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ABSTRACT

Three independent experiments which correspond to the characteristic study on the perfor-
mance of the horizontal-tube falling film evaporators were carried out, and each came out
with a validated model for its performance prediction. A comprehensive distributed
parameter model was developed based on the above three models to simulate a large tube
bundle consisting of 160 rows and 80 columns aluminum-brass tubes in a horizontal-tube
falling film evaporator. The simulation was conducted with the superficial evaporation tem-
perature on the shell side of 60°C, the superficial overall temperature difference of 3.0°C,
the inlet brine salinity of 30 g/kg, the inlet brine spray density of 0.06 kg/m's, and the
maximum steam inlet velocity of 40 m/s. The non-uniform distributions of several thermal

parameters are presented and discussed.

Keywords: Falling film evaporator; Horizontal-tube bundle; Distributed parameter model;

Distributions of parameters

1. Introduction

Falling film evaporators have many advantages
over flooded evaporators: higher heat transfer coeffi-
cient, minimal pressure drop, operation under small
temperature difference, etc. and have wide applica-
tions in desalination, refrigeration, food industry, and
other areas. Numerous experiments have been carried
out on a single horizontal tube to study the perfor-
mance of the outside-tube falling film evaporation or
the inside-tube condensation. For falling film evapora-
tion outside a horizontal tube, generally the liquid
flow rate, the evaporation temperature, the heat flux,
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and the tube space are considered as the main
parameters that influence the evaporation heat transfer
coefficient [1-3]. Distributions of the local heat transfer
coefficients along the tube peripheral direction were
demonstrated through experimental studies or
theoretical analysis [4,5]. For the condensation heat
transfer inside a horizontal tube, previous scholars
have carried out investigation on the flow pattern or
the heat transfer performance based on the flow pat-
terns inside circular tubes [6-8]. Among the various
steam flow patterns inside the circular tubes, the
stratified flow pattern [9-11] is commonly studied for
the application in MED systems considering the rela-
tively lager tube inside diameter and smaller steam
inlet velocity applied in the systems.

1944-3994/1944-3986 © 2015 Balaban Desalination Publications. All rights reserved.


mailto:dutgly@yahoo.com
mailto:zzbshen@dlut.edu.cn
mailto:liuhua@mail.dlut.edu.cn
mailto:magicruby@gmail.com
http://dx.doi.org/10.1080/19443994.2015.1046142

11700

Falling film evaporation on a tube bundle,
compared with a single tube, shows complexities
because of the liquid splash or intertube evaporation.
Xu [12] investigated the falling film evaporation per-
formance on a horizontal-tube bundle and discussed
the interaction between the shell-side parameters and
the tube-side parameters. Liu et al. [13] found within
a tube bundle, brine salinity has little influence on the
evaporation heat transfer. Fujita and Tsutsui [14] pre-
sented correlations for the prediction of local dryout
outside tube surfaces and its influence on the heat
transfer performance. Yang and Wang [15] used dis-
tribution parameter model to simulate the heat trans-
fer performance with different tube pass arrangements
in large falling film evaporators. Hou et al. [16,17]
adopted the same method to study the heat and mass
transfer performance along the tube bundle row and
length direction in horizontal falling film evaporators.

Despite many experimental and analytical works
on the heat transfer performance of a tube bundle,
few studies have investigated the tube bundle effects
caused by the intertube vapor flow resistance or the
heat transfer performance using the nature seawater
as the operating liquid. In this paper, a distributed
parameter model is established based on three related
experiments. The evaporation heat transfer coefficient
was obtained with the nature seawater as the
operating liquid. The distributions of several thermal
parameters along the tube row, tube column, and tube
length  directions were discussed within the
evaporator.

2. Experimental apparatus and methods

Three experiments were carried out for the study
of falling film evaporation outside a single tube, the
condensation inside a single tube, and the steam flow
resistance on the shell side of a falling-film tube
evaporator as shown from Figs. 1 to 3.

