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Abstract: In this paper, the challenge is to increasing of the
heat exchanger performance by placing different size balls
inside the tubes. the development of previous studies to
enhance relatively bad case of heat transfer where the
inserting (a large ball and then a small ball) to collide the
water molecules in the ball and generate turbulent flow
(Reynolds number range from 50,000 to 350,000) and
thus increase the thermal performance due to collision of
particles with the inner casing of the tube and reduce the
stagnation near the wall. The usefulness of small ball, after
the big ball, is Reduce of gets wake flow. A simulation was
made when changing the diameter ratio of big to small
ball (Dr = 3, 4, 5). Also, the distance between the big ball
and the small ball was changed (X = 2, 3, 5) mm. It was
concluded that the best ball diameter ratio and best
Distance is (Dr=§—S’; = 5), (X = 3 mm), respectively. The
pressure drop acts as a side effect of enhancement.
Therefore, the method of equal pumping was adopted.
The average thermal performance factor (TPF=1.178) of
tube with insert the balls enhanced by 17.8% at (x=3mm)
and (Dr=5) when compared with smooth tube.

Keywords: diameter ratio, thermal performance factor,
ball insert

1. Introduction

Improving heat transfer in heat exchangers is the
goal of designers and researchers by using
different methods and designs. There are several
ways to improve thermal performance in heat
exchangers and classify these methods according
to their energy exchange, namely: passive
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methods, active methods, and combined
methods) [1]. In passive methods, no need to
external power, while in active methods an outer
energy source is required to complete the
performance improvement process, and the
combined method is a mix between the previous
two methods and its purpose is to reach the
highest performance of the heat exchanger [2].

There are a lot of researchers used the passive
technology by inserting different objects into the
tubes. The most widely used method is by
sticking a twisted strip into the tube because of
its ease of manufacture and high performance [3].
The principle of working the passive method is
that when the stagnation increases near the wall
of the tube, this layer of fluid acts as insulation
and the amount of heat transferred will reduce.
The insertion of geometry acts as vortex
generator to collapse of the stagnation state
within the fluid layers near the wall, but at the
same time there will be an increase in the
pressure drop that needs additional energy to
overcome this pressure drop increase [4].

The effect of adding geometric objects can be
negative for thermal performance that is when
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inserting the object; the case needs a pumping
power to overcome the large pressure drop that
occurred as a result of the insertion is higher than
the increase in the amount of heat transferred
through the tube. Therefore, there must be a term
that is specified the case whether it is an increase
or a decrease in thermal performance, this term is
called as thermal performance factor (TPF) [5]

The best way to find the value of the thermal
performance factor is a method of equal pumping
power in which the increase in the amount of heat
transferred as a result of adding an object inside
the tube is compared with the amount of increase
in pressure drop as a result of that body being

trapped in the tube.

The purpose of this research paper is to improve
the thermal performance of water-cooled heat
exchangers. In this study, a numerical simulation
of a circular stream containing fixed balls of
different sizes for the Reynolds number range
from 50,000 to 350,000. Dimensions ratios were
chosen in order for the study to apply to all
industrial units.

F. Andrade. et. al. [6] conducted an experimental
study by developing corrugated tubes and
comparing them with smooth tube, the same
dimension was chosen for each tube of 5.75 mm
in diameter and length of 0.38 m. The practical
tests were applied in three regimes (laminar,
transitional and turbulent). The data showed in
the corrugated tube, the friction factor at
transition regime is less as compared with
smooth tube. The maximum increase in heat
transfer at Re= 2000, specifically, the Nusselt
number ratio {Nu/Nu)s} increases up to 4.7

Pengxiao Li, et. al. [7] studied practically and
numerically the heat transfer and flow
performance in turbulent flow with the drainage
inserts inside tube. The results showed a good
blending of fluid layers. The experiment analysis
examination the effect of pitch to diameter ratio

on the Nusselt number and friction factor, The
Nusselt number and friction factor boost with the
decrease of pitch to diameter ratio. The results
show that the best angle of slant is 45° for the
inserting of the geometry which is shown in
figure (1).

