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Abstract: To improve the heat and mass transfer performances of falling films and
develop a new type of falling film evaporator, the characteristics of falling film
evaporation and sensible heat and mass transfer in four different sizes of
converging-diverging (CD) tubes were experimentally explored in this study. By
analyzing the relationship between the heat transfer coefficient and the falling film
flow rate, it was found that the CD tube is suitable for falling film evaporation and
sensible heating with a large Reynolds number. For different sizes of tubes, the key
factor affecting the heat transfer in falling film evaporation and sensible heating is the
height of the ribs. At the same rib height and rib pitch, the longer the converging
segment of the CD tube, the better the heat transfer performance. According to the
comparative analysis of the evaporation and sensible heating heat transfer
performances inside the four CD tubes, the CD tube 3# is best. The evaporation heat
transfer coefficient (at Reynolds number of liquid films of 2356), evaporation mass
transfer rate (at the perimeter flow rate of liquid films is 0.173 kgm™s™?), and sensible
heating heat transfer coefficient (at Reynolds number of liquid films of 1635) of CD
tube 3# are 62%, 38% and 63% higher than that of the smooth tube, respectively. For
the same CD tube, the evaporation heat transfer coefficient is larger than the sensible
heating heat transfer coefficient, but both increases as the flow rate increases. The
heat transfer correlations of falling film evaporation and sensible heating in the
experimental range were obtained through data fitting. It will provide a useful

reference for future engineering design and industrial applications.
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1. Introduction

The heat and mass transfer of the falling film flowing over a vertical heating
surface is of great importance in many industrial operations, such as the temperature
raise or evaporation of the liquid, or selective evaporation of specific components.
Such operation, that is falling film evaporator, has been widely used in seawater
desalination, pulp and paper, food processing, air-conditioning and many other
industries [1]. With the rapid economic and social development, rising energy prices,
and increasing environmental protection requirements, the industrial demand for
energy-consuming equipment continues to rise. Therefore, the development of
enhanced heat and mass transfer technology that can improves the heat transfer
performance of the falling film evaporator and increase its evaporation efficiency is of
great significance to the project investment, energy saving and consumption
reduction.

Much research has been conducted from different influencing factors on falling
film heat transfer of vertical smooth tubes, see, e.g. Refs. [2-6], regarding flow
regimes, [7-9] for liquids properties, [10] for liquid film surface tension, [11-13] for
phase shear stress, and [14-15] for thermal entry length. For literature concerning
different influencing factors, it is common knowledge that flow regimes exert the
most pronounced influence on heat transfer [7, 16]. However, it is rarely on the heat
transfer enhancement of vertical smooth tubes, and the major existing enhancement
methods include tube gas ventilation, tube insertion, and tube shape modification. In
the existing enhancement methods, tube shape modification was more studied. For
example, Fagerholm et al. [17] used four enhanced heat transfer tubes (High flux,
Gewa-T, Thermoexcel-E and-EC) to perform the falling film evaporation experiments,
respectively, and found that the four enhanced heat transfer tubes can improve the

heat transfer performance. Park and Choi [18] used a vertical grooved tube to study



the coupled evaporation and condensation processes of the downwardly flowing film
along the inner and outer walls of the tube and demonstrated how the grooved surface
enhances heat transfer. Jiang [19] used corrugated tubes to divert the liquid film to
flow downwards along alternant curves and to thin the turbulent boundary layer
through flow speeds. The results showed that the heat transfer performance was
improved by about 10%. Pehlivan [20] studied the heat transfer characteristic of air
flow in corrugated channels, and found that the increase of corrugated angle and
channel height tends to increase heat transfer. Gonda et al. [21] experimentally studied
the falling film evaporation on a single vertical corrugated plate, and found the heat
transfer coefficient was at least 50% higher than the smooth plate. Fan et al. [22]
studied the effect of the inner surface sintered porous tube on the heat transfer of
falling film evaporation, and found that its heat transfer coefficient and total heat
transfer coefficient were 103% and 78% larger than that of the smooth tube. However,
due to the difficulties in manufacturing and maintenance, many enhanced heat transfer
tubes have not been extensively applied in the industry.

