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A numerical study for the flow, heat and mass transfer characteristics near the inflow region of the ver-
tical evaporating tube with the films flowing down on both the inside and outside tube walls has been
carried out. Condensation occurs along the outside wall and evaporation at the free surface of the inside
film. The transport equations for momentum and energy are parabolized by the boundary-layer approx-
imation and solved by using the marching technique. In this kind of numerical approach, the accurately
predicting the early stage is really important because a small error at the previous step can produce the
amplified big error at the next step. To accurately predict the flow at the inflow region of the vertical
evaporating tube, the calculation domain of two film flow regions and tube wall is solved simultaneously.
The interesting heat transfer characteristics revealed through this three-zone simulation, such as the
evaporation delay and the temperature inflection at the very near inflow region are found and discussed
along the discrepancy between the inner film inlet temperature and the saturation temperature. The case
that the inner film comes in with the saturation temperature shows a good performance. The velocity and
temperature fields as well as the amounts of the condensed and evaporated mass in both inner and outer
films are predicted for the various conditions.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In an evaporating tube bundle, evaporation and condensation
occur simultaneously on the free surface of the each film flowing
down on both sides of a vertical circular tube. A relatively colder
fluid flows like a thin film along the inside wall, and therefore,
the stagnant water steam outside of the tube becomes a condensa-
tion film, which flows down along the outside wall of the tube. This
condensation film also induces evaporation on the free surface of
the inside film of the tube. These vertical evaporating tube bundles
are applied to a lot of engineering applications on which evapora-
tion and condensation occur simultaneously, such as food industry,
desalination and so on [1–4].

In a film flow heat transfer, the film thickness is the one of the
most important parameters. The film has a different flow regime like
laminar, laminar wavy, transition, and turbulent, along the film flow
rate. Because the film thickness (or shape) depends on the flow re-
gime, many studies for the relation between heat transfer and flow
regime, and the turbulent transition have been conducted by many
researchers such as Chun and Kim [5], and Seban and Faghri [6–8] for
a couple of decades. Recently Krupiczka et al. [9] investigated the
ll rights reserved.

: +82 63 270 2472.
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correlation between the Nusselt number and the boiling number
in the range of high heat fluxes where nucleate boiling is developed.
As a numerical study, although the applications and configurations
(vertical or horizontal) were different, Stuhltrager et al. [10], Min
and Choi [11] and Park and Choi [1] tried to solve the elliptic govern-
ing equation and track the film free surface to get a more accurate
and realistic film thickness. Min and Choi [11] adopted an interface
capturing method, the MAC [12] to get an accurate film shape
including the surface tension effect for the LiBr–H2O absorption film
on a horizontal tube. Park and Choi [1] used the moving grid tech-
nique [13,14] to find the three-dimensional shape of the condensa-
tion film flowing down along a vertical grooved tube. But their
effectiveness and the accuracy when being extended to the high flow
rate wavy regime is not affirmative for the efforts and costs for solv-
ing the elliptic equation set. The researchers returned to the para-
bolic governing equation simplified by the boundary-layer
approximation. Feddaoui et al. [15] and Groff et al. [16] developed
the boundary-layer based numerical method to cover both the liquid
and gas sides, and be adequate to a wide range of the film and gas
Reynolds number through testing a various turbulent models and
comparing with the experimental results. As another research for
the falling film heat transfer, in order to enhance the heat transfer,
the adopting the grooved or fluted tube enlarging the heat transfer
area has been tried by Park and Choi [1] and Jin et al. [3]. They found
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Nomenclature

u velocity component in axial direction
v velocity component in radial direction
r radial coordinate component of position vector
x axial coordinate component of position vector
Fr Froude number, =U�2i =gD�

Re Reynolds number, =U�i D�=m
T temperature
Pr Prandtl number, m/a
g gravitational acceleration, m/s2

Ri inner radius of tube
Ro outer radius of tube
He latent heat at the free surface of evaporating film, J/kg
Hc latent heat at the free surface of condensing film, J/kg
q00 heat flux, W/m2

