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Abstract

Application of transition flow can be found in several processes and systems. It has been revealed through findings from
various researchers that the values of Reynolds numbers at which transition flow occurs vary. In the current work,
investigations were numerically conducted by Fluent on transition of water flow in three assorted plain tubes fitted with
miscellaneous tape insertions. They are plain tube with crossed-axes-circle-cut tape insert (C-C tube), plain tube with
crossed-axes-triangle-cut tape insert (C-T tube), and plain tube with crossed-axes-ellipse-cut tape insert (C-E tube). The
focus of the work is to explore the influence of the tape insertion on commencement and finish of transition flow in the
tubes with respect to the Reynolds number of the flow. The Reynolds number (Re) taken into account for the transition
flow is 2,150 < Re < 4,650, and the variation of Shear-Stress Transport k — w model that deals with transition flow
was utilized. The results showed that transition flow starts at Re = 2,300 and finishes at Re = 4,400 in C-T tube, starts
at Re = 2,780 and finishes at Re = 4,610 in C-C tube, but starts at Re = 2,550 and finishes at Re = 4,500 in C-E tube.
The Nusselt number in C-T tube is 19.3% to 45.6% higher than that in C-C tube, but the Nusselt number in C-T tube is
3.6% to 28.3% more than that in C-E tube. The friction factor in C-T tube is 2.15% to 4.56% higher than that in C-C
tube; the friction factor in C-T tube is 0.83% to 3.33% more than that in C-E tube. These results indicate that for the case
of the tubes considered in this work, the C-T tube, which is the first one in which transition flow commences and ends,
has the highest Nusselt number, but C-C tube, in which transition flow commences and finishes last, has the least Nusselt
number. Interestingly, the same phenomenon applies to the friction factor.
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1. Introduction

The intermediate condition of the flow of a fluid between laminar and turbulent states is known as transition flow.
This means that its state falls between those of laminar and turbulent flows. It has been confirmed that transition flow
is triggered by disturbances to the motion of a fluid [1].

Findings from various researchers have revealed that the values of Reynolds numbers at which transition flow
occurs vary. The reason for this, as provided by Cengel [2] and Mullin [3], is that different mechanisms (for example,
insertion of tapes inside the tube conveying the fluid, vibration of the tube, roughness of the inner surface of the tube,
etc.) are responsible for generation of disturbances in fluid flows. It was observed by Reynolds [4], that depending on
the disturbances in the flow, transition flow can occur at a Reynolds number of about 12,000. It was reported by
Ekman [5] and Pfenniger and Lachman [6] that transition flow can start at a Reynolds number of about 40,000 and
10.000, respectively. Cengel [2] maintained that transition flow takes place at Reynolds numbers between 2,300 and
10,000.
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Transition flow occurs in the operation of aerospace and flows that encompass scramjets, interceptor missiles with
divert jets, and ballistic missiles. It is also applied in power generation, automotive, chemical processing, and heating
and cooling processes [7, 8]. The significance of intensifying the performance of heat transfer and fluid flow
equipment has, no doubt, attracted the attention of many researchers, and has prompted them to carry out several
investigations on thermo-hydraulic behaviour in transition flow. It has been reported by Bergles [9] and Manglik [10]
that one of the means of achieving the intensification of the performance of equipment for heat transfer is the
incorporation of twisted tapes, coils, etc. into a plain tube (also known as a smooth tube).

The thermo-hydraulic behaviour in laminar, transition, and turbulent flows was investigated experimentally by
putting a helical wire coil inside a plain tube [11]. It was discovered that the combined helical wire coil and the plain
tube yielded an acceleration of transition flow at a Reynolds number of 700. In the transition regime, the performance
of the system was improved by the helical wire coil. Garcia et al. [12] presented an experimental analysis of laminar
and transition flow in a plain tube fitted with wire coils and operated under uniform heat flux conditions and Reynolds
numbers between 10 and 2,500. It was reported in the work that at Reynolds numbers between 1,000 and 1,300, there
was a transition from laminar to turbulent flow. Another experimental study to determine the thermal-hydraulic
performance in the transition flow of water in induced and plain tubes was carried out by another researchers [13]. The
study’s findings confirmed that transition occurred earlier in the induced tube. The transition for the plain tube
occurred at a Reynolds number of 2,300, but it was at 1,900 for the induced tube.

