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Abstract

This paper deals with the falling film heat transfer across horizontal copper tubes at different tube surface
geometries, mass flow rates, heat fluxes, and weight percentage of salt in water salt solutions at the atmospheric
pressure. The falling film heat transfer coefficient is significantly affected by the heat flux, film Reynolds
number, and water salt solutions for the three types of augmented tubes viz. spiral, splined, and smooth. This
paper considers the influence of the operating parameters on the heat transfer coefficient using the Fuzzy-
TOPSIS applications. The experimental results obtained reveal that the falling film heat transfer is greatly
enhanced in case of the spiral tube when compared with the splined and smooth tubes. The spiral tube shows
a significant heat transfer performance than the other two tubes for a given heat flux, and Reynolds number as
the heat flux increases the surface temperature, and also increases and increment in the surface temperature of
the smooth tube is greater than the spiral and spline tubes for a given heat flux and Reynolds number. As the
mass flow rate increases, the surface temperature of all the three tubes decreases but for a given heat flux and

Reynolds number, the smooth tube has a more surface temperature than the other two tubes.

Keywords: Falling film, Heat exchanger, Enhanced tubes, Fuzzy-TOPSIS applications.

1. Introduction

Falling film horizontal tube heat exchangers are
utilized in various processing industries. This type
of heat exchangers has been studied over the years
in terms of the effects such as the liquid tube
spacing and heat flux. Gorgy et al. [1] have tested
various combinations of refrigerants and tubes,
concluding that the heat transfer coefficient
increases with increase in the heat flux for all cases.
Habert et al. [2] have concluded the pool boiling
performance of the different tubes, and showed
similar results as the literature in terms of the heat
transfer coefficient. Moeykens et al. [3] have
concluded that the enhanced surface provides
higher results than the finned tubes but lower
performances than the enhanced condensing
surfaces used for evaporation. It has also been
concluded that an increase in the heat transfer
coefficient takes place with heat flux up to a
specific value, after which, the heat transfer
coefficient starts decreasing with increase in the
heat flux. This is probably due to the partial dry-
out. Chien and Webb et al. [4] have tested and
enhanced a tube similar to Turbo-B using R-11 and
R-123. It was concluded that at a low heat flux, the
tube that had smaller total open areas resulted in a

higher heat transfer coefficient. On the other side,
at higher heat fluxes, the tube that had larger total
open areas gave a higher heat transfer coefficient.
Fujita and Tsutsui et al. [5, 6] defined two flow
modes as follow: a distinct droplet mode and a
disturbed jet mode. It has been noted that the
transition between the droplets and the jet mode
occurs at the Reynolds number around 100
independent feeding methods. Hu et al. [7] have
suggested the following flow modes: the droplet
mode, droplet jet mode, an unsteady jet mode-
characterized by a steadiness in the location of the
jet departure site-the inline jet mode, staggered jet
mode, jet-sheet mode, and sheet mode. Liu and Yi
et al. [8] have suggested the convective and the
boiling regimes for the falling films. In the
convective regime, as the boiling regime, the heat
transfer coefficient increases with the heat flux. It
was suggested that both regimes were independent
from the surface configuration. Wang et al. [9],
using the boiling—enhanced surfaces, and Zeng et
al. [10], using the finned and corrugated surfaces,
observed the boiling regime only. On the other
hand, Kuwahara et al. [11] have pointed out a
marginal effect of heat flux on a boiling enhanced
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surface despite the occurrence of the bubble
nucleation. In this experiment, a spline and spiral
groove tube was used as a new type of enhanced
heat transfer tube. The working process for the tube
was performed simply by using a lathe machine,
and hence was of low cost compared with various
commercial enhanced tubes. Maddah et al. [33]
have suggested a factorial experimental design for
a double pipe heat exchanger to improve the
thermal performance.

This study initially evoked the heat transfer of
water and water-salt solution falling film on the
smooth, spline, and spiral grooved tubes. The
experimental outcomes depict that the spiral tube is
a suitable efficient heat transfer tube for the
convective heat transfer for both the water-salt and
water solution in comparison with the spline and
smooth tubes. At a constant heat flux, as the
Reynolds number increases, heat transfer also
increases for all the three tubes. In this context, the
critical parameters were identified on which the
heat transfer coefficients were mostly dependent.
Such problems can be easily solved using the
multiple attribute decision-making (MADM)
approach [12]. Under these methodologies and due
to their novel application domains, many works
have been reported [13-17]. Numerous methods
have been reported under the MADM category.
These include simple additive weighting (SAW),
analytic hierarchy process (AHP) [18], graph
theory and matrix approach (GTMA) [19],
polygons area method [20], technique for order
preference by similarity to ideal solution (TOPSIS)
[21], and many others. Among all these, TOPSIS
and VIKOR are outstanding MADM approaches,
which have been designed to face with rational and
irrational decision-making [22]. It has been applied
to various problems ranging from evaluating
supplier selection strategy [23, 24, 26], group
decision-making [29], machine tool selection [27],
material selection [25], and performance
evaluation [28]. In the present work, we employed
the fuzzy TOPSIS approach to evaluate the
performance parameters and rank the rival
dependent on the heat transfer coefficient. Four
parameters have been applied for evaluation of the