The development and application of high efficiency enhanced heat transfer units
have been the most active and vital research topic in the field of heat and mass
transfer. Converging-diverging (CD) tube is a typical enhanced heat transfer tube,
consisting of alternating divergence and convergence segments. In the case of higher
heat transfer coefficient, smoother surface transition, and smaller flow resistance, the
CD tube is widely applied in sulfuric acid, petrochemical and other industries [23-24].
The enhanced heat transfer in CD tubes has been extensively studied [25-26], which
consistently indicate CD tubes have better enhanced heat transfer performance. Our
previous research has accumulated a lot of experimental data about the CD tube. For
example, Zhang et al. [27-28] used CD tubes for natural convection heat transfer and
natural convection boiling heat transfer experiments and the results showed that the
heat transfer coefficients were improved to some extent compared with the smooth
tube. Chen et al. [29-30] studied the turbulence convection heat transfer in CD tubes
through numerical simulations and revealed the distribution laws of flow-direction
field synergy that affecting the convective heat transfer intensity. Besides, based on
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the optimized CD tube proposed by Murait [31], an improved structure of the CD
tube was put forward by extending the length of converging segment and shortening
the length of the diverging segment, and they demonstrated its higher heat transfer
coefficient than common CD tube. Huang et al. [32-33] studied the mechanism of
enhanced heat transfer in CD tubes and found that the key parameter affecting the
heat transfer performance - roughness height should be located in the flow transition
zone. Meanwhile, Duryodhan [34] carried out single phase fluid flow and heat
transfer in diverging and converging microchannels, and found that the heat transfer
coefficient is 35% higher in converging microchannel compared with diverging
microchannel. Currently, the research on CD tubes as high-efficiency enhanced heat
transfer units mainly focuses on single-phase flow and convective boiling heat
transfer inside and outside the tube, but rarely focuses on falling film evaporation or
sensible heating. In this study, to improve the heat and mass transfer performance of
the falling film and develop a new type of falling film evaporator using water as a
working fluid, the characteristics of falling film evaporation and sensible heat and
mass transfer in four different sizes of CD tubes were experimentally explored and
compared with the smooth tube. In the literature mentioned above, there are many
influencing factors on falling film heat transfer. However, this work mainly focuses
on the effect of the liquid film flow rate on the heat transfer coefficient. The findings
together with the analysis of the enhanced heat and mass transfer performances of
falling film evaporation and sensible heating forms the basis for applying CD tubes to

falling film evaporators.

2. Experimental method

2.1. Experimental apparatus

The measurement of the heat and mass transfer performances of falling films was
carried out in the experimental apparatus shown in Fig.1. It consists of a liquid
circulation system, vapor condensation system, heating steam system and heat transfer
tube in a test section, auxiliary heater device and associated instruments for

temperature, pressure and flow rate. The working fluid is pumped by pump 3 from the