2.1. Experiment 1: Falling film evaporation outside a single
tube

The objective of this experiment is to obtain the
evaporation heat transfer coefficient outside a horizon-
tal aluminum-brass tube. The system includes a heat-
ing tank, an evaporator, a condenser, in addition to a
liquid feeder, and a metering pot as shown in Fig. 1.
The brine starts from the heating tank where the
temperature of the liquid is controlled to the required
values, and then the brine is pumped up to the liquid
feeder followed by several regulation valves and a
flow meter. From the liquid feeder, the fluid is
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Fig. 1. Schematic of evaporation outside a horizontal tube.
1. Heating tank; 2. liquid feeder; 3. evaporator; meeting
pot and 5. Condenser.

supplied at the desired flow rate to the testing cell
forming falling films outside horizontal tubes as it
continuously flows down. Part of the brine evaporates
outside the heating tube. The vapor condenses in the
condenser to keep a steady pressure of the cell. The
rest brine is pumped into the heating tank for
recycling.

The test tube is made of HAL77-2A aluminum-
brass with the outer diameter 25.4 mm, inner diameter
24 mm, and length 2,000 mm. Heat flux is provided
by an electric heater embedded inside of the tube and
the heat flux is ranging from 0 to 3 kW. Brine salinity
varies from 30 to 70 g/kg. Evaporation temperature is
from 50 to 70°C and liquid flow rates from 0.026 to
0.09 kg/m s.

2.2. Experiment 2: Condensation inside a horizontal tube

This experiment aims at obtaining the condensa-
tion heat transfer and flow resistance when steam
flows and condenses inside a horizontal tube. As
shown in Fig. 2, the test facility consists of a boiler, a
test tube divided into five sections, a vapor-liquid
separator, two vapor condensers, a condensate tank,
and a cooling water tank. The steam generated from
the boiler enters the inside of the test tube where it is
cooled by the cooling water outside the tube and
condensed along the tube.

The test tube is made of HAL77-2A aluminum-
brass with the outer diameter of 25.4 mm, inner
diameter of 24 mm, and the length of 9,000 mm. For
its five sections, every two of the adjacent tubes are
connected by a quartz glass tube through which the
flow pattern of two phase flow inside be observed.
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Fig. 2. Schematic sketch of condensation inside a horizontal tube.
1. Boiler; 2. testing part; 3. steam-liquid seperator; 4. condenser; 5. reservoir; 6. cooling water tank.

During experiments, steam temperature varies from
40 to 70°C, inlet steam velocity from 20 to 80 m/s, and
inlet temperature difference from 4 to 8°C.

2.3. Experiment 3: Steam flow resistance across tube bundle

Intertube steam flow resistance across the tube
bundle at different liquid flow densities and tempera-
tures is measured in this experiment. As is shown in

water

boiler test section

steam

water tank

condenser E

Fig. 3. Schematic sketch of steam flow resistance across
tube bundle.
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Fig. 3, the experimental setup is comprised of a boiler,
a test section, a condenser, and a water tank. The
steam generated from the boiler is sucked into the test
section then passes horizontally across the tube bundle
along its column direction, while water flowing down-
ward outside tubes. The temperatures of the liquid
and steam are equal. No heat exchange happens
between the two phases. The steam is condensed at
the condenser.

The tube bundle inside the test section is in the
triangular arrangement. Steam velocity varies between
2 and 12 m/s, liquid flow density between 0.02 and
0.09 kg/m's, and steam temperature between 50 and
70°C.

3. Physical model

Fig. 4(a) shows the configuration of a large scale
falling film evaporator. On the tube side, the steam
flows and condenses along the tube length direction.
On the shell side, the brine flows from the top row to
the bottom row forming steady liquid films on the
surface of the tubes. During this process, the brine

| o
——

(b) Three-dimensional grid generation

Fig. 4. Schematic of falling film evaporator and grid generation.
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film is heated by the steam on the tube side and
evaporates. The vapor detaches from the brine film
and flows among tubes. Within the evaporator, along
the tube row direction, the brine spray density and
salinity change from top to bottom due to the continu-
ous evaporation. The temperature of steam inside
tubes varies along the tube length direction due to the
steam pressure change. Besides, because of the flow
resistance of the intertube vapor, the intertube vapor
pressure and temperature change along its flow
directions.

