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a b s t r a c t
The horizontal tube falling film evaporation technology is one of the most promising desalination 
methods owing to its various advantages. The pressure drop of vapor plays a pronounced role in 
evaporation efficiency in low-temperature multiple-effect desalination (LT-MED). In this study, an 
experimental test bench by using air in the horizontal direction across a tube bundle with a ver-
tical downward falling film was designed, and the flow characteristics of vapor of a large-scale 
desalination plant were simulated. Falling film pressure drops (FFPDs) under different conditions 
of air-inlet velocity, water-spray density, heating flux, and tube column number were obtained and 
analyzed. The experimental results indicate that FFPD can quadratically increase with the rise in 
air velocity, linearly rise with increments of spray density, and rapidly grow with the cumulative 
increase in tube columns. However, heat flux presented a minimal effect on FFPD because of the 
predominant portion volume of airflow relative to that of evaporated vapor. On the basis of the 
dimensionless analysis and the least-square multiple regression, a brand-new fitting correlation 
was proposed to predict FFPD. The proposed method corresponded well with the experimental 
data within the deviation of ±15%. The correlation also estimated the inter-tube average vapor 
velocity to be within 5–20 m/s in the first-effect evaporator of field-scale LT-MED in engineering. 
The brand-new correlation can also provide a theoretical reference in engineering design that 
considers vapor velocity and flow resistance in LT-MED.
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1. Introduction

As the current extreme shortage of global freshwater 
resources has severely restricted the economic develop-
ment of countries or regions, the development of desalina-
tion technologies has become an imminent and inevitable 
choice for human beings to obtain freshwater resources 
[1,2]. Low-temperature multi-effect desalination (LT-MED), 
a seawater evaporation technology involving horizontal 

tube falling film evaporation, has been widely used in large-
scale commercial desalination production owing to its 
particular advantages of low evaporation temperature (less 
than 70°C) [3], low heat transfer temperature difference 
(from 2°C to 3°C only) [4], low energy consumption, high 
heat transfer coefficient, low manufacturing cost, corrosion 
resistance [5], easy coupling with thermal, nuclear, or solar 
power plants [6–9], etc. Furthermore, fossil fuel-powered 
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thermal plants inevitably discharge extremely high waste 
heat, thus causing huge energy loss. This method can 
potentially integrate waste heat utilization with LT-MED 
to reduce this thermal pollution into the environment 
[10,11]. The working process of LT-MED can be generally 
elucidated from Fig. 1. The blowout seawater in the orifices 
falling from the top-row tubes to the bottom-row tubes gen-
erate layered water films attached around the tube surface, 
then the water films on this tube surface absorb sufficient 
heat as evaporated sources (i.e., second vapor is produced 
outside the tubes) from the first vapor flowing inside the 
tubes (Fig. 1b). During this heat transfer process, a phase 
change also occurs inside each tube, that is, the first vapor 
is condensed as distilled water when its condensation heat 
is released. However, the continuous development of sec-
ond vapor generated from the water films can accumu-
late and cross the horizontally falling film tube bundle, 
inevitably causing a falling film pressure drop (FFPD). 
After the second vapor flows out of the effect evapora-
tor, the vapor will enter the next-effect evaporator similar 
to the transfer of the first vapor shown in Fig. 1a. A slight 
increase in FFPD can result in the non-negligible reduction 
of evaporation efficiency because of tiny heat-transferred 
temperature differences of 2°C–3°C in the LT-MED [4].

Thus far, most studies have focused on the pressure 
drops of single- or two-phase fluids that cross in parallel 
directions over tube bundles. By using a previously collated 
large-quantity experimental dataset, Zhukauskas [12] sum-
marized a widely applicable prediction equation of pres-
sure drop for single air in the horizontal direction across 
an aligned or staggered plain tube bundle. Ishak et al. [13] 
presented an experimental measurement of the pressure 
drop characteristics of airflow over a staggered flat tube 
bank and found that the pressure drops decreased with 
the increase in Reynolds number, which differed from the 
result of Zhukauskas [12]. Given the complicated interac-
tions between two phases over tube bundles, no well-pre-
dicted formula has been proposed for such pressure drop 
until now. According to a previous report, Lockhart and 
Martinelli [14] were the first researcher to propose the fun-
damental prediction of the two-phase pressure drop based 
on a two-phase flow inside a tube. Since then, Chisholm [15] 
has proposed a comprehensive theoretical basis to predict 

