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a b s t r a c t

A falling film heat transfer test facility has been built for the measurement of falling film evaporation in a
vacuum of about 1000 Pa. At this condition, only convective evaporation occurred in the liquid film. The
Reynolds numbers of falling film over a range from 21.6 to 108.1 were tested on six-tube arrays made of
enhanced or smooth tubes. Results show that the tubes with both enhanced outer and inner surfaces give
high heat flux. Besides, as the Reynolds number increases, the heat transfer enhancement ratio of falling
film evaporation decreases. A semi-analytical correlation is established to predict the heat transfer coef-
ficients of falling film evaporation on smooth tube arrays, considering the contributions of partially dry-
out and fully wet regimes, respectively. For enhanced tubes, the heat transfer enhancement ratios to the
smooth tubes were also correlated.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The industries of refrigeration, desalinization and petroleum
refining all need evaporators with high efficiency to improve the
performance of the systems. Because of the high heat transfer coef-
ficients and low refrigerant charges in falling film evaporators, they
appear as superior to the conventional evaporators [1,2]. Besides,
falling-film type evaporators have lower pressure drops that they
can be utilized in the poor conditions of small temperature differ-
ence and low heat flux. However, the falling film evaporation pro-
cess involves two phase flow and heat transfer, and both
evaporation and boiling occur in the liquid film. As a result, the
falling film evaporation phenomena are complicated. Presently,
the falling film evaporator industries still face the challenges of
optimizing the design methods and operation strategies. Thus,
many researchers are motivated to seek a better understanding
of falling film evaporation.

Till now, different and contradictory heat transfer behaviors are
derived from the experimental studies, as shown in Ribatski and
Jacobi’s review [2]. For smooth tubes at convection dominated con-
ditions, as the Reynolds number of the falling film increases, the
heat transfer coefficient usually decreases first, but increases after
reaching a minimum value [3,4]; or the heat transfer coefficient in-
creases with the film Reynolds numbers [5–7]; or the heat transfer
coefficients increases to a peak value, and then decreases with

increasing Reynolds number [8]. These different results might be
attributed to different falling film modes. Under high heat flux con-
dition, boiling may occur in the liquid film. When the boiling oc-
curs, film Reynolds number will hardly have any effects on the
evaporation heat transfer coefficients [3]. On the other hand, the
heat flux will affect the heat transfer [2], as boiling is enhanced
by increasing heat flux. However, the falling film evaporators al-
ways work under conditions of low heat flux, so nucleate sites
might not always exist in the film.

Falling film evaporation on tube arrays is more complicated
than on a single tube, because of the intertube evaporation and
the turbulence caused by liquid falling from one tube onto the next
[9]. Lorenz and Yung [9] identified the critical Reynolds number of
300, below which the falling film evaporation coefficients on tube
arrays are less than those on a single tube. Additionally, when the
Reynolds number is small, the lower tubes of the array will suffer
more from partial dryout than those on higher layers. The liquid
flow rate may become less at the lower tubes because of evapora-
tion. Since the dry areas transfer the heat by natural convection
only, a sudden drop of heat transfer coefficients is observed both
on smooth tube arrays [4,7] and enhanced ones [10].

As to the predictions of heat transfer coefficients of falling film
evaporation, many empirical correlations are derived, as shown in
the review by Ribatski and Jacobi [2]. The dimensionless numbers,
such as Reynolds number, Prandtl number and Archimedes number,
as well as the pressure and temperature are used in these empirical
correlations. On the other hand, there are also some analytically
based models, which often divide the film on the tubes into different
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flow regions and then apply different physical models to them. Lor-
enz and Yung [11] treated the tube by unwrapping them to a vertical
plate, and modeled the overall heat transfer coefficients by superpo-
sition of nucleate boiling and convective evaporation. Besides, they
also divided the falling film flow into developing and developed film
regions, and calculated the heat transfer coefficients for the two re-
gions, respectively [11]. In addition Roques and Thome [10] defined a
coefficient by comparing the heat transfer coefficients of falling film
evaporation with nucleate boiling and those of pool boiling at the
same heat flux. Both the models of Lorenz and Yung [11] and Roques
and Thome [10] have taken considerations of pool boiling, because
boiling is often observed in falling film evaporation especially on en-
hanced tubes. However, plugging pool boiling correlations into fall-
ing film evaporation models could make a larger error and become
less applicable.

