the film thickness as [10]

h = k/5 (3)

The mass balance of each lumped subsystem j can
be written as

dM

dt " * m eV j * me.j (8)



where rrfi.j is the inflow to control volume j, ni0.^
1s the outflow from control volume j, rn^j is posi-
tive for evaporation and negative for condensation.
In order to solve this equation, all the m's must
be present in terms of M's.

In the evaporator, dryout of the liquid film
may occur during a transient. This corresponds to
the case of Mj s 0 in that subsystem.

A. Horizontal Tubes
At In i t ia l steady state, the total mass in the

subsystem is

[12]. Figure 3 shows the flow decay at various loca-
tions on a tube column. Also it appears that the
thicker the film the faster it moves. For a film
with non-uniform thickness the thicker film will
catch up with the film in front of i t . In other
words, the thick part of the film travels with high-
er speed and dominates the major part of the tran-
sient behavior.

Volume Flow Rote on Each
Side of Tube, ft3/s/ft

.020

6(x)dx (9) .01 5 -

where N^ is the number of horizontal tubes in the
control volume j . Using equation (1) for 6 ( x ) ,
with q* * o, we get .0 10 -

-1/3 ir-A

s 1 n y

-1/1
d y (10) .005 -

The values of the A is assigned to be the half
thickness of the falling film between horizontal
tubes.

The flow rate at the inlet of subsystem j comes
from subsystem j - 1 .

.000
0.30

Time, S

Vj-l (ID

In this subsystem, m0 j is related to n>j j by a
delay time t. That is

Vj ( t ) s "ij{t"^" - f Vj ( t )dt

t-r

such that equation (8) becomes

dM

(12)

Figure 3. Evaporating Ammonia Film on One-Inch
Tubes - Transient Analysis.

Since the flow has a delay time t", the value of
the total fluid mass for the equation £14) can be
selected at the time t, or the time t - t j , or zhe
time between these two limits. For example, a
transient with increasing flow will have the total
fluid mass_at time t more than the total fluia mass
at time t - t j . Then Mj(t) will be used for equation
(14). A transient with decreasing flow will have the
total fluid mass_ at time t less than_ the total fluid
mass at time t - t i . Therefore, Mj(t- t j ) wil l be used
for equation (14;. In a general form we can ^se
weighted combination for the time delay. That -jeans

dt

(13)

t-T,
m e J ( t ) dt

There the evaluation of delay time t will depend
upon the transient film behavior and the falling
of the film between tubes.

For a quasi-steady system the delay time is the
time for the fluid to travel through this subsystem.

7T-A

j j g £ f ( M j ( t ~V } + (1"e) f (

where the f irst term at left sijde is due to the
falling of film between tubes, t is solved by itera-
tion in equation (15). The selection of c is cjite
flexible. A smooth function is constructed for this
purpose.

Finally, the evaporation rate can be calculated
from

where

- Ty)/h fg

h(x)dx

(17)

(18)

For a fast transient, the total mass Mj can vary
as a function of time and the film thickness in the
subsystem can vary as a function of location at a
time. The selection of proper M- for the evaluation
of t will not be straightforward. The exact solution
of transient film motion was obtained by the authors

with h(x) given from equations (2) or (3) and pre-
sented in terms of Mj.

A typical result of the variation of flew rates
on a subsystem containing 20 consecutive hcrirental
tubes is shown in Figure 4. The effect of ca'.zy
time is clearly presented.
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Figure 4. Evaporating Ammonia Film on 20 Consecu-
t ive One Inch Tubes-Result of Grouped Model.

B. Vertical Tubes

The same equation (8) can be used for vert ical
tubes. The total mass in the subsystem is

xO.55

Using equation (4) for 6, we get
, 1/3

0.36

The evaporation rate is then

(20)

(21)

and h is the averaged heat transfer coefficient
using h(x) in equations (5) and (6).

The Modeling of Heat Exchangers

The models for the condensers and evaporators
are complicated. Transient heat balances are formu-
lated for the water, the tube, the ammonia liquid
on the tube and the vapor in the vessel, and finally
for the liquid in hotwell.

The transient heat balance of the water considers
the heat transfer to the tube and the incoming and
outgoing enthalpies of water. To approximate the
dynamic behavior, the transit times for the water
are introduced as a time delay. The transient enthal-
py balance for the aumonia liquid on tube and the
ammonia vapor in the vessel considers the heat
transfer from tube to vapor, liquid feed onto the
tube and draining to the hotwell, evaporation from
the hotwell, and the vapor leaving the vessel.

Mass balances are also formulated separately to
describe the holdup for the vapor, the liquid ammon-
ia on the tube, and the liquid in hotwell. Addition-
al ly, the state equation for the vapor temperature
1s written with the assumption that the vapor in the
condenser is in the saturated state and also that it
follows the ideal gas law.

In general, this model can be applied to both the
condenser and the evaporator. Specific consideration
that the condenser does not have liquid feed onto
the tube and no vaDor leaves the vessel. On the
other hand, no vapor comes into the evaporator.
Under normal operating conditions the evaporator
wil l have ammonia transport from the liquid film to
vapor in vessel; this transport will be a negative
quantity for the condenser.

The liquid in the hotwell will flash when the
vessel pressure is reduced to a value lower than
the saturation pressure of the hotwell liquid. Also
at some conditions, the evaporator may operate at a
low recirculation rate and the tube may experience

partial or complete dry-out during transients. Since
the exact relationship between the heat transfer and
film flow during partial dryout is not available in
the open literature, only complete dry-out is model-
ed.

The details of the heat exchanger modeling 1s
presented in the Reference [13].

Results

Two computer programs were established at the
Carnegie-Mellon University for the dynamic simula-
tion of the OTEC power plants. The program 0DSP3
[14] used the single-lumped approach for modeling
the heat exchanger transients. The program OSCAR
[13] uses the grouped model in simulation.

A typical OTEC closed cycle loop contains an
evaporator and a condenser with the turbine in be-
tween. There is also a by-pass valve installed be-
tween the evaporator and condenser. At a hypotheti-
cal accident the load of generator will be dropped
and the turbine rotation may speed up drastically.
At this moment, the by-pass valve will be opened
•and the feeding of ammonia to the evaporator will
be stopped. The vapor pressure in the evaporator
wil l tend to decrease. The vapor pressure in the
condenser will increase at a early time due to the
opening of the by-pass valve. But, eventually, the
pressure in condenser should decay because the
pressure in evaporator also decays.

Figure 5 shows the results of this calculation.
The action of by-pass valve and the valve to eva-
porator was initiated at time 0.5S after the drop
of the load. The dynamic response of the evaporator
and the condenser perform well as we expected.
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Figure 5. The Pressures in Evaporator and Conden-
ser at a System Transient.
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