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a b s t r a c t

An experimental system was built up to measure the pressure drop of steam condensation flow 
in vacuum horizontal aluminium brass tubes, whose inner diameter is 18 mm and length is 2 m. 
The experiments were carried out at the saturation temperatures varying from 50°C to 70°C with 
mass flow rate changing between 2 and 11 kg/(m2·s). The temperature differences between steam 
and cooling water are 3°C, 5°C and 7°C, respectively. Pressure drop decreases along flow direction. 
Pressure drop increases with mass flow rate and vapor quality, decreases with saturation tempera-
ture. Temperature difference has less effect on pressure drop. The saturation temperature depression 
rises at first and remains at a constant level later with the increase of flow direction. Saturation tem-
perature depression increases with mass flow rate and decreases with temperature difference and 
saturation temperature. Based on the experimental data, a correlation was proposed for calculating 
pressure drop of steam condensation flow in vacuum horizontal tube.
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1. Introduction

Population growth, urbanization, migration and indus-
trialization, along with increases in production and con-
sumption, have generated ever-increasing demands for 
freshwater resources [1]. Low-temperature multi-effect 
evaporation (LT-MEE) technique has the benefits of high 
thermal efficiency, insensitivity to the quality of the feed 
and stable operation. So it is widely used for desalination 
process to relief the crisis of water resource and the installed 
capacity accounts for more than 8% of the total installed 
capacity of desalination in the world [2]. In this technique, 
steam condensates in the horizontal tube, which provides 
heat source for seawater evaporating out the tube. The pres-
sure drop of steam condensation flow in vacuum horizontal 

tube is an important parameter which influences both flow 
and heat transfer in the system.

The MEE desalination system has been studied exten-
sively, however the effect of steam condensation pressure 
drop has received less attention. The MEE system model 
proposed by Darwish and Abdulrahim [3] is one of the most 
cited model, which ignores the pressure drop of steam con-
densation. Other scholars [4–9] simulated and optimized 
the MEE units with the assumption that pressure drop of 
steam condensation can be neglected. Kouhikamali et al. 
[10] investigated the pressure drop in the heat exchangers 
of multi-effect evaporation with thermal vapor compres-
sion system and showed that condensation pressure drop 
in the tube has most influence on the system performance 
among all different kinds of pressure losses. Considering 
condensation pressure drop in tube increases the specific 
heat transfer surface area by about 7% than neglecting it. 
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Liu et al. [11] experimentally studied the shell-side two-
phase pressure drop on falling film evaporation in a rotated 
square bundle in LT-MEE desalination plant. Zhou et al. 
[12] analyzed the distribution of various thermodynamic 
losses which include flow resistances in the whole LT-MEE 
desalination plant.

Some models [13–15] include the condensation pressure 
drop, which is calculated by the following equations. The 
pressure drop Δp is the sum of static pressure drop Δpstatic, 
the momentum pressure drop Δpmom and the frictional pres-
sure drop Δpfrict.

∆ ∆ ∆ ∆p p p p= + +static mom frict  (1)

The static pressure drop Δpstatic is zero for horizontal 
tube, and the momentum pressure drop Δpmom is given by:
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where, the void fraction is calculated by Zivi [16] 
 correlation. The frictional pressure drop Δpfrict is calculated 
by Friedel [17] correlation:

∆ ∆p pfrict l lo= φ2  (3)

Zivi correlation was derived by the theory of minimum 
entropy production which is suitable for steady state annu-
lar flow. Friedel correlation is a function of property ratios, 
Froude number and Weber number, based on experiments 
with R12, air-water and air-oil. As the steam condensation 
flow in tube in the MEE desalination system is normally a 
stratified flow, with the characteristic of high vacuum and 
low mass flow rate. The Zivi correlation and Friedel correla-
tion are not completely suitable for this condition.

Pressure drop of two phase flow is important not only 
in MEE desalination, but also in different industrial appli-
cations, such as refrigeration, air condition system and 
pipeline network system. A large number of experimental 

studies were carried out, but most of the working fluids 
are refrigerants, few of them are steam at high pressure or 
atmospheric pressure. Pressure drop of steam in vacuum 
condition are rarely reported in former literatures. In this 
paper, this issue will be studied experimentally.

