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ABSTRACT

Internal condensation in a horizontal tube of falling film evaporation is of great importance in
the process of low-temperature multi-effect distillation (LT-MED). Thermal analysis of internal
condensation in a horizontal tube is investigated within the practical operating parameters in a
LT-MED desalination plant. The analysis takes into account of the effect of interfacial shear, axial
pressure gradient, saturation condensation temperature, heat transfer temperature difference, and
non-condensable gas (NCG) on heat transfer characteristics of internal condensation. It is done to
obtain the exact correlations that different methods to calculate axial pressure drop gradient and
heat transfer coefficient are compared. The results indicate that reducing condensation tempera-
ture and increasing temperature difference contribute to improving the condensation rate of unit
length for certain values of the tube length and inlet steam velocity, and that the tube length
depends on the heat transfer temperature difference. The analytical results also show that the
effect of interfacial shear stress on condensation rate is important while that was usually neglected
in previous research, and that very small mass fraction of NCG can significantly increase the tube
length as the presence of NCG reduces local temperature difference along the tube length. Besides,
an increase in tube length compensates the negative effect of interfacial shear stress and NCG on
internal condensation.

Keywords: Internal condensation; Axial pressure drop gradient; Non-condensable gas; Horizon-
tal tube of falling film evaporation; Tube length

1. Introduction

The desalination of sea water may effectively
pave the way to resolve the water shortage in Chinese
northern coastal regions. The processes of multi-stage
flash (MSF), low-temperature multi-effect distillation
(LT-MED) and reverse osmosis (RO) decide the pro-
spective development of desalination [1]. LT-MED
is a kind of MED desalination technology that uses
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falling film evaporation over the outer surface of a
vertical column of horizontal steam-heated tubes.
Because of the phase transitions on both sides of
tubes, the heat transfer rate achieved in horizontal-
tube falling film evaporation is considerably high and
this gives it a distinctive advantage. The overall heat
transfer coefficient of falling film evaporation is
about double that of vertical-tube falling film eva-
poration, and three times that of flashing evapora-
tion. Thus the heat transfer area can be greatly
reduced [4-7]. Low running temperature is its
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Fig. 1. Schematic of film condensation inside a horizontal tube in presence of NCG. (a) Cross section of a tube during condensa-

tion. (b) Schematic of the vapour-liquid interface.

dominating advantage that leads to reducing the
possibility of scale formation. Recent developments
in LT-MED have made this process compete techni-
cally and economically with that of MSF and RO [2].
The practical MED demonstration plant built by
Sidem Company proved that its special energy con-
sumption, about 5.5 kWh/t [3], is able to compete
with than that of RO. MSF is the most popular process
of thermal desalination plant. There are some practi-
cal problems resulting in higher running costs, among
which the majority are related to high pressure and
temperature in order to gain a satisfactory flashing and
hence a worthwhile water yield. With an increase in
temperature, the possibility of scale formation on the
inside of the tubes increases. Thus the desalination plant
needs to be cleaned periodically, which reduces the
overall effectiveness of the MSF plant. In sum falling
film evaporation over a horizontal tube is an energy-
saving distillation technology.

Compared with most internal condensation process
utilized in chemical, refrigeration and food industries,
the heat transfer temperature difference of internal
condensation in a horizontal-tube evaporator is small,
about 1°C and the tube length is long, about 10-m long.
Therefore the condensation axial pressure drop due to
the interfacial shear stress between the condensation
film and steam cannot be assumed as zero. Though
many theoretical researches have been done on
heat transfer of internal condensation of falling film
evaporation, the effect of interfacial shear stress and
non-condensable gas (NCG) on heat transfer was not
taken into account. However the influence of NCG and
interfacial shear stress may change the temperature
difference along the tube length. Thus it is necessary
to include the influence of NCG and interfacial shear
stress on internal condensation and clarify their influ-
ence in order to provide a theoretical foundation for
practical purpose.

2. Theoretical analysis of internal condensation

Condensation on a solid surface may take place in
two different ways which are film-wise condensation
and drop-wise condensation. For horizontal-tube fall-
ing film evaporation the internal condensation is
film-wise condensation as shown in Fig.1 [8]. In this
case when the liquid wets the surface, the condensate
forms a continuous film covering the internal surface.
The film flows over the surface under the action of
gravity and interfacial shear stress caused by steam
flow. The condensate flow pattern inside a tube is stra-
tified as the condensate runs down the tube wall to
form a layer at the bottom which will be swept along
the tube by the steam flow. This simple model is com-
plicated by the condensate film that forms on the tube
wall and causes the stratified layer to grow. Laminar
films are obtained when the gravity force is dominant
and the Reynolds number in the liquid film remains
low. The appropriate correlations are essential to pro-
vide a reliable set of performance results on the internal
condensation. The analysis performed in the following
is valid for selecting the appropriate correlations.