Greek symbols
a thermal expansion coefficient, m2/s
m kinematic viscosity, m2/s
q density, kg/m3

C film flow rate

d film thickness
Dx increment of axial position at grid system
Dr increment of radial position at grid system

Subscripts
i inlet of inner film flow
e equilibrium (or saturated) state inside of tube
o outside of tube
I inner evaporating film zone
II solid tube body zone
III outer condensing film zone
s free surface
p previous axial position step at marching calculation
old the value which has been obtained at previous iteration

step in an solving procedure
new the value newly obtained at present iteration step in an

solving procedure

Superscript
� dimensional variable
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that the grooved or fluted tube showed an enhanced heat transfer by
5–10 times over a plain tube.

All these works, however, considered only an evaporating or
condensing film existing at only one side of the tube. As an ad-
vanced approach, Wassenaar and Westra [17] considered three
zones, i.e., plate wall, and cooling water and absorptive film on
both sides of the tube. They developed a basic approach to solve
a conjugated heat transfer problem with the mass and energy bal-
ance concept. However, they did not solve the complete form of the
conservative equations, but rather, just used a lumped model in
the tube radial direction. Therefore, the detailed developing pro-
cess of the film could not be presented along the flow direction
and the film region was still limited at one side of the tube.

In the boundary-layer method, the accurately calculating the
initial stage is very important to understand the physics behind
in the workings of a vertical tube evaporator because the wrong
predicted flow variables at the previous step may cause the more
wrong values at the next step. So it is highly necessary to solve
simultaneously the heat and mass transfer phenomena in both
the inner and outer films including the heat conduction of the tube
wall, near the inlet zone.

In this work, the heat and mass transfer phenomena of two thin
films and a conducting axisymmetric tube wall are analyzed simul-
taneously near the inlet region with the developed coupling tech-
nique for three different regions and their two interfaces. Since the
calculation domain is limited on the very near entrance region
(x = 0.1–1 D), the evaporating film flowing in along the tube inside
wall remains at a laminar no-wavy flow. The flow is described by
the axisymmetric laminar boundary-layer equations, in which
the diffusive terms for the primary flow direction are eliminated
from the original elliptic-type conservative equations. The change
of the film flow rate due to the evaporation and condensation are
considered and the resulting film thickness changes are also pre-
dicted in the calculating procedure. The velocity and temperature
fields, the amounts of the condensed and evaporated mass as well
as the peculiar heat transfer characteristics near the inlet region
are investigated for various inlet conditions.

In the following, after introducing a mathematical formulation
for describing the flow, heat and mass transfer in a vertical tube
evaporator, numerical results performed by changing such various
parameters as inner pressure and film flow rate are presented. Fi-
nally, some concluding remarks are given.
2. Mathematical formulations

For the flow analysis of the inner and outer films in a vertical
tube evaporator, it is assumed that (1) the pure water comes into
the tube very calmly without turbulence (2) the properties of the
fluid are constant in an operating range, (3) the interfacial shear
forces at the film free surfaces are negligible because the surround-
ing steam vapors are stagnant and viscosities are much smaller
than the liquid films’, and (4) the saturated state is maintained at
the free surface of the outer condensation film. Finally, (5) the
boundary-layer approximation is adopted for the governing equa-
tions of the flow and heat transfer because the films are very thin
and the flow has a distinct main flow direction.