metering tank 2 to the top reservoir 6. Here the fluid is heated by the auxiliary heater
1 to a certain temperature, then it passes through a regulating valve 4 and flows into
the flow meter 5, and the fluid is from the flow meter 5 to the top reservoir 6 at a
desired flow rate. Finally, the falling films is formed on the inner surface of the
studied heat transfer tube. The top of the heat transfer tube has a flow development
section of 0.2 m, which ensures that the liquid films is flowing evenly before heating,
and their actual effective heated lengths are all 2.3 m. Before the experiments, the heat
transfer tubes were first washed with acid solution and then with alkaline solution,
and finally with water to eliminate the fouling of the wall surface and make the
surface clean. The geometry parameters of the studied heat transfer tubes are listed in
Tab.1 and the structural scheme of the CD tube is illustrated in Fig.2. Evaporated
vapor from the liquid films is collected into the condensers 13 and 14, and the
condensate liquids is sent back to the metering tank 18 for measurement. The
unevaporated liquids entered metering tank 12. The outside of the heat transfer tube is
supplied with saturated heating steam. Before the experiment begins, valves 19 and 20
are opened, the air outside the heat transfer tube is discharged by saturated heating
steam. In the experiment, the valve 20 is closed and the valve 19 is adjusted slightly
so that the saturated heating steam outside of heat transfer tube is maintained at a
constant temperature and pressure. Steam condensation generated during the
experiment is sent to the metering tank 11 through the vapor-liquid separator 9.
Temperature (liquid, heating steam), mass (liquid, vapor), volume flow rate, and
heating steam pressure were measured by platinum resistance temperature sensors
with an accuracy of £0.1°C at the full scale (-50-180°C) produced in Shanghai Jiamin
Instrument Co., Ltd., China, weighing devices with an accuracy of + 1.0g at the full
scale (0-50kg) produced in Ruian Ante Weighing Equipment Co. Ltd., China, a
rotameter with an accuracy of £1.5% at the full scale (10-100 L/h) produced in
Jiangsu Zhongnan Instrument Technology Co., Ltd., China and a pressure transmitter
with an accuracy of +0.1% at the full scale (0-0.16MPa) produced in Shanghai
Yichuan Instrument Factory, China, respectively. Acquisition time for each set of data

is about 30 min, timer accurate to 0.1 s.



In the experiment, the liquid films inside the heat transfer tube should be kept in
a stable state with uniform thickness, and flowed down over the circumference of the
heat transfer tube. If the heat transfer tube is not at right angle to the horizon or its
inlet port is not smooth, the film diffusion will become non-uniform and there may be
localized drying-out of the tube wall. Fig.3 shows the bottom top view of the falling
film top reservoir 6. In the test range, when fluid was pumped into the top reservoir 6,
the water flowed down slowly through the reservoir wall. The water inside the
reservoir, via the way of overflow, overflowed from outside of the heat transfer tube,
passed through the tube walls, and then flowed down along the inside vertical tube
surface in the form of thin falling films. The steady state of the films was decided by
whether the water level in the reservoir was constant or not, and that the liquid films
flowed down over the circumference of the heat transfer tube was judged by whether

the liquid films flowed out over the circumference of the heat transfer tube or not.
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Fig.1 Schematic diagram of the experimental apparatus
Tab.1 Main structure dimension of heat transfer tubes
Tube type do(m) di(m) L(m)  p(m) pr(m)  p2(m) e(m)

CD tube 1# 0.019 0.016 2.3 0.0115 0.0005 0.011 0.0005
CD tube 2# 0.019 0.016 2.3 0.0115 0.011 0.0005 0.0005
CD tube 3# 0.019 0.016 2.3 0.014 0.0105 0.0035 0.002
CD tube 4# 0.019 0.016 2.3 0.014 0.0035 0.0105 0.002
Smooth tube 0.019  0.017 2.3

do = outer diameter; di = inner diameter; L = length of analysis segment; p = pitch spacing;

p1 = length of converging segment; p2 = length of diverging segment; e = rib height.
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Fig.2 Structural scheme of converging-diverging tubes
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Fig.3 Bottom top view of falling film top reservoir

2.2 Experimental procedure

When the heating steam outside the heat transfer tube is maintained at 100 °C, the
medium (water) at atmospheric temperature flows into the heat transfer tube. Then the
first falling film experiment is performed at different water flow rates. The fluid is
heated to the boiling point and evaporation begins. The entire process within the heat
transfer tube is divided into a sensible heating stage and an evaporation stage. Then
the second falling film experiment is repeated by preheating the water to the boiling
point again. This time, there is only one evaporation stage for the entire process. The

heat transfer process of the falling films in the heat transfer tube is showed in Fig.4.
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Fig.4 Scheme of the falling films within the heat transfer tube

2.3 Data reduction

In each heat transfer experiment, the difference between “the mass of falling
films entering the heat transfer tube” and “the mass of falling films flowing out and
evaporating” is kept within £3%. The difference between “the heat released from the
heating steam condensation outside the heat transfer tube” and “the heat absorbed by
the falling films inside the heat transfer tube” is kept within £8%. The accuracy of all
experimental data was ensured according to the mass and energy balance of the fluid.

