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a b s t r a c t

A reliable prediction of non-condensable gases (NCG) desorption is of great significance for enhanc-
ing heat transfer efficiency and optimizing the geometrical parameters in a horizontal-tube fall-
ing film evaporator. As chemical desorption of NCG in horizontal-tube falling film evaporation is 
a complex transfer process involving the coupling effects of fluid hydrodynamics, phase change 
and chemical reaction, little attention has been given to a predictive estimation of NCG desorption. 
A simulation model, which integrates the chemical reaction in seawater film with heat transfer of 
falling film evaporation, is developed to predict the carbon dioxide (CO2) chemical desorption rate 
in horizontal-tube bundles. The size of differential volume elements in this model is determined by 
the controlling chemical reaction time rather than an assumption. The concentration of the carbonate 
system in the seawater film is calculated by the falling film evaporation rate which was predicted 
through modelling both external film evaporation and internal condensation. A good agreement 
between the predictions and the practical operating data of a multi-effect distillation (MED) desali-
nation plant proves that the present model is reliable and accurate. The results show that the varying 
volume element sizes in tube bundles determined by chemical reaction time depend more on brine 
temperature than pH and salinity. The profiles of the concentration and pH in the brine film well 
explain the characteristics of the CO2 chemical desorption rates in preheating and evaporation sec-
tions of tube bundles in a reference MED.
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1. Introduction

Horizontal-tube falling film evaporation has been 
widely utilized in the thermal desalination industry by 
its advantages of high heat transfer efficiency, small tem-
perature difference and thin liquid film. NCG desorption 
has received substantial attention due to its significance for 
enhancing thermal efficiency of falling film evaporators.

NCG have a seriously negative effect on condensing 
heat transfer rates and energy consumption. NCG, includ-

ing carbon dioxide, oxygen and nitrogen, are released 
during falling film evaporation of seawater outside hori-
zontal tubes. The accumulated NCG produce an extra heat 
and mass transfer resistance to prevent vapor from reach-
ing tube wall and lower condensable partial pressure. As a 
result, even low concentration NCG severely deteriorates 
condensation heat transfer rates [1]. Since there is often nei-
ther a deaerator or a decarbonator in a MED desalination 
plant, it becomes highly vital to extract NCG from evapora-
tors through adequate venting. For example, high pressure 
vapor, which is used to extract NCG by a thermal vapor 
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compressor, accounts for 10% of the total consumed vapor 
in a MED desalination plant with a capacity of 12500 ton/ 
day in China.

The NCG desorption in falling film evaporation 
includes physical and chemical desorption. Desorption 
of molecular gases of oxygen and nitrogen from seawater 
solution without chemical reactions is defined as physical 
desorption. When CO2 is released by chemical reactions 
of carbonate species in seawater, this desorption is called 
chemical desorption. Since the theoretically maximum 
chemical desorption amount in a MED is ten times of 
physical desorption of oxygen and nitrogen [2], chemical 
desorption dominates the NCG desorption in falling film 
evaporators. Therefore, it is of great importance to predict 
the chemical desorption rates in order to improve the ther-
mal efficiency of falling film evaporators.

A large amount of experimental and theoretical inves-
tigations on NCG have been performed. Due to the fact 
that chemical desorption, involving the combined effects of 
chemical reaction, phase change and fluid hydrodynamics, 
is a complex transfer process, most research [3-6] on NCG 
were focused on heat transfer mechanisms of condensation 
in presence of NCG and the effects of NCG on heat trans-
fer performance of falling film evaporation. Little attention 
to NCG desorption process is paid even though accurately 
predicting NCG desorption rates is a prerequisite for these 
investigations. The first investigation on chemical desorp-
tion, based on simple reaction models and scarce data, 
were used to estimate NCG desorption rates by thermal 
desalination designers. As the effects of chemical reaction 
on the dissolved gas concentration and mass transfer rate 
enhancement were not taken into account, these predicted 
NCG desorption rates agreed with each other poorly. A the-
oretical model based on the coupling of mass transfer and 
chemical reaction kinetics were proposed to calculate CO2 
release in Multi-stage flashing (MSF) [7–8]. Since there exist 
key differences between seawater flashing and falling film 
evaporation in heat transfer machanism, hydrodynamics, 
operating temperatures and pressures, and flowing config-
urations, this model was further developed to calculate the 
CO2 chemical desorption and carbonate concentrations in 
seawater film for falling film evaporation [9,10]. Although 
the accuracy of predicting CO2 concentration in brine film 
depends on the size of volume elements in tube bundles, the 
size of the volume elements was roughly chosen to contain 
3 tubes in this model in terms of researchers’ experience. 
Temperatures and salinities of brine film on horizontal tube 
rows were assumed to linearly increase within the chosen 
elements in preheating and evaporation tube rows, sepa-
rately. Thus, heat transfer calculation of falling film evapo-
ration was not involved in this model.