the pressure drop of two-phase flows inside tubes, thus 
further contributing to the work of Lockhart and Martinelli 
[14]. Some researchers have suggested that the pressure 
drop of two phases over a tube bundle is governed by a 
void fraction, an extremely important parameter (Schrage 
et al. [16], Dowlati et al. [17], Xu et al. [18], Feenstra et al. 
[19], etc.). Consolini et al. [20] assessed several previous 
void fraction correlations by conducting a two-phase pres-
sure drop measurement. Their result showed that the cor-
relation presented by Feenstra et al. [19] could effectively 
predict the experimental data in the vertical crossflow on 
horizontal tube bundles. Other researchers focused on 
two-phase flow patterns between tube bundles as another 
important factor of pressure drop. Mitrovic [21] observed 
three of the most classic flow patterns (discrete droplets, liq-
uid columns, and liquid sheets) by conducting a single-tube 
falling film experiment. Hu and Jacobi [22] developed 
transition criteria equations and defined a graphic flow 
regime map for the aforementioned three flow patterns. 
Grant and Chisholm [23] experimentally observed three 
distinct flow patterns (bubbly, slug, and spray flows) from 
crossflows in horizontal tube bundles. Subsequently, many 
other researchers, such as Ulbric and Mewes [24], Xu et al. 
[25], Kanizawa and Ribatski [26], and Mao and Hibiki [27], 
suggested the use pf comprehensive classifications of flow 
patterns and proposed well-predicted regime maps based 
on the work of Grant and Chisholm [23]. However, the 
abovementioned past studies only qualitatively illustrated 
the flow patterns on two-phase pressure drops, and they 
failed to incorporate a formula to predict pressure drop in 
flow patterns. With the wide application of thermal desali-
nation, a special two-phase flow over horizontal tube bun-
dles has gradually become a popular research topic. This 
special flow process involves vapor flows across horizontal 
tube bundles combined with the use of gravitational falling 
films, resulting in different mechanisms of pressure drops 
relative to the conventional two-phase flow. Consequently, 
Liu et al. [4] conducted an experiment on a steam flowing 
across a horizontal tube bundle combined with the use of 
a falling film and established a fitting formula to predict 
the pressure drop, in which the two effects of falling film 
on the Reynolds number and steam Reynolds number were 
determined. Gong et al. [28] employed numerical methods 

(a) (b)

Fig. 1. Schematic diagram of the LT-MED: (a) steam flow of each effect in the LT-MED and (b) evaporation diagram in the single tube.
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to analyze the distributions of a three-dimensional heat 
transfer coefficient based on the formula of Liu et al. [4] to 
verify the total pressure drop.

On the basis of aforementioned research, most stud-
ies have since focused on the traditional two-phase flow. 
In the recent literature review, scanty attention has been 
paid to the pressure drops of special two-phase flow cases 
that are extensively applied to thermal desalination areas. 
Although researchers have proposed fitting formulas based 
on their experimental dataset, the interactions between the 
two phases have been generally ignored. Notably, even a 
slight presence of FFPD in vacuum pressure evaporators 
can result in the non-negligible reduction of evaporation 
efficiency due to the small heat transfer temperature dif-
ferences of 2°C–3°C. Therefore, a comprehensive method 
for calculating FFPD needs to be urgently developed. 
On the basis of the previous research, experimental mea-
surement, and dimensionless analysis were combined in 
the present study to systematically investigate air/vapor 
flow and FFPD characteristics in a horizontal tube fall-
ing film evaporator to further enrich the theory of two-
phase flow across a tube bundle with a falling film and 
provide a theoretical engineering design for LT-MED.

2. Experimental system and procedure

2.1. Experimental system and apparatus

The experimental system of air across a horizon-
tal tube bundle with a vertical downward falling film is 
shown in Fig. 2. According to the different experimental 
processes, the experimental system is mainly composed 
of four component parts, namely, the air-providing sys-
tem (AS), water-spray circulation loop (WCL), tube bundle 
system (TBS), and data acquisition system (DAS). The AS 
includes a centrifugal fan, an air heater, and a test sec-
tion. The WCL includes water tank heater, a centrifugal 
pump, a water reheater, a high water tank, a water dis-
tributor, and a catchment basin. The TBS comprises 240 
stainless heating rods arranged in a regular triangular 

tube bundle (Fig. 3) and controlled by an electrical power 
control panel. The DAS contains instruments, mainly for 
measuring temperature, flow rate, and pressure drop.

The test section used in this research is shown in 
Fig. 4. This core section consisted of three important parts, 
namely, the tube bundle zone, water distributor, and pres-
sure drop measuring module. The horizontal tube bun-
dle included 8 rows and 60 columns of stainless heating 
rods, with an outer diameter of 25.4  mm and a length of 
500 mm. The top and bottom positions of the tube bundle 
were installed with non-heated half tubes (Fig. 3) to main-
tain the tube arrangement identical in case the air-flow field 
adjacent to the wall would be distorted. The maximum 
power capacity of each heating rod was 680 W.

The liquid distributor comprised a stainless water-
spray plate and a transparent polycarbonate water-spray 
box that were connected by a flange and sealed by a sili-
cone gasket. The water-spray plate was drilled evenly with 
1,200 orifices, each one of them with a diameter of 2 mm. 
Fig. 5 shows the diagrammatic sketch of the water-spray 
plate. Three-layer distributive devices were installed inside 
the water-spray box to ensure that spray water would 
uniformly fall from above the tube rows.