2. Experimental apparatus

The major objecive of the experiment is to measure the 
pressure drop of steam condensation flow. As shown in 
Fig. 1, the experimental apparatus contain steam loop, cool-
ing water loop and the data acquisition system. Steam is pro-
vided by an evaporator with 12 kW electric power. Demister 
is installed at the outlet of the evaporator to ensure that the 
vapor quality is near 1. Then, steam flows through five iden-
tical test sections, where all or part of steam condenses into 
water. Subsequently, water is separated from the steam-water 
mixture and stays in the separator which is connected to the 
last test section. Finally, uncondensed steam flows into two 
condensers and condenses into water completely by cooling 
water. Liquid level meters on the separator and condensers 
are uesd to measure the mass flow rates of steam and con-
densation water. A vacuum pump connected to the second 
condenser enables the system to achieve and maintain vac-
uum state. The total length of test tube is 10m to simulate 
the two-phase flow in the actual LT-MEE desalination plant. 
The test tube is divided into five segments in order to reduce 
the increment of cooling water temperature. A cooling water 
tank and a water pump are used to provide cooling water at 
constant temperature to five test sections, respectively.

The test sections are double-pipe heat exchangers, shown 
in Fig. 2. Steam condensates in the inner tube while cooling 
water flows countercuttently through the annulus. The inner 
tube is made of aluminium brass with 18 mm in inner diam-
eter, 0.5 mm in thickness and 2 m in length. The outer tube is 
made of stainless steel with 35 mm inner diameter.

Cooling water temperatures are measured by T-type 
thermocouples at the inlet and outlet of cooling water in each 
test section. Thermocouples are also welded on the test tube 
to measure the tube wall temperature. All the thermocouples 

Fig. 1. Schematic diagram of experimental apparatus.
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are calibrated by thermostatic waterbath with an accuracy 
of 0.1°C. The pressure measure point is 350 mm from the 
end of test tube. Differential pressure transducers with an 
accuracy of 0.1% within its full span are installed between 
two adjacent pressure measure points, so the pressure drop 
of steam condensation flow in each test section can be mea-
sured. Pressure transducers with a precision of ± 28 Pa are 
installed at the inlet and outlet of the test tube and the evapo-
rator to monitor the vacuum state of the system. The records 
of differential pressure transducers and pressure transducers 
are instantaneous values of an interval of 3 s. In each exper-
imental condition, 200 data are recorded and the average of 
whose values are calculated by a computer equipped with a 
National Instruments SCXI data acquisition system.

The experimental conditions and actual operation of 
LT-MEE desalination system parameters are quite similar. 
The saturation temperature in the actual plant is generally 
lower than 70°C for the purpose of preventing fouling. The 
experiments were carried out at the saturation temperature 
varying from 50°C to 70°C and mass flow rate changing 
between 2 and 11 kg/(m2·s). The temperature differences 
between steam and cooling water are 3°C, 5°C and 7°C at 
the end of test section, respectively. 

3. Data processing

Heat transfer rate Q in each test section is calculated by 
the following formula:

Q m c T T= −( )c p c out c in, ,  (4)

where, mc is the mass flow rate of cooling water, and cp is the 
constant-pressure specific heat of water. Tc,in and Tc,out are 
the cooling water temperature at the inlet and outlet of test 
section, respectively. The vapor quality at the inlet of the 
first test tube is 1. The vapor quality at the inlet and outlet 
of test tube i are calculated as the following:
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where ms is the mass flow rate of steam, γ is the latent heat. So, 
the average vapor quality in test tube i can be calculated as:

x x xi i i= +( )1
2 , ,outin  (6)

The saturation temperature depression ΔTd is defined 
by the following formula:

∆T T Td s,in s= −  (7)

where Ts is the steam temperature and Ts,in is the steam 
temperature at the inlet of the test section.

4. Experimental data and discussion

4.1. Pressure drop distribution along flow direction

The pressure drop distribution along flow direc-
tion at different mass flow rates are shown in Fig. 3, 
when the saturation temperature is 60°C at the end of 
test tube. The pressure drop shows a downward trend 
along flow direction. The pressure drop is maximum in 
the first test tube but relatively small in the other four 
test tubes. With the condensation process, steam velocity 
decreases significantly, and the tube inner wall is cov-
ered by liquid film. These reasons result in reduced fric-
tion, so the pressure drop declines. The downward trend 
becomes rapid when the mass flow rate increases. The 
pressure drop changes from 124 Pa/m to about 0 Pa/m 
at G = 5.5 kg/(m2·s). In comparison, it changes from 531 
to 72P a/m at G = 9.6 kg/(m2·s).