Additionally, in most of the experiments carried out under
atmospheric pressure, boiling and evaporation occur in the falling
film at the same time. The combined boiling and evaporation
effects make the study of falling film evaporation mechanism diffi-
cult. It is desirable to explore the individual effects, such as the
convective evaporation heat transfer only. Besides, many litera-
tures indicated that the heat transfer enhancement of enhanced
tubes is mainly due to nucleate boiling [3,10], because the en-
hanced surfaces often form the nucleation sites and enhance boil-
ing. However, few investigations on enhanced tubes have been
done under the condition of film evaporation only. Therefore, the
study of film evaporation, without boiling, on enhanced tube ar-
rays will provide the important basic understanding to this com-
plex process of combined boiling and evaporation.

In order to provide a better basic understanding and to guide
the practical applications, experiments and predictions of heat
transfer enhancement of enhanced tubes on the falling film evap-
oration are performed in the present work. We investigated the
average heat transfer coefficients of water falling film on five types
of enhanced tubes, with the smooth tubes for reference. Tests were
conducted in a vacuum that few nucleation sites would exist on
the tube surfaces. The effects of falling film Reynolds number from
21.6 to 108.1, and other parameters on falling film heat transfer are
investigated. In addition, correlations considering the film’s physi-

cal properties and the tubes’ geometric dimensions are also estab-
lished to predict the heat transfer coefficients of falling film on
smooth tube arrays and the enhancement of the enhanced tubes
arrays.

2. Experimental method

The schematic of the experimental setup is shown in Fig. 1(a).
Since the experimental method and data reduction have been de-
scribed in detail in a previous paper [8], only a brief description
is given here. The working fluid of the liquid film is water, which
evaporated at the absolute pressure of 1000 Pa. The liquid goes
through a distributor, which is a perforated integral-fin tube with
0.8-mm-diameter holes on the top. Before entering the distributor,
the liquid has a subcooling of about 0.5 K to prevent evaporation at
the entrance of the vessel. But the subcooling was ignored in our
data reduction process. The pitch of the tube arrays and the dis-
tance between the distributor and the top tube are both
25.4 mm. Besides, the heating water circuit provides the heat for
film evaporation, while the condensing circuit helps to regulate
and maintain the pressure in the test vessel by condensing the
vapor.

Five types of enhanced tubes and the smooth tubes were tested
in the experiments. The nominal outer diameters of the tested
tubes are all 15.88 mm and their actual effective heated lengths
are all 700 mm. Tubes A, B and C are the same type of tubes, but
at the outer surfaces they have 40, 26 and 19 fins per inch, i.e.
about 1575, 1024 and 748 fins per meter, respectively. However,
tube A has enhanced inner surfaces while both Tube B and C having
smooth inner surfaces. The fins of Tubes A, B and C are column-like
protuberances on the outside surfaces, as shown in Fig. 1(b). Tube
D has helically fins outside and internal ridges inside the tubes, as
in Fig. 1(c). Tube E is made by corrugating copper alloy tubes, so
both the outer and inner surfaces are corrugated, as shown in
Fig. 1(d). The tubes’ dimensions are listed in Table 1. The wetted
length for the film flow outside the tubes can be calculated as
follows:

Lh ¼ Lþ 2H
L
s
: ð1Þ

List of symbols

a thermal diffusivity (m2 s�1)
A area (m2)
Bo Bond number (qgHs)/r
cp specific heat (J kg�1 K�1)
D tube diameter (m)
g gravitational acceleration (m s�2)
H fin height (m)
h heat transfer coefficient (W m�2 K�1)
L actual effective heated length of the test tubes (m)
Ld the length of developing region (m)
Lh wetted length of the enhanced tubes (m)
Mheating mass flow rate of the heating water (kg s�1)
Nu Nusselt number, Nuc is the Nusselt number for the fully

develped convection region (h/k)(m2/g)1/3

q heat flux (W m�2)
r latent heat (kJ kg�1)
R radius (m)
Re Reynolds number 4C/l
s pitch length or fins spacing (m)
T temperature (�C)
Uo overall heat transfer coefficient (W m�2 K�1)