The pressure drops (Δp) were acquired by observing 
the respective pressure sensors under the different con-
ditions of air-inlet velocity (Vg), water-spray density (Γ), 
heating flux (q), and tube column number (N). The tube 
bundle was classified into seven groups for collecting data 
on the segmental pressure drop when the air would flush 
the tube bundle regardless of the presence or absence 
of falling water. The measuring positions are listed in 
Table 1. These measurement values correspond to the posi-
tions of mounted U-type manometers in view of ensuring 
reliable pressure drops to be acquired from the pressure  
sensors.

2.2. Experimental procedure

As mentioned in section 2.1 (Experimental system and 
apparatus), the experimental system was mainly composed 

Fig. 2. Schematic diagram of the experimental system.
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of four systems (AS, WCL, TBS, and DAS). The functions 
of each system are as follows:

2.2.1. Air-providing system

Air velocity ranging from 0.5 to 2.5 m/s was produced 
by a centrifugal fan and used to cross the horizontal tube 

bundle. The air-flown out of the tube bundle was directly 
driven into the ambient atmosphere. For the cold cases, 
the air heater was switched off to ensure that the air and 
water temperatures would be the same as the ambient 
temperature. For the hot cases, air was heated through the 
air heater from ambient temperature to water saturation 
temperature.

Fig. 3. Regular triangular tube bundle arrangement.

Fig. 5. Diagrammatic sketch of water-spray plate.

(a) (b)

Fig. 4. Photograph of the test section: (a) front view and (b) rear view.
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2.2.2. Water-spray circulation loop

For the hot cases, spray water was heated to satura-
tion temperature by the main water tank heater. Saturated 
water was pumped from the main water tank into the 
high-water tank equipped with a water reheater to main-
tain the temperature of saturated water. After the satu-
rated water was prepared, the control valve was opened 
to gravitationally inject spray water into the tube bundle 
at the spray density range of 0–0.10  kg/(m  s). The spray 
volume was accurately monitored by an electric–magnetic 
flowmeter. The residual water that flowed out of the tube 
bundle was collected by a catchment basin; this residual 
water was automatically flowed back into the main water 
tank heater to complete the falling film circulation pro-
cess. For the cold cases, the main water tank heater and the 
water reheater were switched off to ensure that the water 
temperature would be the same as the ambient temperature.

2.2.3. Tube bundle system

The TBS consisted of 240 stainless heating rods aligned 
as a regular triangle. For the hot cases, the TBS provided 
stable heat fluxes of 5, 10, and 15  kW/m2 for the contin-
uous evaporation of the liquid film. For the cold cases, 
each tube rod was switched off to maintain the tubular 
surface at room temperature.

2.2.4. Data acquisition system

The temperature, flow rate, and differential pressure 
sensors were calibrated prior the testing. The air veloc-
ity was measured by an L-type pitot tube with a measur-
ing range of 0.049–1.6 kg/s. The water flow rate was mea-
sured by an electromagnetic flowmeter in the range of 

0–32  m3/h, then the spray density was calculated on the 
basis of the water flow rate. Total pressure drop was mea-
sured by a Rosemount differential pressure sensor with a 
measuring range of 0–2,480  Pa, while the segmental pres-
sure drops were measured by another sensor group in 
the range of 0–500  Pa. The temperature was measured by 
an Omega T-type thermocouple in the range of −200°C to 
400°C. The accuracy and position of each measuring device 
are shown in Table 2. Each parametric value was recorded 
by the Solarton IMP3595 system (Schlumberger Ltd., U.K.) 
equipped with a driver program written in C language. This 
system configuration could conveniently write and read 
experimental data and visualize such data on a computer 
screen. After the experimental system reached the stable 
operation state, each parameter was recorded for 50 s, that 
is, in 100 data points. Then, the effective experimental data 
were obtained by averaging the 100 points. The experimental 
data were collected until the two-phase flow and heat trans-
fer reached the equilibrium condition, in which the total 
pressure drop values were finally monitored to be stable.

2.3. Experimental result and analysis

The effects of air-inlet velocity (Vg), water-spray den-
sity (Γ), heating flux (q), and tube column number (N) on 
the FFPD were determined. If no special denotation is cited 
in this research, then the FFPD (Dpsum) is always defined 
as the pressure drop of airflow over the horizontal tube 
bundle with a water-spray falling film.

2.3.1. Effect of air velocity

The effect of Vg on the variation of Dpsum when q = 0 and 
5  kW/m2 is shown in Fig. 6. Specifically, as depicted by 
Figs. 6a and b, the FFPD in the water-spray cases (Γ ≠ 0 kg/
(m  s)) is much larger than that in the non-water spray 
cases (Γ = 0 kg/(m s)). By taking the smallest spray density 
(Γ = 0.02 kg/(m s)) for an example, when the air velocity was 
low (Vg = 0.5 m/s), the FFPD in Γ = 0.02 kg/(m s) was slightly 
larger than that in Γ = 0 kg/(m s). However, the FFPD differ-
ence between Γ = 0.02 kg/(m s) and Γ = 0 kg/(m s) increas-
ingly widened with incremental Vg ranging from 0.5 to 
2.5 m/s. Although a similar trend was observed in the water-
spray cases, as indicated by Γ  =  0.02 to 0.10  kg/(m  s), the 
FFPD differences between the water-spray cases were not 
significant relative to those between the water-spray cases 
and non-water spray cases. As shown in Fig. 6a, it can also 
be seen that the FFPD value, as a quadratic function of air 
velocity, is aligned with the single-phase results obtained by 

Table 1
Positions of pressure drop measurement parameters

Test groups Pressure drop (Δp) Test position (Col.)