4. Mathematical model

The calculation of the falling film evaporator is
based on the following assumptions:

(1) the evaporator is insulated from the surround-
ings;

(2) uniform distribution of brine film is achieved
on the top row of the tube bundle at the
saturated temperature; and

(3) effects of fouling resistance on heat transfer are
neglected.

In order to reduce the calculation time, half the
tube bundle is chosen as the calculation area consider-
ing its symmetric configuration in the horizontal direc-
tion and the identical heat transfer process for the two
parts as shown in Fig. 4(a). The three-dimensional grid
generation is demonstrated in Fig. 4(b). The grid
points i and j are the tube row and column number,
respectively. The grid point z denotes each discrete
element along the tube length direction. The total grid
number is 48,000 with the deviation in calculated heat
flux no bigger than 0.02%.

Three modules are calculated, respectively, for
each unit volume in the calculation area: the brine
module, the inside-tube steam module, and the
intertube vapor module.

4.1. The brine module on the shell side

The brine spray density I' and salinity S yield the
following equations:

Tij.Lij. = Tic1jzLic1jz — Meji-1z ¢))

Sijz = Sic1i i1z / Ticiz )

The heat transfer coefficient of brine falling film is
determined through experiment 1:
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Nu, = 0.0532 Rep;?! Pry;/?e 002289 3)

where Re,, =41 / -
The boundary conditions can be expressed as
follows:

l"iJ-,Z = l"mlet for ] = 1,2, .. -7Ncola (4)
2=1,2, ... Nin, ati=1
Si,j,z = Sinlet for ] = 172a . -7Nc017 (5)

z=1,2,...,Njn,ati =1

Te,i,j.z = Te,bd fOI‘ ] = 1,2, .. .,Nj,

z=1,2,...,Njen, at i=1 and i=1,2,..., Nyw,

z=1,2,..,N, at j=1 and j=1,2,..., Nje,

z=1,2,...,Nien, at i = Ny

(6)

where Tinet, Sinlet are the brine inlet spray density and
inlet salinity, Tc¢pa is the vapor temperature at the
boundary of the tube bundle. Within the range of
163.86 < Rey, < 826.32, 2.97 < Pry <4.13 and 30 g/kg <S
<70 g/kg, the prediction results of the correlation are

in good agreement with the experiment data with the
deviation of +7.5%.

4.2. The tube-side steam module

The condensation heat transfer coefficient inside a
tube is obtained from experiment 2:

ooy — p)giin) "
_ 101~ Pst)84 _ 2
he = 0.05775[ 14DAT, } (—0.944x" + 0.841x
+0.291) @)
The steam pressure drop is also experimentally

measured in experiment 2, and a valid equation was
correlated as follows:

Ape = 11.2p vARe,"?x%/3 8)
The calculation is along the tube length direction:

Pecijz = Peijz—1 — Apc.ij,z—l (9)

The boundary conditions are as follows:

Tc,i,j.z = Tc,inlet for i=1,2,...,Nrow,

10
jzlaza"'7Nlen at z=1 (10
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Apc.tolal,i,j. = Apc,total,l.l for i= 27 37 .- -7Nr0w; (11)
j=2,3,...,Nien

where Ty is the inlet steam temperature of tube
bundle and Apculi1 represents the total pressure
drop between inlet and outlet of the first tube. Within
the range of Rey <30,000, 20 m/s <v4 <80 m/s, 0 <x <
1 and 0.16 kg/m®< p < 0.65 kg/m>, Eq. (7) for predict-
ing the condensation heat transfer coefficient and Eq.
(8) for predicting the steam pressure drop are in
agreement with the experiment data with the devia-
tion of +20%.