4.2. Effects of mass flow rate and vapor quality

Fig. 4 shows the effects of mass flow rate and vapor 
quality on pressure drop when the saturation temperature 
is 60°C at the end of test tube. The pressure drop rises as the 
mass flow rate and vapor quality increase. Pressure drop 
increases dramatically at high vapor quality or high mass 
flow rate. Increasing the mass flow rate and vapor qual-
ity lead to the increase of steam velocity obviously, so the 
pressure drop increases rapidly. The pressure drop grows 
459 Pa/m at x = 0.9 when the mass flow rate changes from 
6.3 to 9.6 kg/(m2·s). At the same time, it increases only 
228 Pa/m at x = 0.3.

Fig. 2. Geometry of the test section.

Fig. 3. Pressure drop distribution along flow direction.
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4.3. Effect of saturation temperature

Saturation temperature has a great influence on the 
physical properties of steam and water, thereby affecting the 
pressure drop. When the mass flow rate is constant, steam 
velocity decreases as the saturation temperature increases, 
due to the steam density increases with temperature. Liquid 
film formed on the inner tube wall with condensation pro-
cess. The dynamic viscosity plays an important role in friction 
between steam and liquid film. When saturation tempera-
ture increases from 50°C to 70°C, steam dynamic viscosity 
increases 8% and water dynamic viscosity decreases 26%. 
The dynamic viscosity of water is about 50 times of steam. 
Low steam velocity and low water dynamic viscosity lead to 
the decrease of friction generated by steam flow obviously. 
So the pressure drop declines with the rising saturation 
temperature, as shown in Fig. 5. The saturation temperature 
plays a more important role on pressure drop when the vapor 
quality is high. The pressure drop tends to be the same at dif-
ferent saturation temperatures when the vapor quality is low. 

The difference of pressure drop varying from Tsat = 50°C to Tsat 
= 60°C at the same vapor quality is greater than what is vary-
ing from Tsat = 60°C to Tsat = 70°C, which is due to the varying 
gradient of the physical properties with temperature.

4.4. Effect of temperature difference

The effect of temperature difference on pressure drop is 
shown in Fig. 6 when the mass flow rate is 8.5 kg/(m2·s) and 
the saturation temperature is 60°C at the end of test tube. The 
temperature differences between steam and cooling water 
at the end of the test tube are 3°C, 5°C and 7°C, respectively. 
The experimental data at different temperature difference are 
almost in the same curve. So temperature difference has less 
effect on pressure drop. Large temperature difference rep-
resents high heat transfer rate which leads to decrease of vapor 
quality and pressure drop in the test section at same time.

4.5. Saturation temperature depression distribution along flow 
direction

There is a one-to-one correspondence between pressure 
and saturation temperature. The pressure and saturation 
temperature reduce at same time along the flow direction 
because of flow resistance. Fig. 7 shows the saturation tem-
perature depression distribution along flow direction at dif-
ferent mass flow rates when the saturation temperature is 
50°C and temperature differences are 3°C and 7°C, respec-
tively. The pressure decrement increases steadily with flow 
direction before steam condensates into water completely, 
and then pressure decrement is almost 0 Pa. Hence, the sat-
uration temperature depression rises at first and remains 
constant later with the increase of flow direction. The sat-
uration temperature depression and the slope of saturation 
temperature depression variarion both increase with the ris-
ing of mass flow rate, because large mass flow rate results in 
large pressure drop. The distance of saturation temperature 
depression increase is longer when the mass flow rate is 
higher. In particular cases, saturation temperature depres-
sion rises in the whole test tube and does not convert to sta-
ble, for example, G = 8.1 kg/(m2·s) and ΔTs,c = 3°C. Fig. 7 also 

Fig. 4. Effect of mass flow rate and vapor quality on pressure 
drop.

Fig. 5. Effect of saturation temperature on pressure drop.

Fig. 6. Effect of temperature difference on pressure drop.
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shows that saturation temperature depression is smaller 
when the temperature difference is larger. Large tempera-
ture difference represents high heat transfer rate, so steam 
condensates into water completely in a relative short length 
in the tube when the mass flow rate is constant. Short length 
means small total pressure decrement because the pressure 
drop has less relationship with temperature difference.

4.6. Effect of saturation temperature on saturation temperature 
depression

The relationship between pressure variation and satu-
ration temperature when saturation temperature changes 
0.1°C presents a power function, as shown in Fig. 8. The 
pressure variation is only 61 Pa when the saturation tem-
perature is 50°C, and grows to 92 and 135 Pa when the satu-
ration temperatures are 60°C and 70°C. So the effect of flow 
resistance is more significant on saturation temperature 
when the saturation temperature is lower.