0 Dpsum 0–60
1 Dp1 0–10
2 Dp2 10–20
3 Dp3 20–30
4 Dp4 30–40
5 Dp5 40–50
6 Dp6 50–60

Table 2
Accuracies and positions of test instruments

Instrument Type Accuracy Position

Thermocouple T-type ±0.05°C Water tank, spray box inlet, and air heater outlet
Flowmeter E-mag C ±0.3% Spray box inlet
Total differential pressure sensor 3051CD ±0.075% Tube bundle (0–60 col.)
Sectional differential pressure sensor YHT7085 ±0.5% Tube bundle (10 col. each)
Pitot tube L-type ±0.5% Fan outlet
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Zhukauskas [12]. The result of FFPD changes in the hot cases 
(q = 5 kW/m2) is plotted as a function of Vg in Fig. 6b. Similar 
to the trend of the cold cases, the FFPD variations among 
the different spray densities increasingly widened with 
the increase in Vg from 0.5 to 2.5 m/s. This trend also man-
ifests the quadratic effect of air velocity on the FFPD values.

The possible mechanism of FFPD changes in the 
non-water spray cases and the water-spray cases mainly 
ascribes to two aspects. First, the effective airflow cross-
sectional area is reduced after spray water falls on the tube 
surfaces. For example, the airflow area after the fall of 
water can decrease 1.13 times on the average relative to that 
of the non-water spray cases, leading to an increase in inter-
tube air velocity. The FFPD can also expand 1.3 times larger 
as that of the non-water spray cases according to the qua-
dratic effect on FFPD. Furthermore, interactions (splash, 
atomization, or collision) between water and air occurs 
through the tube bundle, a phenomenon closely associ-
ated with flow patterns. The turbulence extent should take 
the Lockhart–Martinelli number (Xtt) into account, which 
will be presented later in this paper. The other reason is 

that the water films attached around the tube surface rep-
resent the increase in diameter of each tube, thereby also 
increasing inter-tube air velocity. The decrease in film 
thickness (<0.55  mm) around the horizontal tube was 
reported previously by Hou et al. [29].

2.3.2. Effect of spray density

Fig. 7 illustrates FFPD as a function of spray density in 
the range of 0.02–0.10 kg/(m s). The FFPD shown in Fig. 7a 
has an almost linear function relative to the spray density 
of each velocity. Velocity influences the slope of the lin-
ear curve. Two reasons may explain the increasing trend 
in FFPD as a function of spray density. According to the 
literature regarding the single-tube experiment [21], the 
abovementioned phenomenon may be attributed to the 
transition of the falling film flow pattern when spray water 
falls from the upper tube to the next tube, and the flow pat-
terns change from discrete droplets into liquid columns or 
turbulent liquid sheets with increments of spray density. In 
other words, the discrete drop mode, liquid column mode, 
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and liquid sheet mode entail different flow areas in the 
cross-sectional tube bundle. For example, the droplet mode 
requires lesser airflow area than the column mode, while 
the column mode requires lesser airflow area than the liq-
uid sheet mode. The liquid sheet pattern was not observed in 
our tube bundle experiment. Moreover, the column pattern 
persisted after the flow pattern transited from droplets to col-
umns even though the spray density increased, that is, the 
diameters of the liquid column were nearly the same (aver-
age value: 2.3  mm) based on the preliminary experiment. 
Consequently, a new parameter, namely, the water fraction 
(1−x), was introduced in this research to explain the increase 
in FFPD in the column pattern. Water fraction is an effective 
factor of the Lockhart–Martinelli number (Xtt), as explained 
in section 3 (Mathematical model establishment of FFPD). 
The higher is the water fraction, the more turbulent are the 
interactions in the two-phase flow. Additionally, the increase 
in thickness of the water film affected the augmentation of 
FFPD in the form of increased diameter of the outer tube. 
Thus, the water film thickness was calculated using the fitting 
correlation [29], in which the average values were selected to 
be 0.27–0.37 mm at the spray density range of 0.02–0.10 kg/
(m s). The increase in film thickness can increased the outer 
tube diameter to 25.94–26.14 mm relative to the initial tube 
diameter of 25.4  mm. As such, the water film thickness 
contributed to the FFPD at an increased ratio of 3.5%–4.8%.