4.3. The intertube vapor module

Through experiment 3, the intertube vapor flow
resistance was experimentally measured and corre-
lated as the function of vapor flow rate and liquid
flow density:

1
Ap. = -—N.G2(23.1Re, 'Re{;*® + 4.07Re, **'°) (12)
2p

where Re. = “S‘UDE, Rey = 4/, Ne represents the

tube column number that the vapor has passed across,
and G. is the intertube vapor mass flow rate.

The calculation is along the tube column direction
and row direction, respectively:

pe,i,j,z = pe.i,jfl,z + Ape.i,jfl,z or (13)
Peijz = Peitljz + Ape,ijzl,j,z

depending on which direction has smaller flow
resistance.
The boundary conditions are as follows:

Peijz = Pe,inlet for ] = 17 27 By I\ij

z=1,2,...,Njen, at i=1 and i=1,2,...,Nyw,
z=1,2,...,N, at j=1 and j=1,2,..., N,
z=1,2,...,Njen, at i= Ny
(14)
within the variation range of 0.19 kg/m”s<G,<

1.1 kg/m?s, 204.41 <Re, <826.32 and 0.16 kg/m’<re
<0.65 kg/ m>, Eq. (12) is in agreement with the experi-
mental date with the deviation of +10%.

4.4. Governing equation

The heat flux for evaporation side equals to that
on the condensation side:
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he,i,j,er,i,j ,ZATe‘i.j,z - hc,ij,zAc,ij,zATc,i‘j z (15)

5. Algorithm

The algorithm of the model is shown in Fig. 5. The
total steam pressure drop of the first tube Ap ol 1,1 is
calculated at the very beginning as Apg otalinitiai and it
serves as a boundary condition for the calculation of
the rest of tubes which is illustrated in Eq. (11). For
every unit volume, the values of three modules are
updated in each loop. The initial hypothetical values
are modified until the convergence of all parameters is
reached.

6. Results and discussions

6.1. The distribution of the local brine spray density I' and
the local salinity S

The distributions of I and S are illustrated in
Figs. 6 and 7, respectively. Due to the continuous
evaporation of the brine, I' decreases along the tube
row direction as depicted in Fig. 6. S increases along
the tube row direction as shown in Fig. 7. Compared

Initial parameters input

Calculation of 1st row
and column tube

} Assume heat transfer rate ‘

{
‘Assume steam inlet velocity}<7

‘ Steam side module ‘ ‘Seawater side module‘ ‘lnler tube vapor module‘

Heat transfer| |Steam Heat transfer|| Spray density
coefficient pressure drop| |coefficient variation

Vapor
pressure drop

No

total pressure drop
Ap=Ap, \?

No Heat transfer rate

converges?

Fig. 5. Flowchart of the numerical algorithm.
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Fig. 7. The distribution of the brine local salinity.

with these two figures, it is noted that the variations
of I' and S are mainly along the brine flow direction
which is the tube row direction. Along this direction,
I' decreases by 42.63% and correspondingly the brine
salinity increases by 42.63%. I" also shows slight varia-
tion along the tube length direction and the column
direction due to the difference in the heat flux at dif-
ferent locations. Where it has higher heat flux, I' has
smaller values. From Fig. 6, it is noted that along the
tube length direction, I' has relative lower values near
the center of the tube than near the two ends due to
the larger heat transfer in this area. Along the tube
column direction, similarly due to non-uniform
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distribution of heat flux, I' has relative lower values
near the boundary than near the center of the bundle.

6.2. The distribution of the intertube vapor velocity ve

The distribution of the intertube vapor velocity, v.,
is shown in Fig. 8. The tube bundle is divided into
three zones according to the flow direction of the inter-
tube vapor: the upper zone, the middle zone, and the
lower zone. In the upper zone, the intertube vapor
mainly flows vertically upwards toward the top row.
In the center zone, vapor mainly flows horizontally
toward the boundary of the tube bundle. Similarly, for
the lower zone, the intertube vapor flows mainly
downwards toward the bottom row. The flow direction
of the intertube vapor is determined by the vapor flow
resistance to the edge of the tube bundle. The intertube
vapor always flows along the direction that has smaller
flow resistance. Fig. 8 shows that the velocity gradient
of the intertube vapor depends on the zones. The
upper and lower zones have relatively lager velocity
gradient than the center zone along the vapor flow
directions. It has close relation with the tube arrange-
ment. It can be seen in Fig. 9 that for the triangular
tube bundle arrangement, the intertube vapor has a
larger flow area when it flows horizontally than
flowing vertically. For the upper and lower zones, the
vertical flows have larger flow areas compared to that
of the center zone. Consequently, the vapor has larger
velocity gradients in these two zones than in the center
zone. The simulation results show that the maximal
value of v, in the vertical direction is 11.57 m/s, while
for the horizontal direction, it is 5.89 m/s.