Greek symbols
C liquid mass flow rate per unit length of tube (each side)

(kg m�1 s�1)
k thermal conductivity (W m�1 K�1)
l dynamic viscosity (kg m�1 s�1)
m kinematics viscosity (m2 s�1)
qV density of the vapor (kg m�3)
qL density of the liquid (kg m�3)
r surface tension (kg s�2)

Subscripts
cal calculated values
e enhanced tubes
exp experimental values
i inside of tubes
nuc nucleation
o outside of tubes
s smooth tubes
sat saturation
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Calculations have been done to identify the existence of the
nucleation sites. The relation between the nucleation superheat
and the nucleation radius follows [12],

DTnuc ¼
2r

Rnucðdp=dTÞsat
¼ 2rTsat

Rnucr
1
qv
� 1

qL

� �
: ð2Þ

The water film evaporated at a vacuum of 1000 Pa in our tests, and
the highest temperature differences were less than 10 K. Thus, from
Eq. (2), the nucleation radius for superheat of 10 K should be
0.22 mm. In order to generate bubbles, water film should be thicker
than 0.44 mm. In falling film evaporation, we did not observe any
appropriable large nucleation sites on the enhanced surface, so boil-

Fig. 1. Experimental setup and the enhanced tubes, (a) schematic of the experimental setup, (b) Tube A, B and C, (c) Tube D and (d) Tube E.

Table 1
Dimensions of the tubes in the experiments.

Tube Type A B C D E Smooth tubes

L (mm) 700 700 700 700 700 700
Nominal Do (mm) 15.88 15.88 15.88 15.88 15.88 15.88
nominal Di (mm) 13.89 13.6 13.6 14.02 14.45 14.45
H (mm) 0.345 0.355 0.355 1.092 0.356 /
s (mm) 0.635 0.9769 1.337 2.309 7.19 /
Lh (mm) 1461 1209 1072 1362 769 /
STCi 0.032 0.027 0.027 0.036 0.104 0.027
Fins per inch 40 26 19 11 Corrugated Smooth
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ing will be unlikely to occur. Besides, the absolute working pressure
of our tests was about 1000 Pa; and in this vacuum condition,
homogeneous boiling would not be generated at low superheat. In
fact, from the glass window on the test vessel, we could not observe
any boiling phenomenon during the experiments. Thus, the falling
film in our experiments evaporated without boiling, and only the
convective evaporation is studied in this paper.

The thermal resistance method was used to calculate the heat
transfer coefficients of falling film evaporation. As in our experi-
ments the falling film flows outside the six-tube arrays, the aver-
age heat transfer coefficients of the entire arrays were calculated
and analyzed. The inlet and outlet temperature of the heating
water were measured by RTD Pt100, thus the overall heat flux of
the system can be calculated. The heat flux was evaluated based
on the outer surface areas of the whole tube array using the nom-
inal outer diameter of the tubes. Then, the overall heat transfer
coefficients of the tube arrays are calculated as follows:

Uo ¼
q

DTLMTD
; ð3Þ

where DTLMTD is the LMTD between the heating water and the sat-
urated falling film.

The inner heat transfer coefficients of heating water flowing in-
side the tubes was calculated by the Sieder and Tate’s relation [13].
The STCi coefficients for the tubes are derived by Wilson-plot
method, and are listed in Table 1.

The wall resistance is ignored, because for the enhanced tubes
in most of the conditions, Do ln(Do/Di)/2k is much smaller than 1/
ho. Thus, the average heat transfer coefficient of the falling film
evaporation in the tube arrays can be calculated as follows:

ho ¼ 1
1

Uo
� 1

hi
� Do

Di

� ��
: ð4Þ

The uncertainty analysis was also described in details in the
previous paper [8]. Table 2 shows the accuracy of the instruments.
Only the uncertainties of temperature, pressure and flow rate were
considered, because the measurements of other parameters, such
as length, are of minor uncertainties. A propagation of uncertainty
analysis was performed as follows:

Dho

ho
¼ ho

DUo

Uo
� DUo

Uo

� �2

þ Do

Di
� Dhi

hi
� 1
hi

� �2
" #1=2

: ð5Þ

The average relative errors for ho are 9.73%, 12.4%, 10.7%, 8.51%,
4.83%, 8.85% for Tubes A, B, C, D, E and smooth tube, respectively.