performance of heat transfer coefficient for the
different shape tubes. The various parameters
involved are Reynolds number (P1), heat flux (P2),
feeder height (P3), salt content (P4), and tube
surface design. The present work underlines
assessing the efficiency of heat transfer coefficient
with various parameters utilizing TOPSIS. This is
achieved by first computing the parameters
utilizing fuzzy, and after that utilizing the TOPSIS
strategies to summarize the outcome. The artificial
intelligent techniques are also in use to improve the
thermal performance of the system [34].

1.1. Fuzzy Logic

Fuzzy deals with the issues where it is difficult to
recognize between the member and non-member
objects of a problem. Fuzzy logic is based on a set
theory. It consists of a membership function within
the interval [0,1], which describes the extent of
relevance of an element for being the member of
the set. Linguistic variables are used for all the
comparisons, which are assigned numerical values
without any enigma. A linguistic variable is a
variable whose value are words or sentences in a
natural or artificial language. The major advantage
of the linguistic approach locates in the realm of
humanistic system, especially in the fields of
linguistics, human decision processes, psychology,
artificial intelligence, economics, and related areas.
Different fuzzy numbers are used depending on
their situation. In the present work, we used the
trapezoidal fuzzy numbers (bi, by bs bs) for
{b1,b,,b3,by €ER; by < b, < bs <b,}; as

shown in figure 1. The membership function 12 (x)
of trapezoidal fuzzy number is defined as:
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Figure 1. Trapezoidal fuzzy number.
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1.2. TOPSIS Method

TOPSIS is a method used to solve the MADM
problem from a finite set of alternatives [30]. It
implies that a decision matrix having “p” types of
tubes and “qQ” attributes can be thought to be an
issue of "g" dimensional hyper plane having "p"
points whose area is given by the estimation of their
attributes. The essential principle is that the picked
alternatives have the least distance from the
positive ideal solution (best case arrangement) and
the farthest ways from the negative ideal solution
(most pessimistic scenario arrangement). The ideal
solution is an answer that expands the advantage
qualities and limits the cost traits, though the
negative ideal solutions increase the cost properties
and limit the advantage characteristics [31, 32].
The various procedures involved in the calculation
of TOPSIS index are as follow:

Step 1: Normalize the matrix as given below:

h=—m—2— Vj

0

i=l
Step 2: Calculate the weighted normalized
decision matrix as given:

(©)

], b

|j]pxq
Step 3: Calculate the positive ideal and negative
ideal solution:
The positive ideal solution Vj+ and negative ideal
solution ;™ are as given below:
vy ={(mexVy, jed ) min;, jed,)i=123...pf Vi (4)
Vi ={(minVi, j ;) (maxy;, (5)
where J; and J; represent the higher best and lower
best criteria, respectively.

)

<

Step 4: Calculate the distance d;f and d;” from the
positive ideal solution and negative ideal solution,
respectively.
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Step 5: Calculate the rank index as:
d-
C = '
T4+ dr ®)

I
Reasons of breakdown with highest rank index C;*
are preferred.

2. Experimental set-up

Figure 2 shows a schematic view of the
experimental apparatus used in this work. It
consists of a liquid circulation system, a pump, a
liquid feeder, two enhanced tubes (i.e. spline and
helical grooved) in a test section, a flow-meter, a
digital temperature indicator, a digital voltmeter,
and a digital ammeter. The working fluid is
pumped up from the reservoir to the feeder through
the flowmeter and regulating valves that maintain
the film Reynolds number. Here, the fluid will be
heated to a certain temperature by the heater placed
in the reservoir, and then it passes through a pump
and a flow-meter, and then flows into the liquid
feeder from which the fluid is supplied at the
desired flow rate in the form of sheets flow pattern
to the heated tube. Finally, it is flowed back into
the reservoir to be recycled. The distance between
the feeder and the horizontal heated tube is 24 mm.
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Figure 2. Line diagram of experimental set-up.
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The experimental conditions are represented in

table 1.
Table 1. Experimental Condition.
Test liquid Water/salt solution
Pressure 100 KPa
Salt concentration 0-10 wt %