2.1. Governing equations

The films flowing down along the tube inside and outside walls
as shown in Fig. 1 can be described by the following nondimen-
sional governing equations parabolized by a boundary-layer
approximation, which was used by Feddaoui et al. [15] and Groff
et al. [16], i.e.,
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Here, u ¼ u�=U�i and v ¼ v�=U�i are the dimensionless velocity
components of the dimensionless coordinates x = x*/D* and r = r*/
D* directions, respectively. T ¼ ðT� � T�eÞ=ðT

�
o � T�eÞ is the dimen-

sionless temperature. Here, U�i and D� are the mean velocity at
the inlet of region I (the inner film zone) and the tube diameter,
respectively. Also, T�e and T�o are saturation temperature for the
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Fig. 1. Schematic view of the vertical tube evaporator with inner evaporation and
outer condensation films.
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steam pressure inside the tube and the temperature of steam vapor
outside the tube, respectively. The nondimensional groups are de-
fined as followings.

x ¼ x�

D�
; r ¼ r�

D�
; u ¼ u�

U�i
; v ¼ v�

U�i
; T ¼ T� � T�e

T�o � T�e
ð4aÞ

Re ¼ U�i D�

m
; Fr ¼ U�2i

gD�
; Pr ¼ m

a
ð4bÞ

where, Fr, Re, and Pr indicate the Froude, Reynolds, and Prandtl
numbers, respectively. m is the kinematic viscosity, g the gravita-
tional acceleration, and a the thermal expansion coefficient. It is
noted that T�o is same as the temperature at the free surface of the
outer film because it is assumed that the outer film is in direct con-
tact with the saturated steam vapor without any thermal boundary-
layer. If the water is flowing in the tube with the saturation temper-
ature, T�e , the inflow water would immediately start to evaporate
due to the heating by the steam outside the tube. If the water flows
in with a lower temperature than T�e , the film will start to evaporate
after the free surface temperature reaches T�e along the tube axial
direction. If the temperature of the entered water is higher than
T�e , a kind of flashing phenomena is expected because the water will
suddenly contact the low pressure steam while entering. In this
study, these flash evaporating cases are excluded. The reference
velocity, U�i is defined as C�I =ðqID

�2Þ, where, C�I and qI are the inlet
mass flow rate and density of the inner film, respectively.
zone

Fig. 2. Thermal boundary conditions at the free surfaces.
2.2. Boundary conditions

In order to analyze the heat and mass transfer for the tube wall
and the two film flow regions which are separated by the tube, the
following boundary conditions at the free surfaces and the flow in-
lets of the inner and outer film are adopted here, i.e.,
� at the free surface of inner film (r = Ri � dI):

@u
@r
¼ 0 ð5aÞ

@T
@r
¼ 0 ðfor sensible heating zone; see Fig: 2Þ ð5bÞ

T ¼ 0 ðfor evaporating zone; see Fig: 2Þ ð5cÞ

� at the free surface of outer film (r = Ro � dIII):

@u
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¼ 0; T ¼ 1 ð6Þ

� at the inlet of inner film (x = 0):

u ¼ R1Re
2ðRi þ diÞFr

½ðRi � rÞ2 þ 2diðRi � rÞ� ð7Þ

� at the inlet of outer film x = 0:

u ¼ 0; v ¼ 0; T ¼ 1 ð8Þ

where Ri and Ro are the dimensionless inside and outside radii of the
tube, while dI and dIII the dimensionless film thicknesses of the inner
and outer film, respectively. To consider the thermally developing
progress for the case that the inner film flows in with a lower tem-
perature than the saturation temperature, T�e , Eq. (5b) is used for the
inner film free surface boundary condition until the free surface
temperature of the inner film reaches the saturation temperature,
T�e , like Fig. 2, as a sensible heating zone. The velocity profile in
Eq. (7) is a quadratic expression which satisfies the no-shear condi-
tion at the free surface, and the no-slip condition and the following
Eq. (9) at the wall:
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Fig. 4. Schematic of the solution procedure representing the three-zone analysis
simultaneously including the inner evaporating, central conducting tube wall, and
outer condensing films.
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The temperature profile at the inlet of the inner film is obtained
from one-dimensional analysis for the radial direction with the
boundary condition of Eq. (5) at the free surface of the inner film
and constant temperature, T�o at the outer wall of the tube.