The above mentioned deficiencies of chemical desorp-
tion simulation suggest that the existing model for CO2 
desorption rates can be improved by simulating profiles 
of temperature, salinity, and evaporation rate rather than 
assuming them. The volume element sizes should be 
determined by the chemical reaction time and calculated 
local velocities in brine film. A simulation model using 
a computer program of MATLAB, which integrates the 
chemical reaction desorption and heat transfer of falling 
film evaporation, is developed to predict the desorption 
rate of CO2 in horizontal-tube bundles. The differential 

volume element in this model is the brine film volume 
flowing over tubes during the chemical reaction time. The 
CO2 chemical desorption mechanism in fall film evapora-
tion is obtained by analyzing profiles of carbonate species 
in brine film elements.

2. Numerical model formulation

2.1. Physical model

Seawater with a constant flow density of Γ and a uni-
form temperature falls on the top of a horizontal tube at 
a height of H as show in Fig. 1. A liquid jet flows around 
both sides of the tube to form thin film under the combined 
effects of gravity, viscous force and surface tension, then 
converges at the bottom of the tube. Seawater film is heated 
to its saturated temperature at the liquid-vapor interface 
on the upper tube rows by the tube wall with a constant 
temperature. On the lower tube rows, part of brine film is 
evaporated by vapor condensation heat inside tubes. As 
falling film evaporation disturbs the chemical equilibrium 
in the carbonate system of seawater film, new CO2 is contin-
uously formed by the chemical reaction and released within 
brine film. Internal condensation is film-wise condensation 
as shown in Fig. 2. The condensate forms a continuous film 
covering the internal surface. The film flows over the sur-
face under the actions of gravity and interfacial shear stress. 
The condensate flow pattern inside a tube is stratified as the 
condensate runs down the tube wall to form a layer at the 
bottom which is swept along the tube length by vapor flow.

Horizontal-tube falling film evaporation is modeled 
with the following assumptions:

Fig. 1. Schematic of horizontal-tube falling film evaporation 
 between adjacent tubes.

Fig. 2. Schematic of vapor condensation inside a horizontal tube.
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(1) Seawater film flow outside a horizontal tube is 
either a laminar flow or a transition from laminar 
to slightly turbulent flow. Stratified two-phase flow 
occurs inside a horizontal tube.

(2) The curvature effect is neglected as film thickness 
of both seawater and condensate is small compared 
with the tube radius.

(3) Fluid properties within both seawater and conden-
sate film remain constant because of small tempera-
ture differences in thin film.

(4) Liquid free falling on the top of a tube is the same as 
a jet impinging on a flat surface.

(5) Inter-facial waves and shear stresses at the liq-
uid-vapor interface outside a tube are not taken into 
account.

2.2 Governing equations

The continuity, momentum and energy equations of 
external falling film evaporation in Fig. 1. are given as 
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A starting velocity near the impinging point on the top 
of a tube is given as [11]
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The boundary conditions are listed as
at y = 0, x > 0; u = 0, v = 0

at y= δ, x > 0; + 0
Y
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Local heat transfer coefficient with in liquid film at an 
inclination angle of θ can be obtained as
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The continuity, momentum and energy equations at 
vapor-liquid interface of condensate inside a horizontal 
tube shown in Fig. 2 are given as 
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Film velocities in x-direction of u and in z-direction of 
velocity of w are givens as 
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Local temperature in liquid film is

( ) /w S WT T T T y δ= + +  (13)

The boundary conditions of film velocity and tempera-
ture are

u = w =0 T = TW at y = 0
T = TS and y = δ
The equations for u, w, T and interfacial energy balance 

equation are substituted into continuity equation, thus a 
partial differential equation for film thickness is given as

2 2 2
i i i i i i

i x y2 2 2

i
z i

C C C C C C
D U U

C
U r

t x y z x y

z

 ∂ ∂ ∂ ∂ ∂ ∂= + + − − ∂ ∂ ∂ ∂ ∂ ∂ 
∂− +
∂

 (14)

Local heat transfer coefficient within liquid film at an 
inclination angle of θ and a distance from vapor inlet of z 
can be obtained as
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The heat transfer processes of both falling film evapora-
tion outside a horizontal tube and vapor condensate inside 
one are combined by the equivalent heat transfer rate. The 
detailed method of solution has been done by Xu [12]. 
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2.3. Chemical desorption equations

A model, developed by H. Glade et al. [9,10], is used in 
this simulation to quantitatively describe the carbonate sys-
tem in chemical equilibrium and chemical reaction kinetics 
and calculate the chemical desorption of CO2 in a MED with 
horizontal tube falling film evaporation.