0 v, (m/s)
10.5
8
55
= 50
g 3
£ 05
=
c
= 100
[=]
[
150
0
Coy
“Mn pypy 400 Tupe
Mbe,

Fig. 8. The distribution of the intertube vapor velocity.



L. Gong et al. | Desalination and Water Treatment 57 (2016) 11699-11711

vertical flow

Fig. 9. Schematic of the flow area of the intertube vapor.

It is also noted in Fig. 8 that the center zone
accounts for the larger part of the tube bundle. The
simulation results show that the center part covers
78% of the volume of the tube bundle which means
that for the larger part of the tube bundle, the inter-
tube vapor flows horizontally to the boundary of the
tube other than flowing vertically to the boundary. It
is because that for most part of the tube bundle, the
vapor has smaller flow resistance when flows horizon-
tally than vertically. Besides, within the center zone,
upper tubes are found to have larger vapor velocity
gradient than lower tubes along tube column direc-
tion. It is caused by the decrease of I'. On the one
hand, the decreases of I' from upper tubes to lower
ones enlarges the flow space of the intertube vapor
among tubes, which leads to smaller vapor velocity
gradient along the tube column direction. On the other
hand, lower tubes have smaller heat flux due to the
decrease in the local heat transfer coefficient, which is
caused by the decrease of I" as well as the increase of
S. Less vapor is generated among lower tubes causing
smaller vapor velocity gradients along column direc-
tion for lower tubes than upper tubes for the center
zone.

6.3. The distribution of the intertube vapor pressure p. and
temperature T,

Along the tube row and column directions, it can
be seen in Fig. 10 that at the boundary of the tube
bundle, the intertube vapor pressure, p., has the small-
est value. For all the zones, p. decreases along the
vapor flow directions due to the vapor flow resistance.
For the upper zone and the lower zone, the intertube
vapor has relative larger velocity gradient along the
flow direction as introduced in the above section. In
consequence, the intertube vapor has relatively larger
pressure gradients in the upper zone and the lower
zone than in the center zone along the vapor flow
directions.
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Fig. 10. The distribution of the vapor pressure on the shell
side.

Along the tube length direction, p. increases
slightly followed by a slight decrease. It is due to the
non-uniform distribution of heat flux along the tube
length direction. Along this direction, relatively more
vapor is generated at the center of the tube than the
two ends. In this case, the intertube vapor has rela-
tively larger flow resistance near the center part than
near the two ends of the tubes when it flows horizon-
tally across the tubes. p. thus has relatively higher val-
ues near the center of the tubes than at the two sides.

The maximum of p. is located at the upper zone
which reaches 20.15 kPa compared to the minimum
value which is 19.95 kPa as shown in Fig. 10. The cal-
culation results show that the maximum saturated
temperature variation caused by the vapor flow resis-
tance is 0.22°C which accounts for 7.3% of the superfi-
cial overall temperature difference which is 3°C in this
paper.