Figure 1. Schematic diagram of the computation domain

Changzhong Man, et. Al [8] studied the heat
transfer and friction characteristics of dual - pipe
heat exchanger. The insert geometry is twisted
tape with alternation of clockwise and
counterclockwise twisted tape (ACCT tape) and
typical twisted tape (TT tape), as shown in the
figure (2).

Counterclockwise Clockwise  |Counterclockwise

LIS

Figure 3. Clockwise and counterclockwise twisted
tape

The results reveal the ACCT tapes have better
thermal performance than the typical twisted
tapes , the maximum value of thermal
performance factor is 1.42 at full - length (I -
2400 mm ) ACCT.

Shyy Woei Chang, el. al. [9] conducted an
enhanced Heat Transfer by made a grooved
or/and ribbed square wire coils insert inside tube.
The investigation experimentally examined. Five
pitch ratios of wire coils (P/d) of 0.5, 1, 1.5, 2 and
2.5 are tested at Reynolds numbers (Re) range
from 10,000 to 40,000. The unstable separation
was dispersed in the flow by ribs; the jet of the
flow destroyed by the trigger of grooves the
complex and cyclic eddy association with the
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axial swirl to increase thermal performance from
the smooth-coil tube. The thermal performance
factor values of this study conditions are all
above than one.

Figure 4. Grooved and ribbed square wire coils insert
inside tube

In the concept of previous studies as mentioned
in Table (1), where all studies indicate the
existence of a group of factors and influences that
are responsible for the process of improving
thermal performance, as there is still an
improvement in heat transfer with the least
resistance to flow, therefore, a new arrangement
are developing for large and small balls to give a
better heat transfer performance.

2. Geometry and case study

In this paper, different sized balls were used
inside the tube, as shown in the figure (5), where
a small ball is behind every large ball. Two
parameters were changed at range of Reynolds
number (50,000 to 350,000). First parameter is
the diameter ratio between large ball and small
ball (D, =Dy/Dg, =3,4,and5) and the
second changed parameter is the distance
between large ball and small ball (x=
2,3,and 5 mm). The rest of the parameters
remain constant like distance between two large
balls (L) and tube diameter (D;) and heat flux on
the tube.

Figure 5. Geometry of the case study

3. Governing Equations

The following equations were used to calculate
the number of Nusselt, the equation (1) through
the numerical calculation of a certain number of
points on the tube, and after that the mean value
was extracted for the number of Nusselt in the
case of balls inside the tube. Equation (2) is an
empirical equation of Nusselt number applied on
a smooth tube without an insert of balls from
Dittus-Boelter equation [10-11]:

— hDe
Nu = 3 (1)

Nu)g = 0.023 (Re)?8. (Pr)0* 2)

Where Reynolds number (Re) is proportional to
the average velocity (u) and the diameter of the
tube D;:

_ pu.D¢
Re = W 3)

Numerical calculation of the friction factor was
calculated when the balls inside tube from Darcy-

Weisbach equation:

_ ZAth

- L.p.u? (4)
f. = 0.3164 (Re)~02° (5)
The equation (5) is empirical formula for smooth

tube found by Blasius solution.
__ Nu/Nu)s

T] - (f/fs)1/3 (6)

The equation (6) is thermal performance factor
which represented a comparison between tube
with insertion of balls and smooth tube; it is
based on equal surface area of the heat transfer at
equal pumping power.

4. Numerical Method and

Conditions

Boundary

Simulation is done by software (Fluent 19R1) of
the CFD process in which the solution is
dependent on finite volume method. Where the
simulation of this research is by applying a
constant heat flux on the wall of the tube as
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shown in the figure (6). And one of the followed
hypotheses is that the velocity of the flow is equal
to zero at the walls and also fully developed flow
with a temperature of the inlet water is constant.
The range used for Reynolds number is from
50,000 to 350,000. The criteria of convergence is
Prepared on (107°) for all variables. It is also
hypotheses that the thickness of the tube has been
neglected, and this means that equation (1) can
be used to extract the local Nusselt number for
each point of the tube for a given and fixed
length, after which the average is calculated for
the Nusselt number of the entire tube.