2.1. Comparison of heat transfer coefficient correlations of
internal condensation

There appears to be some investigations on heat
transfer coefficients of internal condensation in a hori-
zontal tube. The research work [9-13] was carried out
under ambient pressure and their data were not ade-
quate. Akers [14] developed a physical model to regard
the two-phase flow issue as the single-phase one by
introducing an equivalent mass rate to calculate the
effect of heating steam and condensate on the conden-
sation process. The assumption was based on Nusselt’s
theory on film condensation [15]. It was assumed that
the flow in the condensed film was laminar, the inter-
facial shear stress force was negligible, a linear
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temperature profile existed within the film and
temperature at the gas liquid interface equals to the
saturation temperature of pure steam at the chosen
pressure. An empirical correlation of condensation
heat transfer coefficient inside a horizontal tube was
suggested by Shah [16] who believed that the two-
phase flow heat transfer coefficient inside a tube was
modified by correction coefficient based on the
single-phase flow. The correction coefficient was the
function of steam quality and steam pressure inside a
tube. The two distinct condensation mechanisms were
predicted for accurate estimation of heat transfer coef-
ficient of internal condensation, corresponding to the
annular and stratified flow patterns [17]. Thus flow
patterns correspond to three kinds of flowing states:
gravity-controlled flow state (stratified flow), shear-
controlled flow state (annular flow) and combined
gravity and shear-controlled flow state. The heat trans-
fer correlation of internal condensation inside a hori-
zontal tube was given for each flow state. Xu [18]
conducted an experiment of falling film evaporation
with various operation parameters and an experimen-
tal correlation was given, which accounted for the
effects of liquid load, tube diameter, evaporation tem-
perature, condensation temperature difference and
inlet steam flow velocity on condensation process.

In order to determine the exact one used in a
horizontal-tube falling film evaporator for LT-MED, a
graphical comparison of local heat transfer coefficients
of internal condensation is shown in Fig. 2. All the
operating parameters and the dimensions of the
horizontal tube are the practical ones at Huanghua
LT-MED plant in China [19]. The dimensions include
the tube inner diameter, 24 mm, and the length of the
tube, 9.65 m. It can be clearly seen that the correlations
provide quite different results. According to the calcu-
lated results in Fig. 2, the value of Schlunder’s correla-
tion is much higher than that of other correlations.
Schlunder’s correlation is selected as our simulation
model. As heat transfer coefficient is obtained based
on different flow states in Schlunder’s correlation, it
describes the heat transfer process of internal condensa-
tion accurately. The most important is that its result pre-
dicts the practical data with reasonable accuracy [19].

2.2. Condensation axial pressure drop gradient

The analysis of condensation axial pressure drop
due to interfacial shear stress was considered by McA-
dams et al. [20]. They suggested a homogeneous flow
model in which the axial pressure drop gradient along
the length of the tube was gained for the two-phase
flow inside a tube. Lockhart [21] proposed the phase-
separation model to evaluate the axial pressure drop
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Fig. 2. Comparison of local heat transfer coefficients of internal
condensation. (A) Outlet steam quality 0.15, inlet steam velo-
city 55 m/s and wall sub-cooling 1°C. (B) Saturation tempera-
ture 55°C, outlet steam quality 0.15 and wall sub-cooling 1°C.

gradient of the two-phase flow. They assumed that the
axial pressure drop gradient of the two-phase flow was
simplified by introducing the equivalent mass rate of
liquid or steam flow. Chisholm [22] developed the
phase-separation model and proposed simple and
accurate expressions to calculate the corrected coeffi-
cients. Friede [23] suggested a correlation to further
improve the accuracy of calculated axial pressure drop
gradient. Compared with other separated-phase mod-
els his results showed a deviation of 40-50%.

The comparison of axial pressure drop gradient cal-
culated by the above correlations is presented in Fig. 3
with respect to the outlet steam quality, inlet steam
velocity, condensation temperature and wall sub-
cooling. Fig. 3 shows that the calculated result of Frie-
del’s correlation differs greatly from the others. As one
of the most important characters of horizontal-tube
falling film evaporation is small temperature difference
of heat transfer for the internal condensation, the Frie-
del’s correlation does not work obviously. For the axial
pressure drop gradient is relatively small, together
with the practical data [19], the Lockhart correlation
is chosen as our simulation model.
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Fig. 3. Comparison of axial pressure drop gradient of internal
condensation. (a) Outlet steam quality 0.15, condensation
temperature 55°C and wall sub-cooling 1°C. (b) Outlet steam
quality 0.15, velocity of inlet steam 55 m/s and wall sub-
cooling 1°C.