The FFPD as a function of Γ in the hot cases is shown 
in Fig. 7b. The trend in the hot cases is similar to that in the 
cold cases. The differences in FFPDs between the cold and 
hot cases under the same velocity condition were not sig-
nificant. The similarity may be explained by the mechanism 
in which the produced vapor volume is lesser than the air-
flow volume. Theoretically, the produced vapor and air will 
mix together and increase the mass flow rate of the air–
vapor mixture. Thus, the effect on the FFPD with a mixture 
flow should be higher than the FFPD with an airflow only. 
However, the experimental results in this study contradicted 
the theoretical analysis. The evaporated vapor volume was 
estimated to be much lesser than the air volume. For exam-
ple, the air mass flow rate at the lowest velocity of 0.5 m/s was 

50 times different at the maximum relative to the vapor mass 
flow rate at the highest heat flux of 15  kW/m2. Therefore, 
airflow as a factor has a predominant influence on FFPD.

2.3.3. Effect of heat flux

The FFPD as a function of heat flux (q) at the air veloc-
ities of 0.5 and 1 m/s are shown in Fig. 8. As illustrated in 
Fig. 8a, when the air velocity is low (Vg = 0.5 m/s), the FFPD 
continues to increase with the rise in heat flux. When the 
air velocity rises (Vg  =  1.0  m/s), the FFPD slowly increases 
until it reaches the asymptotic state, as shown in Fig. 8b. 
As mentioned previously, air velocity plays a predominant 
role in FFPD relative to the evaporated vapor volume.

When the air-inlet velocity is low (i.e., the airflow rate 
is small), the generated vapor volume will increase the flow 
rate of the air–vapor mixture. As mentioned above, the 
mixture velocity has a quadratic effect on FFPD. Therefore, 
increasing the heat flux at a low air velocity can increase 
the FFPD. In contrast to the high air velocity, the air vol-
ume was much larger than the produced vapor volume in 
this study, a phenomenon that caused a dominant effect on 
the FFPD. Hence, we can reasonably conclude that when 
the air-inlet velocity continues to increase to a certain 
degree, the heat flux will have minimal impact on the FFPD.

2.3.4. Effect of tube columns

The cumulative pressure drop (Δpi) as a function of 
incremental tube column (i) in the cold cases is given in 
Fig. 9. The cumulative pressure drop shown in Fig. 9a is 
a linear function of the tube columns under the non-wa-
ter spray density condition. The cumulative pressure drop 
represents the accumulative airflow effect on the pres-
sure drop as a function of tube columns. If each tube col-
umn is assumed to have the average pressure drop Δp1, 
where Δp1  =  Δpsum/60, then the 1–10 tube columns will 
have a pressure drop of Δp1, the 1–20 columns will pro-
duce a pressure drop of 2Δp1, and the 1–60 columns will 
produce a pressure drop of 60Δp1. This trend indicates 
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Fig. 8. FFPD as a function of heat flux at the air-inlet velocities of 0.5 and 1.0 m/s: Δp vs. q of (a) Vg = 0.5 m/s and (b) Vg = 1.0 m/s.
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that the cumulative pressure drop caused by each addi-
tional tube column is larger than that caused by the previ-
ous tube columns, further suggesting a cumulative effect 
on the pressure drop as a function of the tube columns. 
Furthermore, the cumulative effect exerted on the FFPD is 
linear, as suggested mathematically, which agrees well with 
the trend shown in Fig. 9a. However, as illustrated in Fig. 
9b, the cumulative pressure drop in the water-spray cases 
rapidly rises with the increase in tube columns. This rapid 
increase can be explained from the standpoint of partici-
pating in falling water. The falling water can decrease the 
effective airflow area in each tube column, thereby increas-
ing the airflow velocity between the tubes and pressure 
drop. For example, the airflow area after falling of water 
can decrease 1.13  times on the average relative to that of 
the non-water spray cases, leading to an increase in inter-
tube air velocity by 1.13 times. Furthermore, the water film 
thickness also increases, which is equivalent to the increase 
in the outer diameter of each tube. This part increases the 
inter-tube air velocity by 1.03  times. As mentioned in sec-
tion 2.3.1 (Effect of air velocity), the air-inlet velocity (Vg) 
has a parabolic effect on FFPD. The increased ratio of the 
FFPD can reach 32% in total relative to the non-water spray 
cases from a theoretical viewpoint. A cumulative effect can 
also be observed, that is, the cumulative pressure drop 
caused by each additional tube column is higher than that 
caused by the previous tube column when falling liquid 
is involved, thereby leading to a rapid increase in Δpi.

For the cases in the hot state, the continuously generated 
vapor caused substantial fluctuations in the measurement 
of Δp1 – Δp6 (the details are not presented in this paper). 
Therefore, accurately determining the trend of Δpi vs. i is 
a difficult endeavor. However, we can reasonably assume 
that the rapidly increasing trend will continue because of 
aforementioned minor influence of vapor with a high air 
velocity.