Reynolds number 13460-22745

Heat Flux 9080 W m2-26520 W m

Tube diameter 19 mm
Liquid feed height 24 mm
Nozzle width 1 mm

Figure 3 demonstrates an evaporation tube
instrument with a heater inside and four
thermocouples that have an external width of 0.1
mm. The smooth tubes utilized in this test were
made of copper with an external diameter of 19
mm, an inward diameter of 12 mm, and a length of
120 mm (an effective length of 100 mm). The
spline tubes used in this experiment were made of
copper with an outer diameter of 19 mm, an inner
diameter of 12 mm, a length of 120 mm (an
effective length of 100 mm), and a width of 2 mm.
Also 2 mm depth slots were cut throughout the
outer periphery with a cross-section angle of 30°
between the slots. The spiral tubes used in this
experiment were made of copper with an outer
diameter of 19 mm, an inner diameter of 12 mm,

and a length of 120 mm (an effective length of 100
mm) with a helix angle of 60° and a pitch of 0.6
mm. A heat flux was given by a heater 10 mm in
measurement installed within the cylinder. Two
thermocouples were put on the external surface of
the tube. The average estimated temperatures at
these areas were taken to be the tube wall
temperatures. One thermocouple was set inside the
water supply tank and utilized to characterize the
heat transfer coefficients.

3. Results and Discussion

3.1 Tests for pure water

Figure 4 shows that as the Reynolds number
increases, the heat transfer coefficient increases for
a given heat flux but after a certain value it
becomes constant and the sheet flow pattern
becomes fully developed as the tube surface is
totally covered by water film, and so there is no
scope for a heat transfer enhancement. The spiral
tube shows a more significant heat transfer
performance than the other two tubes for a given
heat flux and the Reynolds number because the
spiral tube film breakdown does not occur. Also it
has a more surface area than the smooth tube.
Figure 5 shows that the heat flux affects the heat
transfer coefficient significantly. As the heat flux
increases, the heat transfer coefficient increases,
and for all the three tubes, it is almost increased in
the same manner. Figure 6 shows that as the heat
flux increases, the surface temperature also
increases and increment in the surface temperature
of the smooth tube is greater than the spiral and
spline tubes for a given heat flux and Reynolds
number.
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Figure 4. Comparison of the enhanced tube with the

smooth tube for different Reynolds numbers.
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Figure 6. Effect of heat flux on the surface temperature of the smooth and enhanced tubes.
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3.2 Tests for water salt solution with pure water. Figure 8 shows that as the mass
Figure 7 shows that a 10 wt.% salt solution has a flow rate increases, the surface temperature of all
poorer heat transfer performance than pure water at the three tubes decreases but for a given heat flux
a given heat flux and Reynolds number for all the and Reynolds number, the smooth tube has a more
three tubes but increment in the heat transfer surface temperature than the other two tubes.
coefficient for a 10 wt.% salt solution is similar
#+ Smooth with 10 witst salt” m Spline with 10 wt% Salt
Spiral with 10 wi3: salt * Smooth with pure water
+ Spline with pure water Spiral with pure water
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Figure 7. Comparison of the smooth and enhanced tubes for pure water and 10 wt% salt in water salt solution with different
Reynolds numbers.
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Figure 8. Effect of Reynolds number on the surface temperature of the smooth and enhanced tubes.
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3.3 Correlation showed that the Reynolds number put a slightly
The correlation for the heat transfer coefficient and more effect than the heat flux on the heat transfer
heat flux with the Reynolds number, derived using coefficient.
the multiple regression analysis and their H = .37(qu)**(Re) ™ (10)
qualitative effects, were studied. (for 13460 < Re <22745, 9080 < qfiux< 26520)
h = 2.95(qw)32(Re)* The above correlation showed a good agreement
(9) between the experimental and predicted values for
(for 13460 < Re < 22745, 9080 < qrux < 26520) the heat transfer coefficient with an error of +2%
The above correlation showed a good agreement for the spline tube with pure water. This correlation
between the experimental and predicted values of showed that the Reynolds number put a significant
heat transfer coefficient with an error of +2% for effect on the heat transfer coefficient rather than the
the smooth tube with pure water. This correlation heat flux.
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h = 178.34(qw)**(Re)¥

(for 13460 <Re <22745, 9080 < gnu < 26520)
The above correlation showed a good agreement
between the experimental and predicted values for
the heat transfer coefficient with an error of +6%
for the spiral tube with pure water. This correlation
showed that the Reynolds number put a slightly
more effect on the heat transfer coefficient than the
heat flux.

h =57.01(guw)"®(Re)*®

(for 13460 < Re < 22745, 9080 <qnx< 26520)
The above correlation showed a good agreement
between the experimental and predicted values for
the heat transfer coefficient with an error of +1%
for the smooth tube with water salt solution. This
correlation shows that as we increase the heat flux,
the heat transfer coefficient decreases, while it
increases with the Reynolds number under the
above given range.

h = .52(qu)*%(Re) "

(for 13460 <Re <22745, 9080 < grux < 26520)
The above correlation showed a good agreement
between the experimental and predicted values for
the heat transfer coefficient with an error of +2%
for the spline tube with water salt solution. This
correlation showed that the Reynolds number put a
significant effect on the heat transfer coefficient
rather than the heat flux.