3. Heat transfer characteristics and discussion

3.1. Heat transfer characteristics

When the Reynolds number is less than 200, falling film flows at
laminar region [14]. In our experiments, the evaporator worked at

the maximum Reynolds numbers at about 108.1. Thus, the falling
film in our experiments was at laminar flow. In the laminar region,
the thick boundary layer will be a barrier for heat transfer; and in
the fully developed region, the boundary layer is the thickest. So
the developing region has a better heat transfer capability than
the developed region. Besides, at the laminar flow, the thickness
of the film will also become a barrier to heat transfer from the tube
wall to the film surface. Thus, the boundary layer and the film
thickness are two major resistances for the heat transfer of laminar
falling film evaporation. Several film flow modes are defined by Hu
and Jacobi [15]. In the general case of our experiments on en-
hanced tubes, the droplet-jet mode was observed when film Rey-
nolds number exceeded 43.2, and droplet mode was observed in
film Reynolds smaller than 32.4. Additionally, we compared the
average values of the Nusselt numbers of falling film evaporation
with the correlation of Hu and Jacobi [16] in a previous paper
[8], as shown in Fig. 2. Our data fits the jet mode correlation from
Hu and Jacobi better than the droplet mode correlation. But their
correlations do not show the peak values around the transition
point.

Film Reynolds number can affect the length of developing re-
gion and the film thickness. As the Reynolds number increases,
the developing region becomes longer. However, the film thickness
will grow with Reynolds number. In Fig. 3, we can see the relation-
ship between Reynolds number and heat transfer coefficient. As
the Reynolds number increases, the heat transfer coefficients will
increase to a peak value and then gradually decrease. This trend
is already discussed before by Li et al. [8] and not to be mentioned
in details here. The same trend was observed for the heat flux. The
highest heat flux is defined as qplateau by Ribatski and Thome [7].
But in their results, the heat transfer coefficients will reach the
highest value at Reynolds number about 800 and remain at that
value when Re is larger than 800; before that, the heat transfer
coefficients increase linearly with Reynolds number [7]. In our re-
search, the heat transfer coefficients become lower after the peak
at Reynolds number of about 60; the same with the heat flux.
The plateau of heat flux can be observed in Fig. 3 as well. Tube E,
which has both corrugated inner and outer tube surfaces, has
qplateau as high as 24.5 kW m�2, and the values of the qplateau of
Tube B and C are a little lower. As the heat flux is calculated based
on the nominal outer surfaces, which are the same for the tubes,
higher heat flux means more liquid will be evaporated. So the
tubes with both enhanced inner and outer surface are appropriate
for falling film evaporators.

From Fig. 3, we see that the heat transfer coefficients of falling
film evaporation on enhanced tubes are higher than those on

Table 2
Experimental uncertainties.

Position (system) Items Instruments’ accuracy

Tank Temperature ±0.1 K
Pressure ±0.15%

Refrigerant circuit Temperature ±0.1 K
Flow rate ±6.67 � 10�4 kg/s

Heating water circuit Flow rate ±3.33 � 10�3 kg/s
Temperature ±0.1 K

Condensing water circuit Flow rate ±3.33 � 10�3 kg/s
Temperature ±0.2 K Fig. 2. Comparisons between the present data and the correlations by Hu and

Jacobi [16] in a previous paper [8].