3. Mathematical model establishment of FFPD

A brand new fitting correlation for calculating Δpsum 
is proposed on the basis of the experimental data. In view 

of simplifying the complexity of the two-phase flow, the 
Δpsum calculation model is separated into two parts, namely, 
the pressure drop of an airflow across the tube bundle 
(Δptb) without spray water and that across the liquid col-
umns (Δpcol). The former was proposed on the basis of 
the Blasius-type formula [30], while the latter was based 
on the dimensionless analysis method. In this manner, 
the influencing factor between the air and liquid phases 
can be comprehensively analyzed. The formula of Δpsum is:

∆ ∆ ∆p p psum tb col= + 	 (1)

where Δptb and Δpcol represent the FFPD of an airflow 
across the tube bundle and across the liquid columns, 
respectively.

3.1. Basic assumption

As previously mentioned in section 2.3.1 (Effect of air 
velocity), Δpsum is a quadratic function of inter-tube air veloc-
ity. However, air velocity is also influenced by other factors, 
such as tube arrangement, liquid column diameter, droplet 
splash, and atomization caused by the collision between 
spray water and tube surface, etc. Subsequently, reason-
able assumptions should be generated to facilitate the the-
oretical calculation and expand the scope of application. 
The assumptions are as follows:

•	 The spray orifices have the same flow volume, and the 
liquid columns have the same diameter at each spray 
density.

•	 The liquid columns will not shift under the horizontal 
air flushes. The offset angle of the liquid columns is esti-
mated to be 0.47°–11.57°, and their slight contributions to 
FFPD is estimated to range from 0.007% to 4% under the 
air-inlet velocity of 0.5–2.5 m/s.

•	 No droplet splash and atomization will occur between 
the tube surface and the liquid columns.

•	 The liquid film thickness around the tube surface is 
ignored.
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3.2. Pressure drops of the tube bundle

Here, Δptb is the pressure drop produced by single-phase 
air in the horizontal direction across the tube bundle with 
a regular triangle arrangement. The past studies that have 
reported the calculation of this kind of pressure drop are 
summarized by Zhukauskas [12] as follows:

∆p N f Vg gtb tb , act1= 0 5 2. ⋅ ⋅ ⋅ ⋅ρ 	 (2)

where Vg,act1 is the air actual velocity between tubes, N is the 
number of tube columns (N = 60), ρg is air density, and ftb is 
the coefficient of pressure drop when air flows across tube 
bundle and defined as [30]:

f A B
tb g1= ⋅Re 	 (3)

where A and B are constants, and Reg1 is a function of Vg,act1 
and defined by:

Reg
g g

g

V D
1

,act1=
⋅ ⋅ρ

µ
	 (4)

where μg is dynamic viscosity of air, and D is diameter of 
each tube, Vg,act1 is calculated by the continuity equation of:

A V A A Vg g0 ,act1⋅ = −( ) ⋅0 1 	 (5)

where A0 is cross-sectional area of the tube bundle, 
A1 is the yellow area occupied by the tubes, (A0 – A1) is the 
white area representing the air effective flow area (Fig. 10).

On the basis of the non-water spray experimental 
data, the fitting correlated formula for calculating the 
pressure drop of an airflow across the tube bundle is:

∆p N Vg g gtb 1 ,act1= 0 5 41 37 0 45551 2. . Re .⋅ ⋅ ⋅ ⋅( ) ⋅−ρ 	 (6)

The deviation between the experimental data and 
calculated data are within ±1%, as shown in Fig. 11. 
The calculated data agree well with the experimental data.

3.3. Pressure drops of liquid columns

In view of simplifying the complexity of the two-phase 
flow, the liquid columns are regarded to be isodiametric 

circular cylinders. In this manner, the pressure drop of air 
across the liquid columns can be converted into that of an 
airflow across circular cylinders. Regarding the pressure 
drop of an airflow across the cylinder, Schlichting [31]  
summarizes the calculation formula as follows:

∆p N C Vg d gcol ,act2
*  2= ⋅ ⋅ ⋅ ⋅0 5. ρ 	 (7)

where Cd is the pressure drop coefficient of the circular 
cylinders, and V*

g,act2 is the corrected air velocity between 
tubes with the presence of spray water.

3.3.1. Ideal air velocity between tubes

Figs. 10 and 12 are compared for analysis. The exist-
ing liquid columns have caused the airflow area to be fur-
ther reduced. Thus, the continuity equation is again used 
to calculate the ideal air velocity between tubes:

A V A A A Vg g0 ,act2⋅ = − −( ) ⋅0 1 2 	 (8)

where Vg,act2 represents the ideal air velocity between tubes 
with the presence of spray water, and A2 is the sectional 
area occupied by the liquid columns.

Different spray densities entail different liquid col-
umn diameters (d). As shown by the preliminary experi-
ment (Fig. 13), the diameter of each spray slightly decreases 
with an increase in the water-spray density. The quanti-
tative diameters are listed in Table 3. As we can see, the 
diameters of the sprayed liquid column changed slightly. 
Thus, the average diameter (dcr  =  2.3  mm) was employed 
in the subsequent calculation.