(LT ot

Figure 6. Schematic diagram of boundary conditions

The mathematical model builds up according to
applying the boundary conditions on the case
study, therefore, the basic equations for fluid
flow and the laws of conservation of energy,
mass and momentum [12]:

- Mass conservation
d ,~ 19, « 10 ,_
6_Z(u)+;6_r(rv)+;£(w)_0 (7)

Where: 4 , 7 , w represented average velocity
components in the directionsr ,0 ,z.

- Momentum conservation

In Z direction
U L U Ly WA op
p(6t+Uaz+Var+ rBH)_ 62+
19 18 a
(;a—r(TTrz) +-—oToz + ETZZ) +pFz (8)

In r direction

W oV WZ) ap
r 060 r

av av av
p(E-I_UE-I_VE-I_____

10 19 d T
(——(TTrr) t g Tor T 5, Tar — %) + pFr (9)

r or

In 0 direction

ow wow = wv

aw owy _  19p
PGtV TSt UG =~
10 10 d Tor—Tr
(r_ZE(rZTTH) +;£T99 +£ng +—9 " 6) +
pFo6 (10)
Where:
v 2 -
= u (25 -3 .9) (11)
19w Vv 2 -
Tgg — U (2 (;% + ?) - E(V U)) (12)
U 2 -
e =n(25,-30.9) (13)
o (W 19V
to =t0r = u(r 5 () +15) (14)
aw 19U
Tz = Tz0 = U (g + ;5) (15)
au v
Tar =Tz = H (O_T + a_z) (16)
Where
-~ U 9V Vv
V.U—E-i‘g-i‘? (17)

- Energy conservation

The conservation of energy is the first law of
thermodynamics, which, when applied to the
moving fluid element

oT OT . ug dT oT dg
— T U —rT——TUuU,—=—
6t+ r6r+r69+ Z 9z cp+

2 2
ez (rS)+5om+ |+ a9
pcp

r or or 2002 0z2

Where the viscous rate of dissipation is
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_ ou, 2 10dug Ur 2 Juy, 2

¢ = 2“[(?) +(350+) +(32) ]+
10wy, up _ug)® | (ug | 10uz)®
“[(rae-l_ar r) +(az+r89) +
ou, . Ju, 2

(52 +55) ] (19)
The turbulence model k-o sst (Shear Stress
Transfer) has been used because it is widely used
when the state has a separation of flow and when
using this model it takes into account the viscous
sub-layer and distinguishes it from the rest of the
layers for turbulent flow and this model is used

in applications where simulation of thermal flow
phenomena is required [13].

The general form of the equations is:

Kinematic eddy viscosity:-

vp = — (20)

max(a,w,SF,)
Where S is the average strain-rate

Turbulent kinetic energy

ok Ak
5 T U 6x] — B*kw +o- [(v + ava)

(21)
Specific dissipation rate:-
6_a)+ Uja—w_= aS? — Bw? +i.[(v+

1 0k @

Ouvr) 2 ] +20-F)o,t 2% @)
The term [2(1 — F;) 0, ! a_ka_w] in Eq. (22) is

a result of the transformatlon of the k—e¢
turbulence model to a k — w formulation. The
function F; is a blending function that ranged
from one near the surface to zero far from the
surface. Closure coefficients and auxiliary
relations:-

p, = min <Tijg—fc’;, 10[;*;@) (23)

F, = tanh {{min [max( \/E ,5001;), 40,2k ]}4}

B*wy’ y?w/’ CDyyy?
(24)
2K 500v\1°
F, = tanh [[max (B*wY' yZ(I)] ] (25)

10k 0
CDy,, = max (Zpawz o a;) 10~ 10) (26)

a,=5/9 a=044 ,f==, f=—
0, = 0.856

Where: a4, @, B, o,,,= closure coefficients in the
specific dissipation-rate equation and Br=
closure coefficient in the turbulence-kinetic
energy equation.