Fig. 11 demonstrates the distribution of T.. It can
be seen that the distribution law of vapor temperature
is not in accord with the vapor pressure in Fig. 10.
This is due to the boiling point elevation, BPE, of the
brine. According to Sharqawy et al. [18], BPE changes
with the variation of the temperature and the salinity
of the brine. Within the evaporator, the main parame-
ter that affects the value of BPE is the brine salinity
considering the variation range of brine temperature is
too small. The distribution of BPE is displayed in
Fig. 12. It coincides well with the distribution of the
local brine salinity as depicted in Fig. 7. Along the
tube row direction, BPE increases due to the incre-
ment of S. The maximum variation of T. caused by
the variation of BPE is 0.22°C which accounts for 7.3%
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Fig. 11. The distribution of the vapor temperature on the
shell side.
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Fig. 12. The distribution of the boiling point elevation.

of the superficial overall temperature difference which
is 3°C. The distribution of T. is affected by both the
influence of the vapor flow resistance and the varia-
tion of BPE. It can be seen from Fig. 11 that the top
row of the tube bundle has the smallest T. where the
vapor has the smallest pressure and the brine has the
smallest BPE. The maximum value of T, is located at
the boundary of the center zone and the lower zone
where the vapor has relative high pressure and the
brine has relative larger value of BPE. Under the
operating condition of this paper, the maximum vapor
temperature variation is 0.3°C which accounts for
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10.0% of the superficial overall temperature difference.
Taking into account, the intertube vapor temperature
variation is of significant importance for the design of
large falling film evaporators.

6.4. The distribution of the condensation temperature T,

The distribution of T, inside the tube is illustrated
in Fig. 13. It is indicated that T, mainly varies along
the tube length direction. For all the tubes, the steam
enters the inlets of the tubes at the same temperature.
Because the tube bundle is connected by the headers
at each end, all the tubes have the same total pressure
drop. So the steam leaves the outlets also with the
same pressure and temperature. It can be seen from
Fig. 13 that for all the tubes, T, decreases more rapidly
near the steam inlets than near the steam outlets. It is
due to the higher steam velocities near the inlets than
near the outlets. Since T. has the same temperature
drop between the inlets and the outlets for all the
tubes, it is also shown in Fig. 13 that near the steam
inlets, T, decreases more rapidly for the upper rows
than the lower; near the steam outlets, T, decreases
faster for the lower tubes than the upper. It is due to
the non-uniform distribution of the steam inlet veloc-
ity among tubes. For the falling film evaporator that
has a tube bundle connected by the headers, all the
heat transfer tubes have the same steam total pressure
drop. The tubes that have larger heat flux absorb more
steam to maintain the pressure balance [19]. As
depicted in Fig. 14, the upper tubes have higher steam
inlet velocities than lower tubes because they have lar-
ger heat flux. The higher steam inlet velocities for

T. (c)

62.96
62.91
62.86
62.81
62.76

Row number

Fig. 13. The distribution of the condensation temperature.
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Fig. 14. The distribution of the steam local velocity.

upper tubes lead to larger steam flow resistance. Thus,
near the steam inlets, the steam has larger pressure
drop and consequently larger temperature drop for
the upper tubes than the lower tubes. It is also
because that the upper tubes have larger heat flux, the
steam velocity decreases more rapidly for the upper
tubes than the lower tubes. Near the steam outlets, the
upper tubes have smaller velocities than the lower
tubes as shown in Fig. 14. In consequence, T, drops
more slowly for upper tubes than lower tubes when
the steam is near to the outlets.

6.5. The distribution of the local overall temperature
difference AT

Along the tube column number and row number
directions, the distributions of AT are mainly deter-
mined by the distributions of the intertube vapor tem-
perature. As is shown in Fig. 15, AT decreases along
the vapor flow directions because T. is increasing
along this direction as displayed in Fig. 11. The maxi-
mum AT is 2.66°C and is located at the top row. It is
because of the existence of BPE that the maximum AT
is less than the superficial overall temperature differ-
ence which is 3°C. The minimum value of AT is
marked in Fig. 15 which is 2.12°C. It is located at the
boundary of the upper zone and the center zone and
is near to the steam outlet. At this point, T, has a rela-
tive high value and T, has a relative small value.

Along the tube length direction, AT firstly
decreases rapidly and increases slightly after. The
rapid decrease of AT near the steam inlet is due to the
decrease of T. along the tube length direction as
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Fig. 15. The distribution of the overall temperature
difference.

shown in Fig. 13. The sight increase of AT near the
steam outlet is because of the slight decrease of T.
near the steam outlet as shown in Fig. 11.