3.3.2. Corrected air velocity between tubes

The ideal air velocity represents an ideal situation in 
which the influencing factors between the two phases are 
not considered. Therefore, the corrected velocity should be 
based on many factors, such as turbulence between the two 

 
Fig. 10. Effective flow cross-sectional area at Γ  =  0  kg/(m  s). 
(a) front view and (b) sectional view.
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phases, fluid physical properties, and Reynolds number, 
etc. Each possible factor can be expressed as:

V f V V g d D x
xg g l g l g l,act2

*
,act2 , , , , , , , , , =

−







ρ ρ µ µ

1 	 (9)

where Vl is the water-spray velocity flown out of the ori-
fices; ρg and ρl are air density and water density, respec-
tively; μg and μl are air dynamic viscosity and water dynamic 
viscosity, respectively; and x is the air fraction inside tube 
bundle and defined as:

x
V A

V A V A
g g g

g g g l l l

=
⋅ ⋅

⋅ ⋅ + ⋅ ⋅

ρ

ρ ρ
	 (10)

where Ag is the cross-sectional area of the tube bundle, 
and Al is the circular area of 1,200 orifices.

Eq. (9) is further abbreviated as non-dimensional num-
ber based on the π principle. Consequently, Eq. (11) can be 
expressed as follows:

V
V

f Xg

g
g

l

g

,act2
*

,act2 2
ttFr , 

Re
Re

, =












	 (11)

where Frg is the Froude number, Rel is the water Reynolds 
number, Reg2 is the air Reynolds number, and Xtt is the 
Lockhart–Martinelli number [14].

Fr
,act2

g
g

g D
V

=
⋅
2 	 (12)

Rel
l

=
⋅2 Γ
µ

	 (13)
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g
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V D
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⋅ ⋅ρ

µ
	 (14)
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	 (15)

Thus, Eq. (11) can be further expressed as:

V
V

a Xg

g

a l

g2

a

g

a,act2
*

,act2
tt

1
Re
Re

Fr= + ⋅












⋅ ( )0

2

3 	 (16)

Table 3
Quantitative liquid column diameter values

Spray density, Γ (kg/m s) Liquid column diameter, d (mm)

0.02 2.60
0.04 2.32
0.06 2.17
0.08 2.13
0.10 2.12

 
Fig. 12. Effective flow cross-sectional area at Γ  ≠  0  kg/(m  s). 
(a) front view and (b) sectional view.
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Fig. 13. Liquid column diameter with different spray densities.
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By combining Eqs. (7) and (16), Dpcol can be expressed as:

∆p N C V a Xd g g
a l

g

a

gcol ,act2 tt
2

1
Re

Re
Fr= ⋅ ⋅ ⋅ ⋅ + ⋅








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⋅ ( )0 5 2
0

2

. ρ
aa3

2

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









	 (17)

On the basis of the experimental data, regression anal-
ysis was employed to achieve the value of a0, a1, a2, and a3, 
which have the values of −1.44, 0.386, −0.336, and 0.00522, 
respectively.

3.4. Fitting correlation for the FFPD

Combining Eqs. (1), (5), (6), (8), and (17) yields the FFPD 
calculation formula of:

∆p N f Vg gsum sum= 0 5 2. ⋅ ⋅ ⋅ ⋅ρ 	 (18)

where
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where Reg1 = 1,570–7,850, Reg2 = 1,570–7,850, and Rel = 30–200.
Eq. (19) can be used for dimensionless analysis, as it 

not only considers the influences of air Reynold number 
(Reg) and water Reynold number (Rel) but also the gas–
liquid turbulence (Xtt) between air and water. The calcu-
lated result of FFPD is plotted in Fig. 14. The proposed 
correlation matches the experimental data at a deviation of 
±15% for the spray density of Γ = 0–0.10 kg/(m s).