H = .18(qu)?(Re) "

(for 13460 <Re <22745, 9080 < grux< 26520)
The above correlation showed a good agreement
between the experimental and predicted values for
the heat transfer coefficient with an error of +3%
for the spline tube with water salt solution. This
correlation showed that the Reynolds number put a
significant effect on the heat transfer coefficient
rather than the heat flux.

(11)

(12)

(13)

(14)

3.4 Factor ranking with FUZZY-TOPSIS

The subsequent stage was correlation for all
cylinders for every standard. In this unique
circumstance, the fluffy methodology was utilized
as it functioned admirably where there was a need
of speculative scale to incorporate the verbal
thinking of different leaders. It utilizes the semantic
factors for the examination of various cylinders.

These were additionally changed over into fuzzy
numbers utilizing table 2. A short time later, the
fuzzy appraisals were collected, standardized, and
defuzzified. Table 3 obliges the subjective verbal
assessment of the chiefs filled by us (choice
compilers) in the light of our discourse with
different leaders.

Table 2. Linguistic variable with fuzzy number.

Linguistic variable Fuzzy number

Very High (VH) (08,09,10,1.0)
High (H) (0.7,08,08,09
Above Average (AA) (05,06,07.08)
Average (A) (04,05,05,0.6)
Below Average (BA) (02,03,04,09)
Low (L) (0.1,02,02,03)
Very Low (VL) (0.0,00,0.1,02)

Table 3. Linguistic decision matrix of tubes for all
evaluation criteria.

Parameters | Smooth (Cy) | Spline (C;) | Spiral (Cz)
P, VH H Al
B VH EH A
Py A H VH
B AA A A

The best range is termed exceptionally high (EH),
while the worst is termed extremely low (EL).
Table 4 arguments the corresponding crisp values
of the aggregated fuzzy ratings.

Table 4. Calculated crisp values for assigned fuzzy rates of tubes.

Factors Crisp values for | Crisp values for | Crisp values for | Rank indices |  Ranking
smooth tube spline tube spiral fube
Reynolds No. 0.925926 0.740741 (.592593 0.691281 1
Heat flux 0..833333 0.944444 (.366667 (.615248 2
Feeder height 0.407407 0.740741 0925926 0.369007 4
Salt concentration (.832889 0.611111 0.611111 0.610375 3
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The crisp values thus obtained were used to
calculate the priority vectors for each criterion with
respect to different tubes. Table 5 shows the utility
measures and rank indices for TOPSIS. We sum up

our study with a hope that such analysis can be
proven extremely helpful for determining the factor
affecting mostly on the film heat transfer
coefficient.

Table 5. Rank indices from TOPSIS

Factors Positive ideal solution (d*) Negative ideal solution (d”) | Rank indices Ranking |
Eeynolds No. 0.022931 0051392 0.691251 1
Heat flux 0.029779 0.04762 0.613249 2
Feeder height 003140 0.030111 0.369007 4
Salt concentration 0.03013 0047271 0.610573 3
4. Conclusion References

A number of experiments were carried out on the
heat transfer coefficients of the falling film
horizontal heated tube, and it was observed that the
heat transfer coefficient for the spiral tube was
more than those for the other understudied tubes.
As the Reynolds number increased, the heat
transfer coefficient increased first and then
remained constant for a given heat flux. The spiral
tube showed a significant heat transfer
performance than the other two tubes for a given
heat flux and Reynolds number. With an increase
in the heat flux, the heat transfer coefficient
increased for all the understudied three tubes. As
the heat flux increased, the surface temperature
also increased, and the increment in the surface
temperature of the smooth tube was greater than the
spiral and spline tubes for a given heat flux and
Reynolds number. As the Reynolds number
increased, the temperature difference between the
tube surface and the flowing liquid decreased. It
was also concluded that the water salt solution heat
transfer performance was poorer than pure water
for all the three tubes. As the heat flux increased,
the surface temperature of the tubes increased for
pure water.

Nomenclature

d Tube diameter, mm

h Heat transfer coefficient (h = qudT), Wm
2 K—l

dqw  Average wall heat flux, W m?

Re  Film Reynolds number (Re =477 )

T;  Liquid temperature at the exit of feeder, K

Tw  Average wall temperature, K

AT Temperature difference between tube
surface and liquid (AT =Ty - Ty)

I'  Falling film mass flow rate per unit length
on one side of tube, kg m*s™

u  Dynamic viscosity, kg m?s™
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