Among a number of chemical reactions which are 
involved by chemical desorption of CO2, the rate-decisive 
reaction is:

2 3CO OH HCO− −↔+  (16)

A differential equation on the concentration field of 
component i, which considers molecular transport, convec-
tive transport and reaction, is 

2 2 2
i i i i i i

i x y2 2 2

i
z i

C C C C C C
D U U

C
U r

t x y z x y

z

 ∂ ∂ ∂ ∂ ∂ ∂= + + − − ∂ ∂ ∂ ∂ ∂ ∂ 
∂− +
∂

 (17)

The CO2 desorption rate solution of the differential 
equations for Reaction (16) is
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Chemical reaction time of Reaction (16) is 
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Film residence time is 
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The concentrations in the carbonate system are calcu-
lated based on the simulated evaporation rates. The tem-
perature and salinity of brine film are predicted by the 
above combined models of external falling film evaporation 
and internal condensation. Thus, the CO2 concentrations 
at the bulk and interface of film in Eq. (21) are calculated 
based on these simulation results.

2.4. Differential volume element size 

For calculating the carbonate concentration and CO2 
chemical desorption in seawater film on horizontal tube 
bundles, differential volume element sizes are determined 
by the rules that controlling chemical reaction time equals 
to the residence time of seawater film. As local velocities 

in brine film along a horizontal tube are obtained by simu-
lating falling film evaporation, the differential volume ele-
ment sizes are brine film volumes flowing over the tubes 
during the chemical reaction time as shown in Fig. 3.

3. Results and discussion

3.1. Simulation model verification

Numerical results of local heat transfer coefficients for 
external falling film evaporation and internal condensation 
are compared with experimental data of Liu [13] and Shen 
[14] in Fig. 4. The comparison shows that the simulating 
predictions are in a good agreement with the data. An over-
estimation of external falling film heat transfer coefficients 
near the upper part of the tube is due to the uncertainty of 
the measuring data in the upper impinging region. 

The predicted CO2 chemical desorption is compared 
with the calculated result of H. Glade in a MED with five-ef-
fect evaporators [11] in Fig. 5. The comparison shows that 
the predictions are slightly underestimated, and that the 
difference of specific desorption rates increases from the 
first effect evaporator to the last one. The underestimation 
can be attributed to the volume element size. The element, 
which was artificially assumed to contain 3 tubes [15] by 
H. Glade, are calculated according to the chemical reaction 
time in seawater film in this paper. It’s found in Table 1 that 
the calculated element numbers in five evaporators are evi-
dently greater than the assumed ones. Specific CO2 desorp-
tion rates decrease from the upper tubes to the bottom due 
to decreasing mass transfer coefficients and total inorganic 
carbon contents. The decreasing chemical desorption rates, 
together with the increasing element numbers, result in this 
overestimation.

Calculated evaporation temperatures in evaporators 
for a reference MED desalination plant are compared with 

Fig. 3. Differential volume element size.
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practical data of t3 in Table 2. The calculated ones include 
evaporation temperature, t1, for evaporation without NCG 
and evaporation temperature, t2, for evaporation in pres-
ence of NCG. The configuration and dimensions of the ref-
erence MED are presented in Fig. 6. and Table 3. Table 2 
indicates that t2 is close to t3. The difference between t1 and 
t3 increases from the first effect to the last one due to increas-
ing NCG accumulation. Compared with the overall heat 
transfer temperature difference of 2.6˚C between internal 
vapor condensation and external falling film evaporation 
in the last evaporator, the temperature difference of 0.34˚C 
between t1 and t3 is distinct. This proves that the negative 
effect of NCG on heat transfer rates is remarkable. A good 
agreement between t2 and t3 indirectly verifies the accuracy 
and reliability of the developed model of CO2 desorption.

3.2 Chemical reaction time 

Chemical reaction time with respect to brine tempera-
ture, pH and salinity in an evaporator, where inlet seawater 
at 42.6˚C is preheated to its saturated temperature of 65˚C, 
is presented in Fig. 7. The chemical reaction time appar-
ently decreases with increasing brine temperature, pH 
and salinity. For the upper tubes in an evaporator where 
seawater is preheated to its saturated temperature and the 
salinity remains constant, a significant decrease in chemi-
cal reaction time results in a decrease in volume elements 
from 5 tubes to 1 tube. For the rest tubes where evaporation 
occurs, the chemical reaction time changes very smoothly 
with an increase in salinity and pH due to the fact that 
external falling film evaporation rates stay almost con-
stant. As a result, the volume sizes in these tubes keep at 
the magnitude of 1 tube. Therefore, the brine temperature 
is the predominant effect on the chemical reaction time and 
the element size. As a decrease in evaporation rates with 
decreasing brine saturated temperature in an evaporator 
causes a large change in carbonate concentrations of brine 
film, a notable variation in chemical reaction time from the 
first effect evaporator to the last one results in a decrease in 
volume element sizes.