W. Li et al. / International Journal of Heat and Mass Transfer 54 (2011) 1986–1993 1989
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smooth tubes. The fins or protuberances on the enhanced tube will
make the boundary layer thinner, and disturb the film flow. So the
heat transfer coefficients will be larger on these enhanced surfaces.
We compared the heat transfer enhancement capabilities more
carefully in Fig. 4 for enhanced tubes versus smooth ones, and de-
fine ho,e/ho,s as the heat transfer enhancement ratio. The enhance-
ment ratio decreases with Reynolds number for most of the
enhanced tubes. As shown by Li et al. [8], the enhanced tubes have
smaller transition Reynolds numbers from fully wet to partially dry

than smooth tubes. In the present experiments, the enhanced tube
arrays are still wet when the Reynolds number is low. So the
enhancement ratio is large in the transition region. When the tubes
are fully wet, the liquid film could cover the whole fins on the
tubes. From the observation through the glass window, when the
Reynolds number exceeds 64.9, the liquid film was thick enough
to cover the fins around the impinging point of the liquid droplet
and jet. As the fins or protuberances are immersed in the liquid
film, they could not enhance evaporative heat transfer very much.
So the enhancement ratio decreases gradually in the fully wet re-
gime. In this way, we know that the enhanced tubes will work
the best when the liquid flow rate is low.

Besides, the enhancement ratio of Tube B drops most quickly as
Reynolds number increases. This means that in this case the liquid
film will induce a great problem if it is thick enough to cover the
whole fin. As the fin is covered by the liquid film, the fins could
not help the film distribute or disturb the film flow to enhance
the heat transfer. Though Tube A has more fins than Tube B, the
heat transfer enhancement ratios of the two tubes are almost the
same. Thus, it means that there is a fin number when the tubes
could have the maximum heat transfer performance between 26
and 40 fpi.

3.2. Effects of temperature difference

Generally, temperature differences may affect the falling film
evaporation when boiling occurs, because DT will enhance bubbly
boiling and make the heat flux increase. But in convective evapora-
tion, situations will be different. In our experiments, the film evap-
oration occurred in a tubular heat exchanger, so the logarithmic
mean temperature is used here to study the effects of temperature
differences on falling film evaporation on tube arrays. As shown in
Fig. 5, we observed that the heat flux increases almost linearly with
temperature differences. This means that the heat transfer coeffi-
cients will not change with the increasing DT. Besides, the heat
transfer coefficients of falling film evaporation remain the same
under most of the fully wet conditions when the Reynolds num-
bers are high. But in the case when Reynolds number is 21.6,
higher heat flux causes more liquid evaporate; many dry patches
appear on the tubes. Severe dryout will make the heat transfer
worse, so heat transfer coefficients decreases with increasing heat
flux, and when the Reynolds number is 21.6, the film flow will not
be steady in the mode of droplet. This makes the data fluctuate
more than other cases.

Fig. 3. Effect of Reynolds number on heat transfer coefficients and qplateau when
Tinlet = 15 �C.

Fig. 4. Heat transfer enhancement ratios over Reynolds numbers for different types
of tubes.
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Furthermore, we notice that there is a turning point of heat flux
in Tube E as shown in Fig. 5(c). This means that at large tempera-
ture difference, dryout occurred on the tubes, the heat flux trans-
ferred through the film could not increase. As much liquid
evaporated by the high heat flux, heat transfer coefficients de-
creased. But since falling film evaporators often work at small tem-

perature differences, the dryout caused by high DT may not occur
easily. Additionally, as the turning points did not show up in
Fig. 5(a) and (b) when DT is about 6 K, it means that Tube B or C
might have larger temperature differences for dryout to occur. Be-
cause there are column-like protuberances on Tubes B and C, the
protuberances indeed help the liquid to distribute along the tubes,
and dryout may not occur easily on the tubes with the similar en-
hanced surfaces.

Thus, we know that the heat transfer coefficients can still be
kept high at low heat flux and low film Reynolds number on mod-
ified finned tubes B or C. This is quite important for falling film
evaporator design, because this type of evaporators will work well
at poor conditions like low heat flux and small temperature differ-
ences. Thus, the enhancement of convective evaporation will be of
great importance.