6.6. The distribution of the heat transfer coefficient h and
the heat flux q

It can be seen from Fig. 16 that /i is non-uniformly
distributed in the evaporator. It exhibits more signifi-
cant variation range along the tube row direction and
the tube length directions than along the tube column
direction. & has the maximum value near the center
part of the top row tubes. The minimum value of & is
located at the steam inlet for the bottom row tubes.

Along the tube length direction, /1 increases to the
maximum value firstly and then decreases as shown
in Fig. 16. This phenomenon is mainly caused by the
heat transfer performance inside the tubes [20]. In the
experiment 2, the steam generated from the boiler
with a relative low velocity is sucked into the inlet of
tube inside at a relative high velocity. This procedure
covers a very short distance of the test section and
could be regarded as an isenthalpic process. Steam at
the forepart of the tube then has a certain degree of
superheat. Stable condensation film could hardly be
formed, thus the heat transfer coefficient on the tube
side has relatively lower values near the steam inlets.
As the steam continuously flows along the tube direc-
tion, the film condensation gradually dominates the
heat transfer process. h then gradually increases.
When steam further flows toward the outlets, the con-
densate gradually accumulates at the bottom of tubes,
h thus gradually decreases.



11708

h (Wn'-K)

4000
3500
3000
2500

50

Row number

Min~l§2_
C,
o’uﬂ?nnuso 40 o T\Ibe
m r

Fig. 16. The distribution of the heat transfer coefficient.

Along the tube row direction, & shows a decreasing
trend. This phenomenon is accord to the conclusion
drawn by Zeng et al. [21] that upper tubes in a tube
bundle have better heat transfer performance than the
lower tubes. On the one hand, the decrease of brine
spray density leads to weaker film turbulence outside
tube surfaces. On the other hand, the increase of brine
salinity causes the increase in the brine viscosity and
surface tension. Both are unfavorable to the heat trans-
fer performance on the evaporation side. In conse-
quence, I exhibits a decreasing trend with the increase
of the tube row number.

Along the tube column direction, to better display
the variation of h, Fig. 17 is given to demonstrate the
averaged heat transfer coefficient, h, along the tube
row and column directions. It is noted that / increases
with the increase of tube column number. Along this
direction, & is found to increase by 1.69% on average.
The increase of i along the tube column direction
results from the decrease of AT along this direction as
shown in Fig. 15. The decrease of AT leads to the
decrease of the heat flux and consequently the
increase of brine spray density and the decrease of
brine salinity along the tube column direction. Both
are favorable for the heat transfer performance on the
shell side. Besides, the decrease of the heat flux along
this direction lead to thinner condensation film and
lower condensate level on the tube side. It also leads
to increases of i along the tube column direction.

The distribution of g is displayed in Fig. 18. It is
noted that the distribution of / dominants the dis-
tribution of g along the tube length direction, so g
shows an increasing trend for the forepart of the tube
followed by a slight decreasing trend after. Along the
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Fig. 17. The distribution of the averaged heat transfer
coefficient in the tube row—column plane.
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Fig. 18. The distribution of the heat flux.

tube row direction, g shows a rapid decreasing trend.
It is due to both the decrease of h and AT along this
direction. The maximum of g is located at the center
part of the top row tubes where & also has the
maximum values. The minimum of 4 is located at the
center part of the bottom row tube where both & and
AT have relatively smaller values.

To better illustrate g along the tube column direc-
tion, the averaged heat flux, g, along the tube row and



L. Gong et al. | Desalination and Water Treatment 57 (2016) 11699-11711

N

Upper region

g (W/m’)
5 Lﬁ 9000
-] ~ | 8000
£ 7000
c 6000
2
o
4

Center region

Lower region

Column number

Fig. 19. The distribution of the averaged heat flux in the
tube row-column plane.

column directions is displayed in Fig. 19. It can be
seen that the distribution of § has close relation with
the intertube vapor flow direction. Within the three
zones, g increases along the intertube vapor flow
directions mainly because AT is increasing along this
direction as shown in Fig. 15.