In the first falling film experiment, each falling film heating process was divided
into two segments: falling film sensible heating and falling film evaporation. The heat

flux density of the first segment (q,) and second segment (g,) were respectively:

_ cpm(Tin—Tout)
rmy
q; = TdiLt 2
Li+Lo=L 3)

where ¢, is the specific heat capacity of liquid film, J/(kg-K); m, is the mass of

liquid films, kg; Ti, is the liquid film inlet temperature of the first section, K; Tyyut



is the liquid film outlet temperature of the first segment or evaporation temperature of
the second segment, K; d; is the inner diameter of heat transfer tube, m; L1 is the
length of the first segment, m; t is the experimental run time, s; r is the vaporization
latent heat of liquid film under saturation temperature, J/kg; m,, is the mass of liquid
film evaporation, kg; L is the length of the second segment, m; L is the length of
analysis segment of the heat transfer tube.

The overall heat transfer coefficients of the falling film sensible heating (K;)

and falling film evaporation (K,) were:

K, = =2 4
L™ ATimro ( )
K, = qz 5

2 Tr—Tout ( )

where Tj, is the heating steam temperature outside the heat transfer tube, K; AT;mTp

is the logarithmic mean temperature difference, defined as:

(Tk_Tin)_(Tk_Tout) (6)

ATimp = In((Tk~Tin)/(Tk—Tou))

The heat transfer coefficient of the falling film sensible heating or falling film
evaporation (h) was:

h=—'m (7

where d,is the outer diameter of the heat transfer tube, m; A is the thermal
conductivity coefficient of the heat transfer tube, W/(m-K); h, is the heating steam
condensation heat transfer coefficient outside the heat transfer tube.

The heating steam condensation heat transfer coefficient (h,) outside the heat
transfer tube was computed by Nusselt’s filmwise condensation experimental
correlation. When deducing the theoretical equation to calculate the average h, of
laminar filmwise condensation, Nusselt proposed a series of assumptions that may not
completely hold in real applications. In fact, the majority of experimental results were
about 20% larger than the theoretical calculations. Thus, we adopted a modified
equation [35-36]:

2,13 2
=11 _T0P0" 920 11/4 =1. Po°g 1/3p -1/3
ho 3[P-0L(Tk_To)] 7640( o2 ) €o (8)

where 1, is the condensation latent heat of heat transfer tubers under saturated



vapors, J/Kg;p, is the density of condensation liquid, kg/m®; g is the acceleration of
gravity, m/s?;1, is the thermal conductivity coefficient of condensation liquid,
W/(m-K);u, is the dynamic viscosity of condensation liquid, kg/(m-s); T, is the
outer wall temperature of tubes, K; Re, is the Reynolds number of condensation
liquid.

In the second falling film evaporation experiments, with Egs. (2) , (5) , (7) and
(8), we got the correlativity between the evaporation heat transfer coefficients and
falling film flow rate inside the heat transfer tubes. According to the average liquid
film Reynolds number in the second section of the first falling film experiments, and
through the correlativity between the evaporation heat transfer coefficients and falling
film flow rate inside the heat transfer tubes, we got the heat transfer coefficient of the
second section through interpolation. With Egs. (2), (5), (7) and (8), we calculated the
length of the second segment (L), and the length of the first segment (L1) can be
determined.

The dimensionless heat transfer coefficients of the first segment or second
segment (h*) was:

Bt = h(Z)V? (©)

where v is the dynamic viscosity of liquid films, m?/s; A is thermal conductivity
coefficient of liquid films, W/(m-K).