Naik and Sundar (2014) investigated the convective heat transfer and friction factor characteristics of transition
flow (2,500 Reynolds 10,000) of CuO nanoparticles of different sizes suspended in water/propylene glycol that flowed
in a circular tube fitted with helical inserts of different twist ratios and another circular tube without inserts [14]. The
Nusselt number obtained through nanofluid of 0.5% concentration was about 28% higher in the tube without the
insertion, and was enhanced to 5.4 times over the water/propylene glycol when the helical insert was fitted to the flow
channel. The friction factor obtained with the nanofluid was 10% higher in the tube without the insert and was
increased to 1.4 times over the water/propylene glycol with the inclusion of the insert in the tube.

Martinez et al. [15] used a non-Newtonian fluid (1% of carboxyl-methyl-cellulose solution in water) and a
Newtonian fluid (propylene glycol) to present the behavior in laminar and transition flow in a plain tube on whose
inside was inserted two different wire coils. The condition of the flow was such that Reynolds humber was between 10
and 1,300. The results showed that at low Reynolds numbers, the effect of the wire coils could be neglected, that is the
wire coils exhibited the behavior of a smooth tube. It was observed that the transition to turbulent flow was postponed
to a Reynolds number of 500. For low Reynolds number below 500, the wire inserts were of no effect, but the effect
became noticeable as turbulent flow was formed. Maximum Nusselt number enhancement of 7.5 times was obtained at
a Reynolds number of 1,900.

An analysis of flow and heat transfer in regime of laminar-transition flow with Reynolds number of 210 to 3,100 in
pipes into which tape insertions were incorporated was examined numerically by Rossi et al. [16]. It showed that at
low Reynolds numbers, there was a possibility of transition flow, caused by the tape inserts. There was also a
possibility of transition to turbulent flow at a higher Reynolds number, but non-turbulent for pipes into which twisted-
tape inserts were not incorporated.

Experiments were executed through the effort of Meyer and Abolarin [17] to investigate the characteristics of heat
transfer and pressure drop in the transition flow regime in a circular tube equipped with twisted tapes of different twist
ratios. The Reynolds numbers under which the experiments were conducted were between 400 and 11,400. In addition,
heat fluxes of between 2 kW/m? and 4 kwW/m? were considered for the experiments. It was observed that higher heat
flux delayed the transition from laminar to transition flow when the heat flux was altered, but the tape twist ratio was
not altered. It was revealed that the friction factors increased as the twist ratio decreased. Moreover, when both the
Reynolds number and the twist ratio were not altered, but the heat flux was increased, the friction factor dropped.

Chaware and Sewatkar [18] examined numerically the transition in flow in a pipe with twisted tape insert. The
findings from the work indicated that at Reynolds number Re<700, the flow was steady laminar and changed to
periodic laminar flow at 700 < Re < 1,126. The flow was quasi-periodic in nature at 1,126 < Re < 1,263. There was
transition to a chaotic behavior at 1,263 < Re < 1,400. Investigation on the heat transfer and pressure drop features in a
circular pipe that has alternating clockwise and opposed-clockwise twisted tape inserts was carried out by Abolarin et
al. [19]. In order to cover laminar, transition and turbulent flow regimes, the experiments were carried out at Reynolds
numbers between 300 and 11,404. It was discovered that the connection angle between the two unlike twisted tape
inserts has influence on the start and the end of the transition flow regime. Specifically, an increase in connection angle
increased the heat transfer in the transition flow regime.

The transition flow of herba fluid in a circular tube was studied theoretically and experimentally by Hou [20]. The
theoretical study was done by using a stability parameter. According to the results obtained from the two studies,
accuracy of the results obtained from the theoretical study was better than that obtained from the experiment.
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Chaurasia and Sarviya [21] examined thermal hydraulic performance at transition flow regime of water in a tube
fitted with a single strip helical screw insert and another one fitted with a double strip helical screw insert. It was
observed that the tube with double strip helical screw insert has a better performance compared with the tube with a
single strip helical screw insert. Investigation into bubbly-to-slug transition flows in a tube whose orientation was
vertical was the focus of Dang et al. [22], in which the distinguishing features of air-water interfacial form was
considered. It was concluded that the distinguishing features of the transition flows depends on velocity of the liquid
(air-water) and ratio of the size of bubble to that of the tube.

Thus, literature review indicates that different investigations have been done on transition flow in induced tubes.
Those literatures have revealed that attentions have not been focussed on transition flow in different plain tubes
induced with distinct tape insertions. In the current work, investigations were conducted numerically on transition flow
in distinct tubes of miscellaneous tape insertion. The focus is to explore the influence of the tape insertion on
commencement and finish of transition flow in the tubes with respect to Reynolds number of the flow.