To compensate the film flow rates that are decreased by evapo-
ration and increased by condensation, the following additional
relations are adopted together with the above four boundary con-
ditions, i.e.,

C�I ¼ C�I;p �
q00I;s
He

2pðR�i � d�I ÞDx� ð10aÞ

C�III ¼ C�III;p þ
q00III;s
Hc

2pðR�o þ d�IIIÞDx� ð10bÞ

where He and Hc are the latent heat of evaporation and condensa-
tion per unit mass, respectively, while q00I;s and q00III;s are the heat
fluxes at the free surfaces of the inner and outer film, respectively.
It is noted that the analysis of the evaporating tube considered in
this study is related to the conjugate heat transfer with three differ-
ent regions and their two interfaces. To solve these situations the
interfacial boundary conditions between the tube wall and films
on both sides are needed at the inner and outer walls of the tube.
These boundary conditions are explained in the next section.

2.3. Numerical analysis

To solve the governing equations for mass, momentum and en-
ergy with the above boundary conditions, it is necessary to discret-
ize the equations with a numerical method. In this study, marching
technique which was used by Feddaoui et al. [15] and Groff et al.
[16] is adopted to solve the flow fields one-dimensionally in radial
direction at the present x-step by using the results of the previous
x-step. The x-derivative terms are discretized with 1st order back-
ward differencing scheme and the r-derivative terms are discret-
ized by 2nd order central differencing scheme as shown in Fig. 3.
The 500 by 100 meshes in x- and r-directions are used for each film
zone. The matrix of the discretized algebraic equation is solved
with the tri-diagonal matrix algorithm (TDMA).

To track the film free surfaces whose positions (or film thick-
nesses) change along the x-direction due to evaporation and con-
densation, firstly mass, momentum and energy equations are
solved with the film thicknesses of the previous x-step, thereby,
the film flow rates increased or decreased due to condensation or
evaporation are predicted by using the heat fluxes at the free sur-
faces like Eq. (10). Next, the new film thicknesses which satisfy the
film flow rates updated from the previously calculated results, are
guessed through the following relation:

C� ¼ d�new

d�old

Z d�old

0
u�olddr� ð11Þ
Fig. 3. Presentation of the node points and partial derivatives used in the
differencing scheme.
Then, the governing equations are reanalyzed with the newly
updated film shape (i.e., thickness) through the iterative procedure
of solving and updating. The film thickness is considered to
converge if it does not change further within its changing rate of
ðd�new � d�oldÞ=d

�
old < 10�4.

The solution procedure developed for three-zone coupling is
schematically shown in Fig. 4 and is summarized as follows.

Step 1. Solve the temperature field of region I by using the
assumed temperature (usually the value of the previous x-step)
at the inner wall of the tube.
Step 2. Solve the energy equation in region II (the solid tube

body) using the temperature and heat flux at the inner wall
obtained from the newest analysis for region I and then obtain
the heat flux at the outer wall of the tube.
Step 3. Solve the temperature field of region III (the outer film
zone) using the heat flux at the outer wall obtained from Step
2 and the saturation temperature at the free surface of the outer
film as the boundary conditions.
Step 4. Update the new outer wall temperature with the arith-
metic mean of the outer wall temperatures of Steps 2 and 3.
Step 5. Solve again the temperature field in region II using the
outer wall heat flux used in Step 3 and the outer wall temper-
ature newly updated from the Step 4 and then obtain the new
inner wall temperature.
Step 6. Recalculate the temperature field of region I by setting
the inner wall temperature with the arithmetic mean of the
inner wall temperature used in Step 1 and the value newly
obtained from Step 5.
Step 7. Repeat the Steps 2–6 until the temperature changes at
the inner and outer walls remain below 10�4.
3. Results and discussion

To validate the present numerical approach which tracks the
free surface position with the boundary-layer type equation set,
for the film coming in with the wrong film thickness and velocity
profile along a tube outside wall, the developing progress to the
right value is investigated. The film flow along a vertical tube wall
has an exact solution. The film has the constant film thickness and
zero radial velocity like Eq. (12) when the flow is fully developed
and remains laminar as discussed by Nusselt [18].