The average perimeter flow rates of the first segment or second segment (I") was:

my
md;t

I =

(10)
The average Reynolds numbers of the first segment or second segment (Re) was:

4ar
Re = 7 (11)

where u is the dynamic viscosity of liquid films, kg/(m-s).
The average liquid film evaporation mass transfer rate (u,) was:

=M (12)

u, =
v TL'dl'LZ t
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2.4 Error analysis

Except for mass, temperature and experiment time of falling liquid films that
were measured instrumentally, other parameters defined in this study (e.g. Reynolds
number, overall heat transfer coefficients of the falling film evaporation and sensible
heating, evaporation and sensible heating heat transfer coefficients inside heat transfer
tubes and evaporation mass flow rate of falling films) were determined from
experimental data. Generally, the uncertainty resulting from instruments and
fluctuations of experimental conditions can be analyzed. In order to well present the
error analysis, we summarized the mean relative errors of key parameters in Table 2.
The principle of uncertainty propagation was applied to each experimental data point

[37]. Thus, the relative errors of the parameters to be calculated were computed as

follows:
= [y T @
Tl () ()T (1)
el T @
o Rl oo

where the influence of some parameters such as the tube dimensions and geometrical
properties of the experimental setup are of minor importance, because of the accurate
measurements. Further, the heating steam condensation heat transfer coefficient
outside the heat transfer tube is calculated by the modified Nusselt’s film
condensation relation, and the error of the relation is ignored.

The mean relative errors for Reynolds number, overall heat transfer coefficient,
evaporation heat transfer coefficient and evaporation mass flow rate of falling films
are 2.5%, 3.4% ,7.5%, 2.5% for the falling film evaporation experiments within the
CD tubes, and 2.5%, 3.4% ,6.6%, 2.5% for smooth tube, respectively. The mean
relative errors for Reynolds number, overall heat transfer coefficient, sensible heating
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heat transfer coefficient are 2.5%, 2.6% ,6.1% for the falling film sensible heating
experiments within the CD tubes, and 2.5%, 2.6% ,5.3% for smooth tube,
respectively.

Table 2 Parameters and estimated uncertainties

Parameters Symbols (Unit) Uncertainty

my(9) 109
Mass

my(Q) 109

T, (°C) +0.1°C
Temperature

T(°C) +0.1°C
Time t (s) +0.1s

For the CD tubes (falling film evaporation)

Reynolds number - 2.5%
Overall heat transfer coefficient K(W/(m?-°C)) 3.4%
Evaporation heat transfer coefficient h(W/(m?-°C)) 7.5%
Evaporation mass flow rate u, (kg/(m?-s)) 2.5%

For the CD tubes (falling film sensible heating)

Reynolds number - 2.5%
Overall heat transfer coefficient K(W/(m?-°C)) 2.6%
Sensible heating heat transfer coefficient h(W/(m?-°C)) 6.1%

For the smooth tube (falling film evaporation)

Reynolds number - 2.5%
Overall heat transfer coefficient K(W/(m?-°C)) 3.4%
Evaporation heat transfer coefficient h(W/(m?-°C)) 6.6%
Evaporation mass flow rate u, (kg/(m?-s)) 2.5%

For the smooth tube (falling film sensible heating)

Reynolds number - 2.5%
Overall heat transfer coefficient K(W/(m?-°C)) 2.6%
Sensible heating heat transfer coefficient h(W/(m?-°C)) 5.3%
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3. Results and discussion