2. Induced Tubes’ Geometry

The induced tubes used for the transition flow, as depicted in Figure 1(a - c), are plain tube with crossed-axes-
circle-cut tape insert (C-C tube), plain tube with crossed-axes-triangle-cut tape insert (C-T tube), and plain tube with
crossed-axes-ellipse-cut tape insert (C-E tube). Part of the tubes is removed (as can be seen in Figure 1) so that the
tape inserts are visible. The tape insert’s pitch (p = 0.054 m), the tape insert’s width (b = 0.018 m), the tube’s radius
(r = 0.0095 m), and the length of the tube (L = 1.0 m) are indicated in Figure 1.

Figure 1. Induced tubes’ geometries: (a) C-C tube, (b) C-T tube, (c) C-E tube

3. Mathematical Modelling
The transition flow was simulated by the Reynolds Averaged Navier-Stokes (RANS) equations [23] as;

Equation of continuity:

d
5 @ =0 @)
Equation of momentum:
d(py;) dy; dp 0 ou;
5t TP uia_xi __6_xi+6_xi (H‘Hlt)a—xi 2

Equation of energy:
c (6T+ 6T) 0 ( OT)
Poe\Gr "ok T T ax,

where u, T, i, W, Kegr, P, Cp, and p are velocity, temperature, dynamic viscosity, turbulent viscosity, effective thermal
conductivity, pressure, specific heat at constant pressure, and density, respectively.

®)

Shear Stress Transport (SST) k — w and standard k — w are the different models considered for the transition flow.
Because transition flow is partially turbulent, the variation of SST k — w model that deals with transition flow was
used for the work. Its transport equations [23, 24] are given as Equations 4 and 5:
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where x, w are turbulence kinetic energy and specific dissipation rate, respectively; G denotes the generation of k, w;
oy, 0, are turbulent Prandtl number for k and w, as indicated by the subscripts; F; is a blending function; B,, B, and
0, 2 are model constants.

For the transitional model to be obtained, a factor («) is incorporated to p, in equations above to depress the
generation rate of turbulence [24]. Therefore, p, is written as;

_pK 1
He =3 max [1 S.F, (6)
o’ aw

It should be noted that o in Equation 6 is given as;

o= o &) + Ret/Rk 7
“\ 1+ Rey/Ry 7

where o, ag, B;, and Ry are model constants, and a, = B;/3 and Re; = px/pw.

Also, the variation of standard k — w model that deals with transition flow, whose transport equations [24, 25] are
given in Equations 8 and 9, was used for the work:

9 0+ 2 )—a(+“t)a'< +G 8
ot Pt gy ) = G\ s ) o kK~ Briw (8)
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The definition of the terms and the values for the model constants are as presented for the SST k — w above. In
order to depress the generation rate of turbulence [24], y. is written as;

PK
o= o (10)

The values for the model constants are as presented for the SST k — w above.

The tube wall was placed under uniformly-distributed heat flux and no-slip conditions. At the pipe intake, 301 K
and 0.019 m were stated as temperature of fluid and conduit’s diameter. The model constants specified were ; =
0.072, 8, = 0.072, 0, = 1.168,a, = 0.31, a,, = 1, f; = 0.072, and R = 6.

4. Numerical Techniques

Fluent, computational fluid dynamic software, was utilised to perform the study on the transition flow. The
discretisation of the equations stated above was executed with second order upwind scheme which computes the
quantities that are not known at the faces of the cell. As a mean of including the impact of pressure in solving the
equation of momentum, the Semi Implicit Pressure Linked Equations algorithms [25] was made used of to join the
calculations of pressure and velocity.

5. Selection of a Felicitous Model

For the purpose of selecting a proper model for the simulations, the variation of SST k — w and the variation of
standard x — w models that deals with transition flow were employed. The values of temperature and velocity
obtained at the end of the flow in the tube for Re = 2,300 and Re = 4,650 were compared, and presented in Figures 2
and 3.

As it can be seen in Figure 2(a) for Re = 2,300, there is a negligible disparity between the temperature in the SST
Kk — w and standard k — w models. Figure 2(b) shows that the disparity between the velocity in the SST k — w and
standard k — w models is not noticeable. For Re = 4,650, shown in Figure 3, a behaviour that is the same as that for
the Re = 2,300 (Figure 2) is observed in the temperature (Figure 3(a)) and velocity (Figure 3(b)). The results show
that either the variation of SST k — w model or the variation of standard k — w model that deals with transition flow
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can be used. The variation of SST k — w model was chosen out of the two models. Its choice is based on the report
[24] that it has ability to predict separation and reattachment better than the standard k — w model.