6. Results and Discussion
6.1. Numerical Validation

To ensure that the numerical solution that was
carried out in this research correctly and the
choice of simulating factors approximated to
reality [14], a comparison must be made of the
results obtained numerically with the theoretical
results estimated from the Blasius solution for the
friction factor and the number of Nusselt from the
Dittus-Boelter equation (Eg. (2)), since the
numerical values extracted for the friction factor
It is from a Darcy-Weisbach equation (Eq. (4)).
It is very clear that there is a compatibility
between the numerical results from (ANSYS)
and the results calculated from the experimental
equations mentioned above and that the amount
of deviation does not exceed 9 % as in Figures
(7) and (8)
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Figure 7. Validation of Nusselt number of smooth tube
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Figure 8. Validation of friction factor of smooth tube

6.2. The Structure of the Flow

The analysis of the flow structure in this research
was done as in figure (9) to enhance the thermal
performance factor of heat transfer, it is clear that
there is an effect by the balls insert inside the
water stream to improvement the heat transfer
because of the velocity increase on both sides of
the ball near the inner wall of the tube. Therefore;
any increase in the velocity is offset by an
increase in the convection heat transfer
coefficient [15] .According to equation (1), the
high speed leads to the blasting of the relative
stagnation area near the wall.

Figure 9. Flow structure for improvement thermal
performance factor

6.3. Effect of Distance between the Balls (x)
From figure (10), it is clear to note the change of
velocity on both sides of the large ball, the
variable (x) which represents the distance
between the large and small balls does not
significantly affect the heat transfer because of
the small size of the ball but rather affects the
flow stream regulation, and this is evident
through figure (11). Since the effect on
increasing the amount of heat transferred is
Reynolds number only. As the function of small
ball is to reduce the amount of pressure drop,
since, when an object blocks a path, it creates
eddies behind the body due to the body’s non-
flowing and these vortices cause a drop in
pressure.

The case (x =2mm) is where the entire small ball
is inside the eddy space, which is the conical
shape behind the large ball. As for the case (x =
3mm), the ball is outside eddies cone, but the
effect of eddies increases negatively as the
distance x increases as in the case (x = 5mm)
because the small ball is relatively far away and
does not eliminate or reduce eddies formed
behind the large ball. And that the best of the
previous cases is when (X = 2mm) as in Figure
(12) where the pressure drop is minimal

2

20 2
2o

X=2mm X=3mm X=5mm

33
71

| 9 _ _ _
28
47
667
2.286 =
1.905 .
2.
143
0762

00--22NNWELAMLANG 53
0822 006NO
88

Figure 10. Velocity contour at different distances of (x)
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Figure 12. Friction factor ratio of tube with balls to
smooth tube at (Dr=3)

6.4. Effect of Diameter Ratio (Dr)

If consideration is given to changing the size of
the small ball with the same size as the large ball,
then there will be a noticeable change in thermal
performance, where there will be an increase in
performance when increasing the size of the
small ball when compared with cases for the
same location until reach an increase in size
which negatively affects performance. The
pressure drop increases due to the eddies formed
behind the large ball [16], the function of the
small balls is the dispersal of these formed
eddies, as in Figure (13). Where there is a
difference of performance factor when the

diameter ratio is changed and the reason for this
difference is that the small ball is located within
the conical shaped of the eddies formed behind
the large ball, if the ratio is large (that is, the
small ball is small in size) then this does not
result in any effect because the location of small
ball is within the eddies cone.

The change in the diameter ratio (Dr) (an increase
in the size of the small ball), the greater its effect
on the dispersal of eddies until the increase in
size is not desirable because it leads to the
formation of additional eddies that lead to
additional pressure drop and this leads to a
decrease in the thermal performance factor as in
figure (14) and (15).

When the distance (x = 2mm), the performance
factor has percentage increase by 16.8%, 17.6%,
and 17% in the case of diameter ratio (Dr) is 3. 4,
and 5, respectively, when consider the smooth
tube has a unity performance factor. While at the
distance (x = 3mm), the performance factor
percentage increased by 15.7%, 17.4%, 17.8%
when the diameter ratio (Dr) is equal to 3, 4, and
5, respectively. And when the distance (x =
5mm), the performance factor percentage
increased by 12.8%, 14.1%, 14.7% when the
diameter ratio (Dr) is equal to 3, 4, and 5,
respectively. The values of thermal performance
factor are shown in Table (1).