Fig. 5. Validation of the free surface tracking.
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When the film starts to flow into the tube with an initial arbitrary
film thickness, as shown in Fig. 5, the film develops to the thickness
which is obtained from the exact solution of Eq. (12), at a same film
flow rate. Here, it is noted that the film flow is fully developed be-
fore it reaches 0.1 � D*, and the predicted film thickness is quite
same as that from the exact solution when the flow is fully
developed.

To check up how the developed code simulates that the film
thickness varies by the evaporation and condensation, the flow
Fig. 6. Velocity vectors in the inner and outer films when C�I ¼ 0:0001 kg=s. The
solid lines in both films represent the outer free surfaces of each film.
fields are investigated for a very small inner film flow rate,
0.0001 kg/s, which will not be adopted in a real engineering prob-
lem, in Fig. 6. The inner film becomes thin due to evaporation as
the film flows down. In contrast, the outer film becomes thick be-
cause of the condensation. In Fig. 7, in order to quantitatively val-
idate the code, the developing progresses of the condensation film
thickness are compared with the classic Nusselt’s solution [18].
The test was conducted for the condensation on the inclined plate.
The wall temperature is 65 �C, the saturation temperature, 70 �C.
The results by Nusselt and present code show a quite good
agreement.

The effect of inner pressure on the initial development process
of film flow and heat transfer, especially, in the extremely short
length zone with 10% tube diameter is depicted in Fig. 8 (OD is
25 mm, so the length of the calculation domain is 2.5 mm). Here,
inner film flow rate is set to 0.05 kg/s, inner pressure has three dif-
ferent value of 58 kPa, 65 kPa, and 70 kPa, and for all cases the
films are coming in with 85 �C, where the temperature, 85 �C is
analogous to the saturation temperature for the inner pressure,
58 kPa. In the figure, the change of the inner film thickness does
not be distinguished because of the large inner film flow rate and
a very short calculation domain. Also, note that the evaporation
of the inner film is delayed more as the inner pressure becomes
greater than the saturation pressure. For the case of 58 kPa, the iso-
therms of the inner film are seen to be almost parallel to the free
surface, while for the cases of 65 and 70 kPa the isotherms cross
perpendicular to the free surface in the short regions near the inlet.
This means the heat from the outer film or steam is used only for
heating the inner film not evaporating in this small area (sensible
heating zone).

Figs. 9 and 10 show the effect of inner pressure on qualitative
change of flow rates of the inner and outer films, respectively, for
the case of C�I ¼ 0:05 kg=s. Here, nondimensional flow rates nor-
malized by the inner film flow rate at the inlet are presented. If
the flow rate decreases to �1, the inner film becomes completely
dried out. The inner and outer films have different thermal
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Fig. 8. Isotherms of the inner and outer film zones when C�I ¼ 0:05 kg=s: (a) pI = 58 kPa, (b) pI = 65 kPa, and (c) pI = 70 kPa.
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Fig. 9. Decreased flow rate of the inner film due to evaporation for various inner
pressure conditions when C�I ¼ 0:05 kg=s.
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behavior because of different phenomena occurring in inner and
outer films, i.e., evaporation and condensation, respectively. If the
inner pressure is 58 kPa, the inner film coming to the tube inside
starts to evaporate immediately because the inlet temperature of
the inner film, 85 �C, is exactly same as the saturation temperature
of the inner pressure, 58 kPa, as shown in Fig. 9. When the inner
pressure increases to 65 kPa, however, the film evaporates after
the inner film is heated by the steam outside the tube and its free
surface temperature reaches the increased saturation temperature
of 88 �C. Finally, when the inner pressure becomes 70 kPa, because
saturation temperature rises to 90 �C, the inner film starts to evap-
orate at more downstream than the lower pressure cases. Fig. 10
illustrates flow rate of the outer film, where condensation occurs.
For the inner pressure of 58 kPa, much more steam is condensed
at the inlet region because the inner film evaporates immediately
at the inlet and the evaporation heat begins to be discharged at
much more early position than the cases of 65 and 70 kPa, where
the evaporation does not occur at this very near inlet region. Also,
it can be found that less steam condenses as the inner pressure in-
creases because of delayed evaporation in the inner film. Here, it is
noted that the increasing rates of outer film flow rate are different
each other beyond x = 0.02. This is because the energy potential to
transport the heat and mass accompanying phase changes be-
comes smaller as the inner pressure increases.

