¢! Desalination and Water Treatment
www.deswater.com

33 (2011) 218-223
September

1944-3994 / 1944-3986 © 2011 Desalination Publications. All rights reserved.

O doi: 10.5004/dwt.2011.2640

Condensation character of a stratified flow inside a horizontal tube
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ABSTRACT

A series of experiments was performed to investigate the steam condensation phenomenon of
stratified flow inside horizontal tube in vacuum condition. Using segmented cooling mode to
maintain a near-constant temperature of cooling water. Based on the experimental results, this
paper analyses the influence of temperature difference and the inlet velocity of vapor on both heat
flux density ratio and heat transfer coefficient ratio between water side and vapor side. It is found
that inlet velocity and condensate quantity has obvious effect on both heat flux density ratio and

heat transfer coefficient ratio.

Keywords:
Desalination

Heat flux density ratio; Heat transfer coefficient ratio; Stratified flow; Condensation;

1. Introduction

The multiple-effect distillation (MED) process is one
of the main desalination method nowadays [1]. In the
past for technology reason, the capacity of MED plants
is lower than that of the multiple-stage flash (MSF). But
as MED is more efficient thermodynamically than MSF
[2], MED desalination technology causes more and more
attention in recent years. Since its higher heat transfer
coefficient, the horizontal tube falling film evaporator is
widely used in the MED plants [3].

In a MED plant with the horizontal tube falling film
evaporators, the brine gets evaporated on the outside
surface of horizontal tubes and the vapor gets condensed
in horizontal tubes. In the condensing process, due to the
effect of gravity, the condensate collects at the bottom
of the tube and its film thickness around the tube is not
uniform. This non-uniformity made the condensation
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inside the horizontal tube more complex than that in a
vertical tube. The stratified flow of condensate collecting
at the bottom of the tube will reduce the local heat transfer
coefficient. The condensate thickness gathered at the bot-
tom of the tube is related with the heat flux density and
the tube length. It is clear that the understanding of the
heat transfer coefficient distribution around the tube is
critical for the optimum design of evaporators in a MED
desalination plant.

For stratified flow in a tube, the condensate can be
divided into two parts: a thick condensate layer flows at
the bottom of the tube and a thin liquid film forms on the
upper portion of the tube surface. Jaster and Kosky [4]
firstly suggested using classical Nusselt [5] theory to ana-
lyze the heat transfer through the thin film, and the heat
transfer at the bottom of the tube should be neglected.
Cavallini [6], Dobson and Chato [7] considered that heat
transfer that occurs in the liquid pool at the bottom of
the tube might not be negligible at high mass velocity.
Wang [8] found that the effect of gravity is obviously in
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the horizontal tube with large diameter, the stratified
flow occurs in the whole condensation process and wall
temperature distribution on the pipe circumference sig-
nificantly different, and this difference increases with the
tube diameter. Thome [9] considered that the simplified
flow structure assumed for evaporation inside horizontal
tubes by Kattanetal [10] can also be applied to condensa-
tion, where the only difference is that the top of the tube
in a stratified flow will be wetted by condensation film
rather than remain dry during evaporation. Peng et al.
[11] analyzed the effect of the steam velocity in the film
by numerical simulation, and found that, with the inlet
steam velocity increasing, the shear stress in the liquid
film will became greater, the film will become thinner
and the heat transfer coefficient will rise. Laohalertdecha
[12] studied the condensation of R134a in the tube and
found that heat transfer coefficients increased with vapor
quality and mass velocity.

Flow pattern maps are used to determine flow patterns
by depicting flow regime transition boundaries. The well-
known flow pattern maps for horizontal tubes are those
of Baker [13], Mandhane et al. [14], Thome [15], Taitel and
Dukler [16], Soliman [17], and Mederic et al. [18]. All of
those show that when mass flow rate of the condensate
is low, the flow pattern would transfer from the stratified-
wavy flow into stratified flow as the vapor velocity comes
down. So only stratified-wavy flow and steady stratified
flow exist in the horizontal tubes of MED .