Table 1. thermal performance factor (n) at different
distance (x) with variable diameter ratios

X[mm] thermal performance factor (1)
Dr=3 Dr=4 Dr=5
2 1.168 1.176 1.17
3 1.157 1.174 1.178
5 1.128 1.141 1.147
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Table 2. range of thermal performance factor (TPF) of
previous studies

Researcher Flowtype Rangeof Ther  Geometry
Reynolds  mal
number  perfo
rman
F. Andrade  Transition >429 ~1.91
[7] flow Re< 2.35
6212
Pengxiao Turbulent  Re>6000 0.95
Li[8] flow <16000  1.04~ =
Changzhong Turbulent 1.02
Man flow 3000<Re  ~
[l <9000  1.42
Shyy Woei >10,000 1~0.7 '&-?-,.‘,.,‘n
Chang [10]  Turbulent Re< 3. W
flow 40,000 B
H gziz Dr=3 Dr=4 Dr=5
3% . _ - -
e o 1 0

Dr=3

(x=2mm) with variable diameter ratio

Dr=4

Dr=5

. eo- 1l ©

(x=3mm) with variable diameter ratio

Dr=3 Dr=4 Dr=5
. - -
o - e - 10

[ms*1]

(x=5mm) with variable diameter ratio

Figure 13. Velocity contour at different distances (x) with
variable diameter ratios
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Figure 14. Friction factor ratio of tube with insert balls to
smooth tube at different distances (x) with variable
diameter ratios
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7. Conclusions

From the results reviewed, the following was
concluded:

1-

When adding geometric shapes inside the
tube, it generally increases the thermal
performance of the heat exchangers.
Where the amount of the increase
depends on the shape geometry, size, and
number of balls.

In this research, two variables were
studied numerically, the ratio of the
diameter of two neighboring balls and the
distance between them. It was found that
in the two variables there is an effect on
thermal performance factor (TPF).

When changing the distance between the
small ball and the big ball, there is a slight
change to the thermal performance factor,
the higher the distance (x), the lower the
value of the thermal performance factor.
The effect of the diameter ratio
contributes significantly to increasing the
value of the thermal performance factor
by reducing the pressure drop in the flow
as a result of the interception of the large
ball of water flow, and this reduction
occurs due to the dispersal of the eddies
formed behind the large ball by the small
ball.

Through the results obtained from the
numerical solution, the best case was
found among the cases studied in this

1.6 ‘
1.4 S= ==
—
1.2 — <&
1
n 0.8
0.6 ——X=2
0.4 x=3
0.2 x=5
0
Q Q Q Q Q
& & & &
SR ST S
Re

(c) Diameter ratio (Dr=5)

Figure 15. Thermal performance factor

research, which is at the highest value of
the thermal performance factor (1.178).
When compared to the smooth tube, the
percentage of the increase in the thermal
performance is (17.8%). Therefore, the
results  obtained numerically are
reassuring when compared with previous
studies.
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Nomenclature

Dr
X

Db
Dsb

Nu
Nu)

fs
Ap

Diameter ratio

Distance between large and small
balls [mm]
Diameter of large ball [mm]

Diameter of small ball [mm]
Reynolds number

Thermal Performance Factor (n)
Tube diameter [mm]

specific turbulence kinetic energy

Distance between two large balls
[mm]
Nusselt number

Nusselt number of smooth tube

Convection heat transfer coefficient

[W/m"2.K]

Thermal  conductivity of  fluid
[Wim.K]

Prandtl number

production of turbulence Kinetic

energy
specific Reynolds-stress tensor

Density [kg/m”3]

Average velocity of the fluid [m/s]
Friction factor

Friction factor of smooth tube
Pressure drop

specific dissipation rate

Thermal performance factor (TPF)

10
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