316 - —— - SST kew
standard_k—wo'l45 1
314 1
v(m/s)

T(K)

312 1

10 - /\f_\J (@) 0.036 - (b)
- == 55T kw

standard_k-w e
0013 0007  0.000 0.007 0.013 0013 -0.007 0.000 0.007 0.013

Figure 2. SST k — w model compared with standard k — w model for Re = 2,300: (a) temperature, (b) velocity

-— - SSTkw 30 - 0.290 - - - = 55T kw
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0.013 0007 0.000 0.007 0013 -0.013 -0.007 0.000 0.007 0.013

Figure 3. SST k — w model compared with standard k — w model for Re = 4, 650: (a) temperature, (b) velocity

6. Results and Discussion
6.1. Temperature

The temperature for 2,150 < Re < 4,650 at axial location of 0.134 m before the flow end of the C-T tube’s cross-
section is presented in form of contours in Figure 4. For Re = 2,150 (Figure 4(a)) and Re = 2,300 (Figure 4(b)), the
temperature has a maximum value of 323.2 K, and 326.3 K, respectively. The maximum value of temperature
increases to 329.1 K for Re = 4,400 (Figure 4(c)) and increases further by 3.5 K for Re = 4,650 (Figure 4(d)). The
inference from the results is that there is a rise in the temperature for a rise in the Reynolds number. The cause of this
occurrence is this: for an increment in Reynolds number, the fluid’s viscous force is overcome by the fluid’s
momentum, and this results in generation of heat energy.

Temp. (K) Temp. (K)
32626
323.24 oo
320.70 32017
31816 :
e 6o 317.12
1o 08 314.07
310,54 311.02
105 00 307.97
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Temp. (K)

332.57
328.52
324.48
320.44
316.39
312.35
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Figure 4. Temperature at axial location of 0.134 m before the flow end of the C-T tube’s cross-section for (a) Re = 2,150,
(b) Re = 2,300, (c) Re = 4,400, and (d) Re = 4, 650

6.2. Velocity

The velocity for Reynolds number between 2,300 and 4,650 at axial location of 0.134 m before the flow end of the
C-T tube’s cross-section is presented in Figure 5. In the case of Re = 2,150 (Figure 5(a)) and Re = 2,300 (Figure
5(b)), the velocity has a maximum value of 0.14 m/s and 0.15 m/s, respectively. The maximum value of the velocity
increases to 0.27 m/s for Re = 4,400 (Figure 5(c)). As it can be seen, the maximum velocity for Re = 4,650 (Figure
5(d)) is higher than that for Re = 4,400. The rise in the velocity as the Reynolds number rises is attributed to the force
of the fluid’s motion, which surmounts the fluid’s viscous force.

Velocity (m/s) Velocity (m/s)
0.141 0.148
0.117 0.123
0.094 0.099
0.070 0.074
0.047 0.043
0.023 0.025
0.000 0.000

Velocity (m/s)
0.285
0.238
0.190
0.143
0.095
0.048
0.000

Figure 5. Velocity at axial location of 0.134 m before the flow end of the C-T tube’s cross-section for (a) Re = 2,150, (b)
Re = 2,300, (c) Re = 4,400, and (d) Re = 4,650

6.3. Turbulent Kinetic Energy

The turbulent kinetic energy (TKE) at axial location of 0.134 m before the flow end of the C-T tube’s cross-section
is shown in Figure 6. The values of turbulent Kinetic energy for Re = 2,150 (Figure 6(a)) and Re = 2,300 (Figure
6(b)) are approximately not different, being a maximum value of 0.0004 m?/s? and 0.0005 m?/s?, respectively. By
comparing the turbulent kinetic energy for Re = 4,400 (Figure 6¢)) and Re = 4,650 Figure 6(d)) with those of the
other Reynolds numbers, it can be observed that an increase in Reynolds number transforms to an increase in turbulent
kinetic energy. The maximum turbulent kinetic energy for Re = 4,400 and Re = 4,650 are 0.0018 m?/s? and
0.0019 m?/s?, respectively.
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Figure 6. TKE at axial location of 0.134 m before the flow end of the C-T tube’s cross-section for (a) Re = 2,150, (b)
Re = 2,300, (c) Re = 4,400, and (d) Re = 4,650

6.4. Heat Transfer

It is relevant to explore the influence of the tape insertions on commencement and finish of transition flow in the
tubes with respect to Reynolds number of the flow. Therefore, the heat transfer in the three different tubes, namely C-
C tube, C-T tube, and C-E tube (mentioned in section 1 above) for laminar flow (830 < Re < 2,000), transition flow
(2,150 < Re < 4,650), and turbulent flow (5,000 < Re < 12,000) is discussed in this section.