3. Mathematical models

3.1. Heat transfer coefficient of pure steam condensation
inside a horizontal tube

According to the superficial velocity of gas, j;, the
mathematical model of local heat transfer coefficient,
o, is given for the corresponding three flowing states
which include stratified flow, annular flow and transi-
tion flow between the stratified and annular flow [17].

]'; < 0.5 the stratified flow dominates o = tyn, (1)
jg > 1.5 the annular flow dominates o0 = oy, (2)

05< ]g+ < 1.5 the transition flow dominates

O = Oan + (]g - 1-5)(fxan - astr)a

, G
=t (4)
(gdpyp)) 2
(1) Stratified flow
(o - p,)er\ !
an — Q L Z .
! ( (ki — tw) ) ®)
(2) Annular flow
. 1/2 1/3
ot = O;Li (§l> , Re, = 50, (6)
o = 1.41R; /2 (¢})2 Re < Re,, 7)
m~\ 1/m
ot 141\"  [0.071P}> /
—5= —h + | ——— ,  Re > Re..
(1) R, R
(8)

3.2. Axial pressure drop gradient of liquid-steam two-phase
phase flow

The phase-separation model was proposed to
evaluate the axial pressure drop gradient of the
two-phase flow in terms of the equivalent mass rate
of steam flow [19]:

dp _ > (dp>
—= o\ 3. ) (9)
dz 80\ dz g0
where
dp) Ago G2
e ) R il (10)
(dz o 4 2p
~1/4
0 = (Zpx(1-2 <“V+X<1 —’“”>> :
8 1 Pg I Iy
(11)
Ago = 0.3164 Re, /* (12)

3.3. Condensation inside a horizontal tube in presence of
NCG

The governing equation for energy conservation
equation at the interface shown in Fig.lb can be
written as

ot — tw) = O(g(tb — t;) +mr. (13)
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The condensation rate of steam at the interface can be
described as

yi,v - yv

=1 (14)

m = pgfi

The mass concentration of steam at the interface can
be calculated as [21]

pi,v
Yiv =50

b (15)

3.4. Solution algorithm

The solution algorithm stars with the assumption
that the temperature of tube wall keeps constant during
the condensation process. With the above chosen corre-
lations in controlled volume along the tube length, the
temperature of condensation film and condensation rate
is calculated. Therefore the variation of the outlet steam
quality, heat transfer temperature difference of internal
condensation, the tube length, inlet mass concentration
of NCG and condensation temperature is obtained.

4. Results and discussion
4.1. Effect of tube length on outlet steam quality

It is shown in Fig. 4 that the effect of tube length on
outlet steam quality. The results are presented for dif-
ferent temperature difference, At, between inlet steam
and tube inside surface and for a particular condensa-
tion saturation temperature, 65°C. It can be seen that
the outlet steam quality decreases with an increase in
tube length and At.

With an increase in At, the heat transfer rate for the
unit length, g, increases while the local heat transfer
coefficient, 1, reduces. As the portion of condensation
rate contributed from g4 dominates, the outlet steam
quality reduces with an increase in Af. An increase in
the tube length, corresponding to an increase in the
heat transfer area, results in more steam being con-
densed. It is worth noticing that there are not the rele-
vant values of outlet steam quality for L =9 and L =10
when At is beyond 1.2°C. This is because the steam is
condensed completely before it reaches the outlet of the
tube. Therefore the temperature difference is an impor-
tant factor to decide the tube length.

Fig. 5 reflects the effect of condensation temperature
on the outlet steam quality. The outlet steam quality
increases with an increase in condensation tempera-
ture. This is mainly because the steam density increases
with an increase in condensation temperature, which
leads to an increase in the inlet steam mass rate.
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0.7 d,=24mm V;,=55m/s L=8m

Outlet steam quality

0
090 095 100 105 110 115 120
At (°C)

Fig. 4. Effect of tube length on outlet steam quality with dif-
ferent temperature difference.

4.2. Effect of interfacial shear stress and NCG on tube length

For given outlet steam quality three kinds of situa-
tions are compared to analyse the effect of outlet steam
quality on tube length. The situations include the pro-
cess of pure condensation, combined pure condensa-
tion with interfacial shear stress and combined pure
condensation with interfacial shear stress and NCG.