Fig. 9 shows the effect of saturation temperature on sat-
uration temperature depression when the mass flow rate is 
8.5 kg/(m2·s). It can be seen from the above analysis that 
the pressure drop declines with the increase of saturation 
temperature. So the saturation temperature depression falls 
sharply with the increase of saturation temperature. For 
example, saturation temperature depression changes from 
3.82°C to 1.06°C when the saturation temperature increases 
from 50°C to 70°C at the location of 10 m.

4.7.  Compare with Friedel correlation

Friedel [17] correlation was widely used to calculate the 
pressure drop in MEE desalination. The two phase friction 
multiplier is calculared by the following equations:
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The comparison between experimental data of pressure 
drop and predicted data using Friedel correlation is shown 
in Fig. 10. It can be seen from the figure that the pressure 
drop is significantly undervalued when the pressure drop 
is high. So the Friedel correlation is not suitable for LT-MEE 
desalination system.

4.8. New correlation for pressure drop in tube

The existing pressure drop correlations were based on 
experimental data of refrigerants or steam at high pres-
sure or atmospheric pressure. The experimental conditions 
which the existing correlations based on, are different from 

 

(a) (b)
Fig. 7. Saturation temperature depression distribution along flow direction. (1) ΔTs,c=3°C (2) ΔTs,c=7°C.

Fig. 8. The pressure variation vs. saturation temperature when 
saturation temperature changes 0.1°C.
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the  operation condition of LT-MEE desalination system. 
The database for new correlation is the experimental data 
excluding the portion of less than 10 Pa/m at the saturation 
temperature varying from 50°C to 70°C, vapor quality vary-
ing from 0 to 1 and mass flow rate changing between 2 and 
11 kg/(m2·s). A new correlation is developed based on 260 
data points. As mentioned above, the main factors that influ-
ence pressure drop are mass flow rate, vapor quality and 
physical properties. The new correlation has the following 
form:
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where a, b and c are undetermined coefficients, and ρtp is the 
two-phase density, its form is as follow:
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Based on the principle of least square method, use mul-
tiple linear regression to compute the undetermined coeffi-
cients. The new correlation is shown as follow:
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Fig. 11 shows a comparison between the experimental 
data of pressure drop and predicted data using the new cor-
relation. The result shows that the deviations between exper-
imental data and calculated values are less than 40Pa/m.

5. Conclusion

Pressure drop of steam condensation flow in vacuum 
horizontal tube were investigated experimentally. Some 
conclusions can be summarized as following.

•	 Pressure drop decreases along flow direction. Pressure 
drop increases with mass flow rate and vapor quality, 
decreases with saturation temperature. Temperature 
difference has less effect on pressure drop.

•	 The saturation temperature depression rises at first and 
remains at a constant level later with the increase of flow 
direction. Saturation temperature depression increases 
with mass flow rate and decreases with temperature dif-
ference and saturation temperature.

•	 Based on experimental data, a new correlation was pro-
posed for calculating pressure drop of steam conden-
sation flow in vacuum horizontal tube. The deviations 
between experimental data and calculated values are less 
than 40Pa/m.
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Fig. 10. Comparison of experimental pressure drop and Friedel 
correlation.

Fig 11. Comparison of experimental and predicted pressure 
drop.

Fig. 9. Effect of saturation temperature on saturation tempera-
ture depression.



Y. Wang et al. / Desalination and Water Treatment 69 (2017) 210–216216

Symbols

cp — Constant pressure specific heat, kJ/(kg°C)
d — Diameter, m
f — Friction factor
Fr — FROUDE number
G — Mass flow rate, kg/(m2·s)
m — Mass flow rate, kg/s
p — Pressure, Pa
L — Length, m
Q — Heat transfer rate, kW
Re — Reynolds number
T — Temperature, °C
We — Webb number
x — Vapor quality

Greek
Δ — Difference
α — Void fraction
γ — Latent heat, kJ/kg
μ — Dynamic viscosity, Pa·s
ρ — Density, kg/m3

ϕ2 — Two phase friction multiplier

Subscripts
c — Cooling water
d — Depression
frict — Frictional
i — Ordinal number
in — Inlet
l — Liquid
lo — Liquid only
mom — Momentum
out — Outlet
s — Steam
so — Steam only
sat — Saturation
static — Static
tp — Two-phase
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