Although heat transfer coefficient of the liquid pool
at the bottom of the tube is small, the wall temperature at
the bottom of the tube is normally lower than the upper
portion of the tube. It will have a larger temperature dif-
ference with vapor in the tube, therefore, the heat transfer
occurs in the liquid pool might not be considered. This
paper analyses the influence of temperature difference
and the inlet velocity of vapor on heat transfer at the bot-
tom of the tube based on experimental results. Through
the experimental study on condensation character of
stratified flow inside horizontal tube, this article provides
technical support for structure design of evaporator in
MED power plant.

2. Experimental system

The experimental system for condensation heat
transfer in a horizontal tube is shown in Fig. 1. This
system consists of the steam generator, the test section,
vapor-liquid separator, condenser, liquid collection tank,
vacuum pump, cooling water tank, pumps and other
components. It could be classified as 3 subsystems as
shown below. To simulate the operation condition of the
multi-effect evaporation desalination system, the heat
transfer coefficient and the pressure drop of the steam
were measured under the saturation temperature from
40°C to 70°C [19]. Although the inlet velocity of the steam
is high, the specific volume of the steam is large in the
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Fig. 1. Diagram of the experimental system. 1 — evaporator,
2 — test section, 3 — glass tube, 4 — temperature measuring
cross section, 5 — vapor-liquid separator, 6 — condenser, 7 —
vacuum pump, 8 — liquid collection tank, 9 — cooling water
tank, 10 — pumps.

e

vacuum condition, the mass flow rate is low and decreases
sharply alone the tube since the condensation.

2.1. Steam subsystem

The steam subsystem is composed of five parts: the
steam generator, the test section, the vapor-liquid separa-
tor, the condenser and the liquid collection tank, as shown
in Fig. 1. The test section is composed of five tube-in-tube
heat exchangers with each tube length of 2 m. The test
tubes are made of aluminum brass, and its inner diameter
is 24 mm with the tube wall thickness of 0.7 mm.

The saturation steam is produced in the evaporator
by electric heating. The evaporator is connected with
the test section under the same vacuum condition. In
the test section the saturation steam will get condensed
inside the tube and exchange heat with the cooling water
outside the tube. After the test section, the steam and
the condensate flow into vapor-liquid separator, and
the condensate water will remain in the separator while
the steam will flow to the condenser and get condensed.
Both the vapor-liquid separator and the condenser have
aliquid meter to measure the condensing rates. The error
range of mass flow rate is less than 2%.

2.2. Cooling subsystem

The cooling subsystem is composed by cooling water
tank and pumps, as shown in Fig. 1. Cooling water in cool-
ing water tank has been heated to a certain temperature,
and then is pumped to the annular cooling channel. This
keeps each tube-in-tube heat exchangers having the same
inlet temperature of cooling water. The flow rate of cool-
ing water for each exchanger is the same and is calibrated.
By measuring the temperature rise and flow rate of the
cooling water, we might know the heat transfer rate of
each tube-in-tube heat exchanger.

2.3. The instrument subsystem

Five cross sections are selected for the temperature
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Fig. 2. Thermocouples distribution at cross section.

measurements. On each cross section five thermocouples
are set respectively for measuring temperatures of the va-
por and the condensate as well as the wall temperatures at
the top, the middle and the bottom in the tube, as shown
in Fig. 2. All the thermocouples have an accuracy of 0.1°C.

Pressure sensors are set at both the inlet and the
outlet of test section to measure the steam pressure. The
pressure sensor has an accuracy of +60 Pa. The tube side
pressure drop of each exchanger is also measured by a
differential manometer. It has an accuracy of +1 Pa.

Through the glass tube between exchangers the flow
pattern could be observed. In all the experiment pro-
cesses, we found only stratified flow and stratified-wavy
flow pattern, as shown in Fig. 3. Those flow patterns co-
incide with the flow pattern maps made by the scholars
mentioned above.

3. Calculation method

Ignoring the heat loss, the local average condensation
heat transfer coefficient a, can be expressed as:

Q, =a, FAt, At=t —t, 1)

where Q, is the heat transfer of one tube-in-tube heat
exchanger, F is the heat transfer area of one tube-in-tube
heat exchanger, At is the temperature difference, t_is the
saturation temperature of vapor, and ¢ _is the temperature
of tube wall.