In Fig. 6 the comparison among the three ones is
done in terms of given outlet steam quality X,
= 0.2, condensation temperature and At. It is clearly
seen that the calculated tube length in Fig. 6b is longer
than that in Fig. 6a. The difference is due to the effect
of interfacial shear stress on condensation rate which
was usually regarded as negligible. The comparison
between Fig. 6a and Fig. 6b proves that the interfacial
shear stress is an important factor on internal
condensation. When Fig. 6b is compared with Fig. 6c,
it can also be seen that the presence of even very small
mass fraction of NCG, 0.1%, significantly influences the
tube length. When steam condenses in the presence of
NCG along the tube length, the local temperature differ-
ence reduces due to an increase in local partial pressure
of NCG and a decrease in local partial pressure of steam.

Fig. 7 shows the calculated tube length for different
mass fraction of NCG. The tube length increases

—e—tc=55°C
—a— tc=60°C
—A— tc=65°C

d,,;=24mm V,,=55m/s

Outlet steam quality

0 1 1 1 1 1 1 1 1
080 085 090 095 100 105 110 115 1.20
At (°C)

Fig. 5. Effect of condensation temperature on outlet steam
quality with different temperature difference for L = 5 m.
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Fig. 6. Variation of tube length at different condensation temperature and temperature difference for given outlet steam quality
Xout = 0.2. (a) Pure condensation. (b) Combined pure condensation with interfacial shear stress. (c) Combined pure condensa-

tion with interfacial shear stress and NCG.

obviously with an increase in mass fraction of NCG. It
also can be seen that there is no corresponding tube
length for Xncg = 0.3% and At < 1.1°C. This is mainly
because the local temperature difference becomes zero
before the heating steam reaches the exit. Thus only
certain part of the heat transfer area is used for heat
transfer. The analytical result demonstrates that the
mass fraction of NCG is one of the most important
factors to decide the tube length.

The variation of the tube length at different At and
outlet steam quality for three situations is shown in
Fig. 8. The tendency of the tube length in the three situa-
tions is identical in terms of At and outlet steam quality.
The tendency is that the high outlet steam quality
corresponds to the long tube length. The calculated tube
length in Fig. 8a is shorter than the corresponding one in
Fig. 8b and Fig. 8c. It can be seen that the varying rate of
tube length in Fig. 8a is approximately linear while that
in Fig. 8b and Fig. 8c is mild, not as steep as in Fig. 8a.
The main reason is that the effect of interfacial shear
stress and NCG on internal condensation is compen-
sated by increasing the tube length.

5. Conclusions

The analysis presented in this paper has investi-
gated the thermal and hydrodynamic characteristics

of a horizontal tube with an internal condensing steam
flow. The correlations of heat transfer coefficient and
interfacial shear stress of internal condensation have
been compared and evaluated in order to select the
correlations for simulation models. The selected
models have been used to illustrate how various para-
meters affect the process of internal condensation. The
calculation and analysis takes into account the effect of
interfacial shear stress, NCG, outlet steam quality,
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Fig. 7. Variation of the tube length at different mass fraction
of NCG and temperature difference for given outlet steam
quality Xy = 0.2.
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densation with interfacial shear stress and NCG.

condensation temperature, heat transfer temperature
difference on the heat transfer process of internal
condensation. The results indicate that reducing conden-
sation temperature and increasing temperature differ-
ence contributes to improving the condensation rate of
unit length for certain values of the length of tubes and
inlet steam velocity, and that the tube length depends
on the temperature difference, i.e. the long tube corre-
sponds to the low temperature difference. That is to say
that the condensation temperature difference should be
controlled in certain rang in order to avoid steam con-
densing completely before it reaches the exit of the tube.
The analytical results also show that the effect of interfa-
cial shear stress on condensation rate of internal conden-
sation is important instead of being neglected, and the
very small mass fraction of NCG can significantly
increase the tube length as NCG which was usually not
taken into account reduces the local temperature differ-
ence along the tube length. An increase in the tube length
compensates the negative effect of interfacial shear stress
and NCG on internal condensation.

Symbols

d tube diameter, m

de pressure gradient, Pa-m ™"

g gravity acceleration, m-s ™'

Jo© superficial velocity of gas

m condensation rate of steam, kg-s '

r latent heat, J-kg ™!

X steam quality

Yy mass concentration of steam at the interface

Greek letters

local heat transfer coefficient, W-m 2K ™!

o
p mass transfer coefficient in the gas phase, m-s™'
A thermal conductivity, W-m LK!

) fugacity coefficient

Subscripts

b bulk phase

i interface

g non-condensable gas

1 liquid phase

v steam phase

w wall
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