6.7. The distribution of the steam inlet velocity Ve injet

As illustrated in the above section, the heat flux
varies from tube to tube. For all the tubes, their steam
fore and aft pressure drops are of the same value.
Assuming that all the tubes share the same v e, the
total steam pressure drop must vary from tube to
tube. The tubes that have smaller heat flux must have
relative higher average velocities and consequently
larger total pressure drops. In fact, the tubers with lar-
ger heat flux absorb more steam into the tubes to keep
the pressure balance. The non-uniform distribution of
Ucintet i shown in Fig. 20. It can be seen that the dis-
tribution of vy Well coincides with the distribution
of 7 in the tube row-column plane as displayed in
Fig. 19. Under the operating condition of this paper,
the maximum v jer is of 40 m/s, while the minimum
is 34.3 m/s.
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Fig. 20. The distribution of steam inlet velocity.

7. Concluding remarks

A comprehensive model has been developed based
on three experiments to predict the performance in a
large falling film horizontal-tube bundle evaporator.
Parameters on both the evaporation side and the con-
densation side have non-uniform distributions along
the three directions. The results suggest the following
conclusions:

(1) The brine spray density and salinity mainly
vary along the tube row direction due to the
evaporation of the brine. Along the tube length
direction, the spray density and salinity also
show slight variation due to the non-uniform
distribution of heat flux.

(2) In the tube bundle, the horizontal intertube
vapor covers more volume of the tube bundle
than the vertical flow. Along the horizontal
direction, the intertube vapor has relative smal-
ler velocity gradient than along the vertical
direction.

(3) Along the tube row and column directions, the
distribution of the overall temperature differ-
ence is mainly determined by the intertube
vapor temperature.
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(4) The heat transfer coefficient has a larger varia-
tion range along the tube length and tube row
directions than along the tube column
direction. The maximum heat transfer coeffi-
cient exists at the center part of tubes for the
top row. The minimum heat transfer coefficient
is located at the steam inlet of the bottom row.

(5) Due to the variation of heat transfer perfor-
mances, steam enters the inside of tubes at dif-
ferent velocities to maintain the pressure
balance. The distribution of steam inlet velocity
is mainly determined by the distribution of the
heat flux.
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Nomenclature

A — heat transfer area, m>

D — diameter of tube, m

Fy, — flow area for horizontal flow of
intertube vapor

Fu — flow area for vertical flow of intertube
vapor

g — gravitational acceleration, m/s’

h — heat transfer coefficient, W/m? K

L — tube length, m

m — mass flow rate, kg/s

N — grid number

N, — tube column number that the intertube

vapor has passed across

Nrow — total grid number along the tube row
direction

Neor — total grid number along the tube
column direction

Nien — total grid number along the tube length
direction

Nu — nusselt number

Pr — prandtl number

p — pressure, Pa

Ap — pressure drop, Pa

APiotal — steam total pressure drop between inlet
and outlet, Pa

q —  heat flux, kKW/m?

r — latent heat, J/kg

Re — reynolds number

S — brine salinity, g/kg

T — temperature, 'C
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AT — local temperature difference, ‘C

Vg inlet — tube-side steam inlet velocity, m/s
Ue — intertube vapor velocity, m/s

Vst — tube-side steam local velocity, m/s
x — vapor quality

row, col, len — space coordinates along the tube row,

column, and length directions

Greeks symbols

r — local brine spray density, kg/m s

A — thermal conductivity, W/m K

u — dynamic viscosity, N s/m?

p — density, kg/m®

v — kinematic viscosity, m?/s

Subscripts

bd — parameters at the boundary of the tube
bundle

br — Dbrine on the evaporation side

c — the condensation side

e — evaporation side/vapor on the
evaporation side

i — grid number along the tube row
direction

inlet — parameters at the inlets

j — grid number along the tube column
direction

1 — liquid on the condensation side

outlet — parameters at the outlets

st — steam on the condensation side

z — grid number along the tube length
direction
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