Fig. 3. Flow patterns inside the glass tube.

As the tube wall is very thin, the heat conduction in
the wall along the axial and circumferential directions
can be ignored.

Each tube-in-tube exchanger has the same inlet tem-
perature and mass flow rate of cooling water, and the
cooling water inlet is near the measuring cross section.
Assuming that the heat transfer coefficient at the cooling
water side of each exchanger is equal, then the heat flux
densities on the top and at bottom of the tube can be
calculated respectively by Eq. (2).

qi :a’uut (twi_tl)’ i:S/C (2)

where g, is heat flux density, &, is the heat transfer coeffi-
cient at the cooling water side which is assumed to be con-
stant, ¢, is the average temperature of the cooling water,
t . refers to the wall temperature at the upper portion of
the tube on the vapor side and ¢ __is the wall temperature
at the bottom of the tube on the condensate side.

To study the stratification effect on the heat transfer
in tube, two dimensionless parameters are defined: the
heat flux density ratio (C) between the condensate side
and the vapor side, and the heat transfer coefficient ratio
(B) between the condensate side and the vapor side. They
are expressed as:

Czq_ﬂz—(twc —h) 3)
qs tws_tl
BZ&_qC/AtC._qn/(tS_twc) (4)

O _qs/Ats - qs/(ts_tws)

The vapor quality x is the ratio between the local mass
flow of vapor and the total mass flow at the entrance of
the tube. It can be expressed as

r=1-8 5)
ny

where Q_is the total heat transfer from the entrance of

test section to the local test point, m is the mass flow at the

entrance, y is the latent heat of vaporization at saturated

temperature.

4. Experimental results and analysis

4.1. Temperature distribution in the circumferential direction

Fig. 4 presents the wall temperature distribution along
the tube axis at the inlet saturation temperature of 56.6°C
and inlet steam velocity of 56 m/s. The wall temperatures
at the top and middle of the tube are nearly the same, but
the temperature at the bottom is lower than that at other
positions. This indicates that the condensate exists along
the tube and affects the temperature distribution. The
wall temperature decreases with the length. The reason
might be that under the influence of the flow resistance,
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Fig. 4. Wall temperature distribution at the circumferential
direction along the tube axis.

the saturation temperature of steam reduces while the
wall temperature decreases with the steam saturation
temperature. Even though the lowing down of the tem-
perature is only a little more than 1°C, its influence on heat
transfer is remarkable since the temperature difference
in a MED desalination plant is only 2-3°C.

4.2. Impact of temperature difference on condensation heat
transfer

Fig. 5 and Fig. 6 are heat flux density ratio and heat
transfer coefficient at the condition of inlet saturation
temperature 56.6°C, inlet velocity 56 m/s and temperature
difference between cooling and steam being 4°C, 6°C and
8°C, respectively.

Fig. 5 shows the heat flux density ratio at different
temperature differences. The results show that the tem-
perature difference has little effect on the heat flux density
ratio, but the vapor quality has an apparent impact on
it. In the front part of the tube, the heat transfer rate at
the bottom is higher than 75% of that on the top. With
the decrease of the vapor quality, the depth of the con-
densate gets increased and the portion of heat transfer
through condensate is lowing down. With the decrease
of the vapor quality, the flow pattern transfers either from
wavy stratified to steady stratified. The condensation
heat transfer coefficient at bottom of the tube is around
3/4 of that on the top of the tube. This shows that the heat
transfer through condensate should not be neglected.

The heat transfer coefficient at the bottom of the tube
in different temperature differences shown in Fig. 6.
The same as the heat flux density ratio, the heat transfer
coefficient at the bottom of tube increases with the vapor
quality, and it has little relationship with the temperature
difference.
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Fig. 5. Heat flux density ratio at different temperature
differences.
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Fig. 6. Heat transfer coefficient at the bottom of tube at different
temperature differences.