3.1 Falling film evaporation heat transfer coefficient

Fig.5 shows the effect of liquid film Reynolds number on the evaporation heat
transfer coefficient for the four CD tubes and the smooth tube. We know that studies
of falling film evaporation in vertical smooth tubes have been conducted by a number
of researchers, The Chun and Seban’s correlation was considered more accurate by
the sixth International Heat Transfer Conference [38], and widely used in falling film
evaporation. We also experimentally analyzed falling film evaporation in vertical
smooth tube, compared the results with calculations of the Chun and Seban’s
correlation, and the largest error is within £6%. For a comparison of experimental
results with literature data, it is important to ensure that the experimental system and
experimental data of falling film evaporation are modestly reliable and accurate. As
shown in Fig.5, with the increase of Re, the evaporation heat transfer coefficient of
the smooth tube declines, which is consistent with Chun and Seban [1] who reported
the liquid film evaporation heat transfer under a similar range of Reynolds number.
This is mainly because the increase of liquid film flow rate leads to the enlargement
of film thickness, and despite the large or small waves atop the liquid films, it helps to
enhance heat transfer. Nevertheless, the unfavorable factors still surpass the favorable
factors, leading to a reduction in the evaporation heat transfer coefficient. With the Re
rises from 1000 to 2600, the falling film evaporation heat transfer coefficients of CD
tubes all increase. The evaporation heat transfer coefficients of CD tubes are all
smaller than the smooth tube when Re is 1000 to 1500, but are larger when Re is 1500
to 2600. It is indicated the CD tubes are appropriate for falling film evaporation with
large liquid film Reynolds number, while the smooth tube is better in case of small Re.
This is because at small Re, film thickness dominates the evaporation heat transfer
coefficients of falling films. In the CD tubes, the alternate arrangement of converging
segment and diverging segment leads to the periodical " increase and decrease " of
film thickness in the falling film process, but the average film thickness is larger than

the constant film thickness of the smooth tube, so the heat transfer effect is reduced.

13



As the Re rises, the liquid films in the CD tubes become more turbulent, so the
turbulent-induced heat transfer is more influential than film thickness and the falling
film evaporation heat transfer coefficient gradually increases. As for different
dimensions, the falling film evaporation heat transfer coefficients of CD tubes 3# and
4# both are better than tubes 1# or 2#. This is because tubes 3# and 4# have larger rib
heights, which appropriately help to efficiently induce the disturbance of liquid films
[32]. In the meantime, the falling film evaporation heat transfer coefficients of CD
tubes 3# and 2# are better than tubes 4# and 1#, respectively. This is mainly because
the heat transfer performance is enhanced in the converging segment and weakened in
the diverging segment, according to the field synergy theory. Thus, at the same rib
height and rib pitch, the longer the converging segment of the CD tube is, the better
the heat transfer performance is [29-30].According to the comparative analysis of the
evaporation heat transfer performances inside the four CD tubes, the CD tube 3# is
best. At Reynolds number of 2356, the evaporation heat transfer coefficient of tube 3#

is 62% higher than the smooth tube.
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Fig.5 Effect of liquid film Reynolds number on the evaporation heat transfer coefficient

3.2 Falling film evaporation mass transfer

The effect of perimeter flow rate on the evaporation mass transfer rate for the

four CD tubes and the smooth tube is illustrated in Fig.6. When the perimeter flow
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rate increased, the evaporation mass transfer rates rose in the CD tubes and decreased
in the smooth tube. The reason is that a larger evaporation heat transfer coefficient
promotes the heat absorption by the liquid films, leading to the increasing of
evaporation in the liquid films and thus the evaporation mass transfer rate. Moreover,
with the rise of flow rate, the evaporation mass transfer rates of tubes 3# and 4# both
surpass that of tube 1#, 2# or the smooth tube, and tubes 3# and 2# are better than
tubes 4# and 1#, respectively. When the perimeter flow rate of liquid films is 0.173
kgms?, the evaporation mass transfer rate of falling films in tube 3# is 0.0094

kgm2s, which is 38% significantly higher than the smooth tube.
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Fig.6 Effect of liquid film perimeter flow rate on the evaporation mass transfer rate