4. Analytical models

4.1. Model for smooth tube array

Typically, falling film evaporation model will be analyzed by
dividing into different flow regions, i.e. free fall, jet impingement,
thermal developing and fully developed regions [2]. The free fall
and jet impingement regions cover only a very small portion of
the tube surface, and could be ignored. So Lorenz and Yung [11]
developed a model for falling film evaporation on horizontal
smooth tubes, combining both convective evaporation and nucle-
ate boiling effects. The heat transfer coefficient of falling film evap-
oration is calculated as follows [11]:

ho ¼ hb þ hd
Ld

L
þ hc 1� Ld

L

� �
; ð6Þ

where hb, hd and hc are the heat transfer coefficients of nucleate
boiling, of film evaporation in the developing and of developed re-
gion, respectively; Ld is the length of developing region and L is the
‘‘unwrapped’’ length of the tube, namely L = pDo/2.

In the developing region, Lorenz and Yung [11] calculated the
average heat transfer coefficient from energy balance, giving

hd ¼
3
8

cp
C
Ld
: ð7Þ

Based on the uniform film thickness given by Nusselt theory and
ignoring the bubbles in the film, the length of developing region
is estimated as [11]

Ld ¼
C4=3

4pqa

ffiffiffiffiffiffiffiffi
3l
gq2

s
: ð8Þ

Additionally, the other two heat transfer coefficients in Eq. (6)
are calculated empirically. The heat transfer coefficients of nucle-
ate boiling, hb, can be calculated by the empirical correlations given
by the tube manufacturers; and the film evaporation in the devel-
oped region, hc, is calculated by the experimental correlation on
the tubes. So the overall heat transfer coefficients could be calcu-
lated by adding these three components in Eq. (6).

For our experiments of falling film evaporation in a vacuum, the
nucleate boiling term can be eliminated. In addition, as the falling
film evaporation goes through fully wet to partially dry on tubes,
the heat transfer coefficients of falling film evaporation should be
modeled in these two regimes separately. Therefore, we make
the following assumptions for the new model:

1. The impingement effects and the liquid loss from splashing
when the liquid film falls from upper tube to lower tube are
all ignored.

2. The heat loss from the end of the tubes is ignored.

Fig. 5. The effects of temperature differences on heat flux and heat transfer
coefficients of falling film evaporation on enhanced tubes, (a) Tube B, (b) Tube C,
and (c) Tube E.

W. Li et al. / International Journal of Heat and Mass Transfer 54 (2011) 1986–1993 1991
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3. Dry patches on the tube surfaces will affect the heat transfer
coefficients of the developed regions only that the changes of
flow modes will be ignored.

4. The effects of dry patches on heat transfer coefficients are
mainly due to the decrease of Reynolds numbers.

Regard the assumption 3, when the liquid film flow downwards,
dry patches may appear on the lower tubes first. Because of the
evaporation, the dry patches on the lower part of the tube will
damage the developed regions. Decreasing film flow rate will have
two effects on falling film evaporation. On one hand, the thinner
film caused by the decreasing flow rate will enhance heat transfer
because the tip of the fins are over the liquid film. On the other
hand, the decreasing flow rate will cause dry patches on the tube
surface, so the heat transfer will be deteriorated. Because the
developing regions are located on the top of the tubes, the effects
of partial dry out on the developing region will not be as strong
as those on the developed regions. Thus, when dry patches appear
on the tube, the heat transfer coefficients on the developed regions
will become lower. In this sense, when we correlate the heat trans-
fer coefficients, only the heat transfer coefficients of the developed
regions will be affected in the partially dry regime of tube.

Accordingly, we could model the falling film evaporation heat
transfer for tubes partially dry and fully wet regimes separately.
We can see from the discussion above that the Reynolds number
will affect the heat transfer capability greatly. This is because on
one hand, the increasing of Reynolds numbers will make the liquid
film thicker. On the other hand, when the inlet temperature of
heating water varies, the heat transfer coefficients of falling film
evaporation will not show much change. Additionally, the surface
tension does not affect the heat transfer of falling film evaporation
on smooth tubes significantly. So we will only use the Reynolds
number to correlate the heat transfer coefficients in the developed
region. Thus, using the regression for multiple variables, we get the
following correlation for Nuc,wet,