4.3. Impact of steam mass flow rate on the condensation heat
transfer

Figs. 7-10 are experimental results at a inlet saturation
temperature of 56.5°C with temperature difference of 4°C
for inlet velocity of steam from 56 m/s to 27 m/s.

Fig. 7 shows the heat flux density ratio at different
inlet velocity. The heat flux density ratio increases with
the mass flow rate at the same dimensionless length. As
the velocity of the condensation film is controlled by the
shear stress between condensate and steam, the veloc-
ity of condensation film will increased with the steam
velocity. The velocity of condensation enhances the heat
transfer coefficient in two ways. Firstly, it increases the
disturbance of the condensate. Secondly, it reduces the
condensate thickness which results in the decreasing of
the thermal resistance. But when the velocity of steam is
higher then a certain value, such as 47 m/s and 56 m/s
in Fig. 3, its effect on the enhancement of heat transfer
coefficient is not obvious.
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Fig. 7. Heat flux density ratio at different inlet velocities.
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Fig. 9. Heat flux density ratio with the local steam velocity.

Fig. 8 shows the heat transfer coefficient ratio at differ-
ent inlet velocity. Comparing with the figure 4, although
the heat transfer coefficient is relatively low(lower than
a quarter of the vapor side), the heat flux density ratio is
not negligible, because the temperature difference at the
bottom of tube is larger than that on the upper portion.

The curves of heat flux density ratio with the local
steam velocity are shown in Fig. 9 and the heat transfer
coefficient at the bottom of the tube is shown in Fig. 10.
The heat flux density ratio and heat transfer coefficient at
the bottom of tube is mainly affected by the local vapor
velocity, they all decrease with the local vapor velocity
decreasing. But the heat flux density ratio and the bottom
eat transfer coefficient have little significant change with
the increase of condensate mass flow rate (J ).

5. Conclusion

1) Although condensation heat transfer coefficient at
the bottom of the tube is at a low level (lower than
a quarter of the vapor side), while with a significant
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Fig. 8. Heat transfer coefficient ratio at different inlet velocities.
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Fig. 10. Bottom heat transfer coefficient with the local steam
velocity.

temperature difference, the heat flux density ratio is
not small. So the heat transfer at the bottom should
not be ignored.

2) The heat flux density ratio and the heat transfer coeffi-
cient ratio are obviously affected by the vapor quality.
They will increase with the inlet velocity of the steam.
But when the inlet velocity of the steam is higher than
47 m/s, the heat flux density ratio and the heat transfer
coefficient ratio will not change with steam velocity.
The heat flux density ratio and heat transfer coefficient
at the bottom of tube have little relationship with the
temperature difference of the steam and cooling water.

3) Ata certain cross section, the wall temperature on the
vapor side is almost the same but the temperature
at the bottom is obviously low since the existing of
condensate. At the end part of a long tube falling film
evaporator, the temperature difference would reduce
in a large extent. The tube length for a horizontal tube
falling film evaporator is limited by the saturation
temperature change.
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4) The heat flux density ratio and heat transfer coefficient
at the bottom of tube is mainly affected by the local
vapor velocity. But they have little significant relation-
ship with the condensate mass flow rate (] ).

Symbols

B — Heat transfer coefficient ratio

C  — Heat flux density ratio

F — Heat transfer area of one tube-in-tube heat

exchanger, m?

J.  — Condensate mass flow rate, g/s

L — Total length of test section, m

Q, — Heattransfer of one tube-in-tube heat exchang-
er, J/s

Q. — Thetotal heat transfer from the entrance of test
section to the local test point, J/s

g, — Heat flux density, W/m?

t — Steam temperature, °C

t, — Tube wall temperature, °C

t, — Inlet temperature of cooling water, °C

At — Temperature difference of the steam and cool-
ing water, °C

Z  — Distance from the entrance of vapour, m

Z/L — Inlet temperature of cooling water

Greek

. — Theaverage of condensation heat transfer coef-

ficient, W/(°C ‘m?)

a,, — Heat transfer coefficients at the cooling water
side, W/(°C ‘m?)

S — Thickness of the condensate film, mm

Subscripts

s — Steam side

c — Condensate side
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