3.5. Vapor flow in the LT-MED evaporator

On the basis of the dimensionless analysis, a reason-
able formula (Eq. (16)) for calculating the air actual velocity 
between tubes was adopted. Fig. 15a shows the calculation 
result of the proposed equation of the actual air veloc-
ity between tubes at the spray density of Γ = 0.02–0.10 kg/
(m s). Thus, we transformed air velocity into vapor veloc-
ity at the pressure of p  = 21.8 kPa, with the same vacuum 
environment as that in the first-effect evaporator in the 
LT-MED plant. As shown in Fig. 15b, the average vapor 
velocity between tubes in the tube bundle of the first-effect 
evaporator is in the range of 5–20  m/s at a spray density 
of 0.02–0.10  kg/(m  s), corresponding to the same order of 
velocity magnitude numerically simulated in the LT-MED 
plant [28]. Furthermore, the inter-tube air velocity val-
ues first increase linearly and then further slow rise with 
the increase in air-inlet velocity for each spray density. 
The linear increase occurs at a lower air-inlet velocity of 
Vg = 0.5–1.5 m/s in which the shear force is unable to over-
come the gravity forces [32]. Thus, the spray water column 
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can keep the original liquid-column shape. As mentioned in 
the analysis of the spray–density effect, the effective airflow 
area is reduced due to the water phase also occupying cer-
tain areas. As a result, the inter-tube air velocity increases 
linearly with the rise in air-inlet velocity. The slow increase 
in inter-tube air velocity with the rise in air-inlet velocity 
can be explained from two distinct mechanisms. One mech-
anism ascribes to different flow patterns caused by the 
relatively high inter-tube velocity in the falling two-phase 
flow. In particular, when the air velocity exceeds 1.5  m/s, 
the shear force exceeds the gravity forces. The vertical fall-
ing film can transfer to a horizontal flow along the same 
direction of airflow, namely, the traditional two-phase flow. 
However, the interactions between the air and water phases 
are drastic, producing different two-phase flow patterns. 
Thus far, many studies have attempted to classify the tra-
ditional two-phase flow patterns, such as bubble, churn, 
intermittent, and annular patterns, etc., [24–27]. Mao and 
Hibiki [27] previously found flow pattern transitions to the 
churning or annular state when the air velocity was more 
than 1  m/s in the normal triangular tube bundle arrange-
ment. We can speculate from the momentum conservation 
that the pattern will lower the air velocity and increase the 
water velocity. However, once the liquid columns become 
deformed due to the high air velocity, the effective air-
flow area increases relative to the low air-inlet velocity, 
thereby lowering the inter-tube velocity. These two reasons 
may explain the slow increase in inter-tube velocity.

4. Conclusions

This study comprehensively combined experiment and 
correlation to investigate the air/vapor flow and pressure 
drop characteristics over a horizontally falling film tube bun-
dle. The main conclusions can be drawn as follows.

•	 FFPD increases quadratically with the increases in air 
velocity, rises linearly with increments of spray density, 
and rise rapidly with increase in tube columns. However, 
heat flux has a minimal effect on the FFPD because of 
the predominant portion of airflow volume relative to 
that of the evaporated vapor volume.

•	 The FFPD in water-spray cases is much larger than that 
in the non-water spray cases (Γ = 0 kg/(m s)) owing to the 
airflow cross-sectional area reduction after the falling of 
spray water in the tube bundle.

•	 A brand new correlation for predicting the FFPD is pro-
posed on the basis of the dimensionless analysis and 
experiment data within the deviation of ±15%.

•	 The inter-tube average vapor velocity was estimated in 
the range of 5–20  m/s in the first effect of the LT-MED 
evaporator at the spray density of 0.02–0.10  kg/(m  s), 
corresponding to the order of magnitude of engi-
neering data. The inter-tube air velocity values first 
increase linearly and then slow rise with the increase in 
air-inlet velocity for each spray density.

Our study intended to prove the reasonable concept 
and principle of establishing the FFPD formula. The inter-
tube air/vapor velocity was also estimated reasonably. 
In the future, related studies can employ particle image 

velocimetry (i.e., PIV approach) to directly measure and ver-
ify gaseous velocity between tubes. Additionally, the flow 
pattern classifications of falling film two-phase flow over 
a tube bundle can be regarded a key parameter in deter-
mining FFPD. The aforementioned proposals can thus be 
regarded a direction of further research.

Symbols

A0	 —	 Cross-sectional area of tube bundle, m2

A1	 —	 Cross-sectional area occupied by tubes, m2

A2	 —	� Cross-sectional rea occupied by liquid 
columns, m2

Cd	 —	 Pressure drop coefficient of circular cylinder
D	 —	 Tube diameter, m
Frg	 —	 Air Froude number
N	 —	 Tube column number
Reg1	 —	� Air Reynolds number in non-water spray 

system
Reg2	 —	 Air Reynolds number in spray system
Rel	 —	 Spray Reynolds number
Vg	 —	 Air inlet velocity of test bench, m/s
Vg,act1	 —	� Air actual velocity between tubes without 

spray water, m/s
Vg,act2	 —	� Air actual velocity between tubes with 

spray water, m/s
V*g,act2	 —	� Corrected air velocity between tubes with 

spray water, m/s
V*vap,act2	 —	� Corrected vapor velocity between tubes 

with spray water, m/s
Xtt	 —	 Lockhart–Martinelli number
d	 —	 Liquid column diameter, m
fsum	 —	 Total resistance coefficient over tube bundle
g	 —	 Gravitational acceleration, m/s2

Δpsum	 —	 Falling-film resistance in total, Pa
Δptb	 —	� Resistance of airflow across the tube bundle, Pa
Δpcol	 —	� Resistance of airflow across the tube columns, 

Pa
q	 —	 Heat flux of rods, kw/m2

x	 —	 Air fraction in tube bundle

Greek

Γ	 —	 Water spray density, kg/(m s)
μg	 —	 Air viscosity, Pa s
μl	 —	 Water viscosity, Pa s
ρg	 —	 Air density, kg/m3

ρl	 —	 Air density, kg/m3

Subscripts

act	 —	 Actual value
col	 —	 Tube columns
l	 —	 Liquid phase
g	 —	 Gas phase
sum	 —	 In total
tb	 —	 Tube bundle
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