3.3 Falling film sensible heating heat transfer coefficient

The effect of liquid film Reynolds number on the sensible heating heat transfer
coefficient for the four CD tubes and the smooth tube is illustrated in Fig.7. Much
work has been done in the past in the field of falling film sensible heating in vertical
smooth tube. In particular, Wilke’s [39] empirical formula was widely used in falling
film sensible heating. We also experimentally analyzed sensible heating in vertical
smooth tube and compared the results with calculations of the Wilke’s empirical

formula, and the largest error was below *5%. Generally, it is believed the
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experimental data of falling film sensible heating was accurate. With the Reynolds
number rises, the falling film sensible heating coefficients of CD tubes all increase.
The sensible heating heat transfer coefficients of CD tubes are all smaller than the
smooth tube when Re is 700 to 1200, but are larger when Re is 1200 to 1700. It is
indicated the CD tubes are appropriate for falling film sensible heating with large Re,
while the smooth tube is better in case of small Re. This is because for small Re, the
film thickness plays a dominant role in the sensible heating heat transfer coefficients
of falling films. The CD tube has an alternate converging and diverging segment,
which leads to the periodical "increase and decrease” of film thickness during the
falling film process, and the average film thickness is larger than the smooth tube with
constant film thickness, so the heat transfer effect is weakened. As the Re increases,
the turbulent of liquid films in the CD tubes is intensified, so the heating heat transfer
coefficient of falling films increases. Comparison between Figs.5 and 7 suggests the
CD tubes showed similar rules during the falling film evaporation and sensible
heating. The falling film sensible heating heat transfer coefficients of CD tubes 3# and
4# both are better than tubes 1# and 2#, and tubes 3# and 2# are better than tubes 4#
and 1#, respectively. Likewise, structure parameters of the CD tubes have great
influence on sensible heating heat transfer coefficient. According to the comparative
analysis of the sensible heating heat transfer performances inside the four CD tubes,
the CD tube 3# is best. At Reynolds number of 1635, the sensible heating heat transfer
coefficient of tube 3# is 63% higher than the smooth tube.
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Fig.7 Effects of liquid film Reynolds number on the sensible heating heat transfer coefficient

3.4 Heat transfer between the sensible heating segment and

evaporation segment of falling films in the same tube

When the falling films at normal temperature entered the heat transfer tubes, the
comparisons of the sensible heating and evaporation heat transfer coefficients of
falling films in CD tubes 1#, 2#, 3# and 4# are illustrated in Figs.8-11, respectively. In
the same tube, the evaporation and sensible heating heat transfer coefficients both
increase with the rise of falling film flow rate, and the former is larger. Within the
experimental range, the evaporation heat transfer coefficients of tubes 1#, 2#, 3# and
4# are 70.6%, 87.0%, 32.6% and 29.7% larger than the corresponding sensible

heating heat transfer coefficients, respectively.
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3.5 Heat transfer correlations derived from experimental data

As indicated above analysis of experimental results, the falling film evaporative
heating and sensible heating within the CD tubes are very complicated due to the

multitude of influencing factors. Structure parameters of the CD tubes have great



influence on heat transfer coefficient. In this study, dimensionless parameters p/d; -
p1/p2~ e/d; are used to describe the configuration of the CD tubes. For engineering
propose, we try to model h in function of important influencing parameters only. By
using the dimensional analysis technique and the regression method, we obtain the
correlations for the Nusselt numbers of falling film evaporative heating and sensible
heating within the CD tubes as follows:

For the falling film evaporative heating
h+ = 7.565 X 10_4(p/di)1'58837(pl/p2)0'03835(e/di)0'20337R€0'80716PT1/3
A7)

For the falling film sensible heating
ht = 2.247 x 10_4(p/di)1'6(pl/p2)°'°3267(e/di)0'25Re1'0°787Pr1/3
(18)

The validity of using EQs.17-18 to predict the experimental heat transfer
coefficients is shown in Figs.12, respectively. As shown in Fig.12(a), for the
correlation on the heat transfer coefficients of the falling film evaporative heating
within the CD tubes, all the experimental data fall within £20% error of the calculated
values from the correlation equation. The maximum error between computation and
experiments is 19.4%. Meanwhile, as shown in Fig.12(b), for the correlation on the
heat transfer coefficients of sensible heating within the CD tubes, all the experimental
data fall within £10% error of the calculated values from the correlation equation. The
maximum error between computation and experiments is 9.0%. Overall, good

agreement has been observed between experimental data and theoretical prediction.
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Fig.12 Comparison of the experimental data of the CD tubes versus the calculated values.