Fig. 11 shows variation of the mean and wall temperature of the
inner evaporative film along the axial direction. For the cases of the
inner pressure 65 and 70 kPa, which are not a saturation state at
the inlet region, the mean temperatures show a sharp increase at
the very near inlet region because the inner film is heated until
the free surface temperatures of the film becomes the saturation
temperature. This retards the condensing performance of the outer
film, which condensates the outside steam. Therefore, the con-
densed amounts are smaller than the case of the inner pressure
58 kPa as shown in Fig. 10. Also because the heat from the outside
steam is only used for the temperature increase of the inner film
and not used for the evaporation, there is no heat discharge to
the tube inside by the evaporation, therefore the condensation of
the outer film is retarded. The wall temperature of the tube inside
is also shown in Fig. 11. For the case of 58 kPa temperature contin-
uously decreases because of the cooling effect of the inner film.
However, as the inner pressure increases to 65 and 70 kPa, an
inflection point appears near the inlet where evaporation occurs.
The phenomenon is also found in the outer film as shown in
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Fig. 12. This is because the heat does not be discharged locally on
the inner film free surface because of the evaporation delay at
the inlet region even though the condensation heat of the outer
film is provided into the inner film. For the case of very small inner
film flow rate of 0.0001 kg/s, the predictions of the decreased and
increased flow rates of inner and outer films are given in 1 � D*

length zone as shown in Figs. 13 and 14. Here, it is noted that
the dimensionless increased and decreased flow rates are much
larger than those of the cases of large flow rate of 0.05 kg/s, given
above. This is due to the fact that heat transfer occurs very actively
for small flow rate because of the very thin film thickness. Also, it
can be found that the decreased flow rate of the inner film nearly
reaches to �1 at the tube length D* for the case of the inner pres-
sure of 58 kPa, and the increased flow rate of the outer film also
nearly reaches to 1. This means that most of the entered inner film
is vaporized at the 1 � D* axial position. Note that the inner film
looks like to start to vaporize immediately at the inlet region with-
out any evaporation delay regardless of the inner pressure. This is
because the heat is spread very rapidly since the film is initially
very thin. It is observed that the temperature is also developed fast
and the free surface temperature of the inner film immediately
reaches the saturation temperature. Even though the evaporations
start from nearly same axial position, the evaporated and con-
densed amounts are quite different each other depending on the
inner pressure. The case of the inner pressure closer to the satura-
tion pressure evaporates and condenses much more vapor. This is
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Fig. 12. Variation of the mean and wall temperatures of the outer film along the
tube axis direction for various inner pressure conditions when C�I ¼ 0:05 kg=s.
because the temperature of the inner film is dependent on the in-
ner pressure. Therefore a lower inner pressure ensures a larger
temperature difference between the inner and outer films.

4. Conclusions

In this work, the influence of the discrepancy between the feed
water temperature and the tube inside saturation temperature has
been investigated. To understand the heat and mass transfer phe-
nomena induced by this discrepancy, the detailed analysis for the
very short inlet region has been conducted. The three-zone cou-
pling technique and free surface tracking method for the bound-
ary-layer based approach has been developed. Through the
present detailed analysis for the near inlet region, the followings
are revealed: The evaporation delay and the film temperature
inflection appear at the very near inlet region when the inner film
comes into the tube with the lower temperature than the satura-
tion temperature. This evaporation delay and the temperature
inflection deteriorate the evaporating and condensing perfor-
mance. The making-up the feed temperature of the inner film as
a saturation temperature is helpful for effectively using the heat
transfer area and enhancing the heat transfer efficiency.
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