Nuc;wet ¼ 182:1Re�1:56: ð9Þ

When the tube is partially dry, the heat transfer coefficient of
falling film evaporation is governed by the film Reynolds number.
When the Reynolds number is low, the ratio of dry area to the
whole tube surface area will be large. So the heat transfer coeffi-
cients will be lower. Thus, another dimensionless Reynolds num-
ber, Re/Retran, is used to correlate the data. The Retran is the
transition Reynolds number, where the heat transfer coefficient
reaches the peak value. In our experiments of falling film evapora-
tion, the transition Reynolds number of smooth tubes is about 54.1.
Then, the correlation becomes,

Nuc;dry ¼ Nuc;wet
Re

Retran

� �2:67

: ð10Þ

The heat transfer coefficients of developed falling film evapora-
tion can be derived from the Nusselt number values in Eqs. (9) and
(10). The heat transfer coefficients in the developing region can be
calculated by Eq. (7). Thus, the heat transfer coefficients of falling
film evaporation can be calculated as Eq. (6) with elimination of
the boiling component hb. Fig. 6 shows comparison between the
experimental and analytical results of the overall heat transfer
coefficients of the film evaporation on smooth tubes. It indicates
that the errors are larger when the Reynolds numbers are below
the transition value. When dry patches appears on the tube sur-
faces, as a result of the change of flow modes and the impacting
points, the heat transfer coefficients varies. Also, the errors would
be larger in the dry out regime.

4.2. Model for enhancement ratio

From Fig. 3, we see that the enhancement ratios of different en-
hanced tubes have different decreasing rates with increasing Rey-
nolds number. Thus, we use the Bond number, which relates the fin
geometry and the effect of surface tension, to correlate the
enhancement ratio. Consider the liquid film flows outside the
finned tubes, the Bond number could be modified as,

Bo ¼ qgD2
h

r
¼ qgHs

r
: ð11Þ

This is because when the liquid film flows through the fins, the
cross section area between two fins is calculated by multiplying
the fin height and fin pitch length, i.e. the product of H and s. In an-
other view, the present Bond number for the finned tubes de-
scribes the ratio of gravity over surface tension.

When the liquid flows through the fins, surface tension may
have two important effects on the heat transfer coefficients [17].
On the one hand, the surface tension will help the liquid disperse
longitudinally, so the film will be thinner and the heat transfer
coefficients of falling film evaporation will be higher. On the other
hand, if the fin is very high, the surface tension will help the reten-

Fig. 6. Comparisons between the calculated and the experimental heat transfer
coefficients of falling film evaporation on smooth tube arrays.

Fig. 7. Comparisons between the calculated and the experimental enhancement
ratios of falling film evaporation on enhanced tube arrays.
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tion of the liquid at the bottom of the fins, so the film thickness will
be larger near the bottom of the fin. The heat transfer could be
deteriorated by the thick liquid film.

So we correlate the enhancement ratio in this form,

ho;e=ho;s ¼ 5:635Bo�0:164Re�0:426ðLh=LÞ0:732
: ð12Þ

As shown in Fig. 7, 90.1% of the data fall within the error of ±30%.
Thus, the correlation could predict the heat transfer enhancement
ratio satisfactorily.

5. Conclusions

An experimental study has been carried out to investigate the
characteristics of evaporative heat transfer of falling film on hori-
zontal tube arrays on smooth and enhances tubes. The following
conclusions are derived:

1. The tubes that have both corrugated outer and inner surfaces
have higher heat fluxes values than those enhanced on the
outer surfaces only.

2. As the falling film Reynolds number increase, the heat transfer
enhancement ratio of falling film evaporation decreases expo-
nentially. The enhanced tubes, which have column-like protu-
berances, have better heat transfer performances at low
Reynolds numbers than the helical finned or corrugated tubes.

3. Increasing the temperature difference will make the heat flux
higher, and when the Reynolds numbers are high, heat flux var-
iation has little effects on the heat transfer coefficient of falling
film evaporation on enhanced tube arrays. But when the film
Reynolds numbers are low, high heat flux causes large dry areas
that the heat transfer coefficients decreases.

4. A semi-analytical model was established for the heat transfer
coefficients of falling film evaporation on smooth tube array
when the boiling is suppressed. The model considers the heat
transfer characteristics of partially dryout and fully wet regimes
separately, and the heat transfer coefficients of the enhanced
tube arrays are correlated using the enhancement ratios.
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