3.3 Carbonate concentration effect on desorption rates 

Concentration profiles of CO2, HCO3
–, CO3

2– and pH in 
brine film elements of the reference MED in Fig. 6 are pre-
sented in Fig. 8. As the pH decreases and the HCO3– con-
centration increases in the preheating volume elements, 
the CO2 concentration in the brine bulk increases according 
to the rate-decisive reaction of CO2 chemical desorption,  
CO2 + OH– ↔ HCO3

– [11]. The CO2 concentration at the liq-
uid-vapor interface in brine film decreases due to a decrease 
in CO2 solubility of brine film with increasing brine tem-
perature. Thus, the increasing CO2 concentration difference 

Fig. 4. Comparison of local heat transfer coefficients.

Fig. 5. Comparison of specific CO2 desorption rates.

Table 1 
Comparison of the volume element numbers

H. Glade This paper

Effect 1 35 101
Effect 2 35 100
Effect 3 35 99
Effect 4 35 91
Effect 5 35 74

Table 2 
Comparison of evaporation temperatures

Evaporation temperatures (˚C) Effect 1 Effect 2 Effect 3 Effect 4 Effect 5 Effect 6

Calculated values without NCG t1 61.61 58.42 55.31 52.33 49.31 46.14

This paper t2 61.59 58.40 55.28 52.28 49.26 46.06
Practical values  t3 61.6 58.4 55.2 52.1 49.1 45.8
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between the bulk and liquid-vapor interface contributes to 
increasing CO2 chemical desorption rates.

For evaporation volume elements, the chemical 
desorption, which is caused by evaporation disturbing 
the equilibrium in brine carbonate, results in an increase 
in pH and a decrease in HCO3

– concentrations. In terms 
of CO2 + OH– ↔ HCO3

–, the reducing driving force for 
CO2 desorption leads to decreasing chemical desorp-
tion rates. Meanwhile, brine evaporation increases the 
concentrations of the. The opposite effects of chemical 
desorption and evaporation on the carbonate species 
concentrations are clearly shown in Fig. 8(b) where the 
concentration of HCO3

– decreases at a lower speed with 
increasing volume element numbers. Thus evaporation 
partially compensates the decreasing chemical desorp-
tion rates.

4. Conclusions 

Numerical simulations of chemical desorption of NCG 
in horizontal-tube bundles for falling film evaporation have 
been performed to gain deep insights into the chemical 
desorption mechanism. The differential volume element 
sizes in this model are chosen based on the chemical reaction 
time and simulated local velocities in brine film. The good 
agreement between the predictions and the experimental 
data validates the accuracy of the developed numerical 
model. The varying volume element sizes in tube bundles 
determined by chemical reaction time depend more on 
brine temperature than pH and salinity. The profiles of the 
concentrations and pH in brine film elements well explains 
the characteristics of the chemical desorption rates of CO2 
in preheating and evaporation sections of tube bundles in 
the reference MED.

(a) pH = 7.7

(b) pH = 7.9

(c) pH = 8.1

Fig. 7. Chemical reaction time as a function of temperature, sa-
linity and pH of brine film. 

Fig. 6. Schematic of a reference MED process configuration. 

Table 3  
Dimensions of the reference MED

Dimension Effect 1–4 Effect 5–6

Length of tubes, m 9.65 6.0
Tube outside diameter, m 0.0254 0.0254
Tube inside diameter, m 0.024 0.024
Number of tubes, m 13260 7611
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Symbols

C — Species concentration
Cp — Specific heat at constant pressure, J/kg K
d — Diameter
D — Diffusivity
g — Gravitational acceleration, m/s2

h —  Convection heat transfer coefficient, W/m2 K
Ha — Ha number 
k — Thermal conductivity, W/m K
p — Pressure, Pa
Re — Reynolds number
T — Wall temperature, K or ˚C
t — Flow time, s 
tR — Response time
U — Velocity profile
u — Velocity in x-direction, m/s 
uo — Initial velocity
v — Velocity in y-direction, m/s 
w — Velocity in z-direction, m/s
x — Horizontal coordinate
y — Vertical coordinate
z — Axial direction

Greek

δ — Film thickness, mm
θ — Stratified angle ° 

λ — Thermal conductivity, W/m K
μ — Dynamic viscosity, kg/m s
ρ — Density, kg/m3 
Γ — Flow density, kg/m s

Subscripts

fg — Phase change
l — Liquid phase
o — Extine
s — Saturation
SW — Seawater
v — Gas phase
w — Wall
W — Water
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