4. Conclusions

To improve the heat and mass transfer performances of falling films and develop
a new type of falling film evaporator, here we first used CD tube to falling film
evaporation, and experimentally characterized the heat and mass transfer of falling
film evaporation and sensible heating within four CD tubes with different dimensions,

and compared them with a smooth tube. It was found CD tubes were appropriate for
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falling film evaporation and sensible heating with large liquid film Reynolds number.
As for different dimensions, the key factor affecting the evaporation and sensible
heating heat transfer of falling films was the rib height. At the same rib height and rib
pitch, the longer the converging segment of the CD tube was, the better the heat
transfer performance was. According to the comparative analysis of the evaporation
and sensible heating heat transfer performances inside the four CD tubes, the CD tube
3# is best. The evaporation heat transfer coefficient (at Reynolds number of liquid
films of 2356), evaporation mass transfer rate (at the perimeter flow rate of liquid
films is 0.173 kgms?), and sensible heating heat transfer coefficient (at Reynolds
number of liquid films of 1635) of CD tube 3# are 62%, 38% and 63% higher than
that of the smooth tube, respectively. Therefore, CD tube exhibits better heat and mass
transfer performances of falling films. For the same CD tube, the evaporation heat
transfer coefficient is larger than the sensible heating heat transfer coefficient, but
both increased with the rise of flow rate. Moreover, the correlations of the evaporation
and sensible heating heat transfer coefficients of falling films were obtained. Using
CD channel is a suitable method to improve the heat and mass transfer performances
of falling films, and this study provides a novel clue for developing a new type of

falling film evaporator.
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Nomenclature

¢, Specific heat capacity of liquid film, J/(kg-K)

d, Outer diameter of the heat transfer tube, m

d; Inner diameter of the heat transfer tube, m

g Acceleration of gravity, m/s?

h  Falling film sensible heating or evaporation heat transfer coefficient inside of the
heat transfer tube, W/(m?-K)

h* Dimensionless falling film sensible heating or evaporation heat transfer
coefficient inside the heat transfer tube

h, Heating steam condensation heat transfer coefficient outside the heat transfer
tube, W/(m?-K)

K Overall sensible heating or evaporation heat transfer coefficient of falling films,
W/(m?-K)

L Valid height of the heat transfer tube, m

m; Mass of liquid films, kg

m,, Mass of liquid film evaporation, kg

g  Heat flux density of falling film sensible heating or evaporation, W/m?

r  Vaporization latent heat of liquid films under saturation temperature, J/kg

1, Condensation latent heat of heat transfer tube under saturated vapor, J/kg

Rey, Reynolds number of condensation liquids

Re Average Reynolds number of liquid films

T, Outer wall temperature of tube, K

ATy mtp LOgarithmic mean temperature difference, K

T, Heating steam temperature outside the heat transfer tube, K

T  Temperature of liquid films, K

t  Experimental time, s

u, Liquid film evaporation mass transfer rate, kg/(m?-s)
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Greek Symbols

' Liquid film perimeter flow rate inside heat transfer tube, kg/(m-s)
Ao Thermal conductivity coefficient of condensation liquids, W/(m-K)
As  Thermal conductivity coefficient of heat transfer tube, W/(m-K)

A Thermal conductivity coefficient of liquid films, W/(m-K)

1  Dynamic viscosity of liquid films, kg/(m-s)

Ko Dynamic viscosity of condensation liquids, kg/(m-s)

v Dynamic viscosity of liquid films, m?/s

m  Constant, 3.1415926

po Density of condensation liquids, kg/m®

Subscripts

1 = sensible heating

2 = evaporative heating

I = inside of tube

I = liquid

0 = outside of tube

Vv = vapor
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