Nusselt number (Nu) is used to represent the transfer of heat in the tubes. The Nusselt number for the different
flows in the tubes is presented in Figure 7. The beginning and finish of transition flow are indicated by triangular,
square, and circular markers for the C-T tube, C-E tube, and C-C tube, respectively, on the graphs in Figure 7. For C-T
tube, transition flow commences at Re < 2,300 and finishes at Re < 4,400. In the case of C-C tube, transition flow
commences at Re < 2,780 and finishes at Re < 4,610, but for C-E tube, it commences at Re < 2,550 and finishes
at Re < 4,500. This means that transition flow commences and finishes earlier in C-T tube than in C-E tube, but it
commences and finishes earlier in C-E tube than in C-C tube.

It is evident in Figure 7 that for the transition flow, the Nusselt number in C-T tube is 19.3% to 45.6% higher than
that in C-C tube, but the Nusselt number in C-T tube is 3.6 to 28.3% higher than that in C-E tube. The relation
between these Nusselt number’s values in the tubes (C-T, C-E, and C-C) and the findings presented above that
transition flow occurs first in C-T tube, then in C-E tube, and then in C-C tube clearly indicates that C-T tube, which is
the first one in which transition flow commences and ends, has the highest Nusselt number, whereas C-C tube, in
which transition flow commences and finishes last, has the least Nusselt number.

225 -
—”-1
- :"‘E‘.”’ -
" ° -
156 - P LAt
% =~ -
.y
Nu ’,9,
%7
88 - ,I'/ == ==C-T tube
A
Wad = = :C-Ctube
19 I' T T T 1
765 3,674 6,583 9,491 12,400
Re

Figure 7. Nusselt number for the flows in the tubes
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6.5. Friction Factor

In this section, the C-C tube’s, C-T tube’s, and C-E tube’s friction factor (f) are presented. The presentation is to
know the effects of the tape insertions on the value of Reynolds number for the commencement and finish of transition
flow.

Figure 8 depicts the friction factor for laminar flow (830 < Re < 2,000), transition flow (2,150 < Re < 4,650),
and turbulent flow (5,000 < Re < 12,000) in the tubes. The different markers (triangular, square, and circular) on the
graphs in the figure indicate the commencement and finish of transition flow in the C-T tube, C-E tube, and C-C tube,
respectively. Transition flow commences in C-T tube at Re = 2,300, followed by C-E tube at Re = 2,550, and then in
C-C tube at Re = 2,780. It ends in C-T tube, C-E tube, and C-C tube at Re = 4,400, Re = 4,550, and Re = 4,610, in
that order.

For the transition flow, as demonstrated in Figure 8, the friction factor in C-T tube is 2.15% to 4.56% higher than
that in C-C tube, whereas the friction factor in C-T tube is 0.83% to 3.33% higher than that in C-E tube. As in the case
of the Nusselt number discussed above, it can be observed that C-T tube, which is the first one in which transition
flow commences and ends, has the highest friction factor, whereas C-C tube, in which transition flow commences and
finishes last, has the least friction factor.

0.650 ]‘ —===C-Ttube
W\ — — -C-Ctube
W
0527 1 "
\
f Nez--=m= -
¢?‘~
~ - e
~ -y \‘5\
0.403 SIS
\\\ l‘s\
~ \\~.~~~
S s °-\:".~
0.280 . . : =
765 3,674 6,583 9,491 12,400
Re

Figure 8. Friction factor for the flows in the tubes

7. Conclusion

In an attempt to explore the effects of the tape insertions on the commencement and finish of transition flow in
tubes with respect to the Reynolds number of the flow, investigations were conducted numerically on the transition
flow of water through three assorted tubes, namely plain tube with crossed-axes-circle-cut tape insert (C-C tube), plain
tube with crossed-axes-triangle-cut tape insert (C-T tube), and plain tube with crossed-axes-ellipse-cut tape insert (C-E
tube).

The indication from the findings is that the values of Reynolds numbers at which transition flow occurs vary, and
that these values depend on the type of tape insertion inside the tubes conveying the fluid. The discovery further shows
that transition commences and finishes first in the C-T tube, then in the C-E tube, and then in the C-C tube. The
Nusselt number and friction factor in the C-T tube are greater than those in the C-E tube, but the Nusselt number and
friction factor in the C-E tube are greater than those in the C-C tube. The C-T tube, which is the first one in which
transition flow commences and ends, has the highest Nusselt number, but the C-C tube, in which transition flow
commences and finishes last, has the least Nusselt number. The same trend applies to the friction factor.
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