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ABSTRUCT

T wisted tape insertion in smooth plain tube is one of types of passive methods that is used to
enhance heat transfer. Swirl fluid flow inside tube and related heat transfer characteristics are
very complex. ANSYS FLUENT (V 16.1) and ASPEN industrial program are used in analyzing
this technique for enhancement heat transfer. A circular plain tube has length L=8534mm and 17
mm inner diameter with twisted tape has twist ratio of y = (H/D) = (150/17) =8.8 along with a
plain tube were considered for this study. Eight Reynolds numbers (Re) of 784, 1000, 2000,
3000, 4000, 5000, 6000 and 7000 are used to analyze the response of thermal performance.
Crude oil API 28 exit temperature, film heat transfer coefficient, Nusselt number and overall
enhancement ratio results are presented for both empty and inserted plain tube with comparison
between the two cases. An increase of 0.76 to 2.36 overall enhancement is predicted with twist
ratio 8.8 for Reynolds number 784 to 7000 respectively.

Keywords: Heat transfer enhancement, friction factor, twist ratio, heat exchanger, twisted tape,
laminar and turbulent flow.
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1. INTRODUCTION

Crude oil in order to be suitable for export, gases must be removed from it through special
equipment and then need to be warming from 30°C to 70°C which is the suitable degree for
desalter process which was done in special equipment. Heated process of crude oil was done in
tube bundle submerged in a large shell, full of water at 95°C to 98°C, where the water in shell
heated by burners operated at the fuel gases that was separated and removed from the crude oil
previously. Hundreds of tubes were in tubes bundle. Therefore, it is economic to reduce number
of tubes in the bundle with keeping the same amount of heat transfer to the crude oil inside tubes
through the enhancement heat transfer process.

Several methods of heat transfer enhancement were used to increase heat transfer with
keeping same performance of overall system. Passive and active methods were utilized as
techniques of enhancing heat transfer. Passive methods don’t need an external power antithesis to
the active methods. Insertion of twisted tape is one of the most effective passive techniques as
shown Fig. 1. Twisted tape produce swirl and turbulence, which are important to boost heat
transfer. It increases the flow path length and so more residence time, thus the heat transfer is
improved and greater frictional losses. So that, in this study, inserted twisted tape was used to
enhance the heat transfer coefficient inside tubes that flow in it crude oil API 28.

Eiams-aard, et al., 2006, studied the heat transfer and friction factor characteristics in a
double pipe heat exchanger where the inner pipe was inserted with equally spaced elements of
twisted tape. The heat transfer coefficient was proportional directly with twist ratio, whereas the
increase in the free space ratio, improves both the heat transfer coefficient and friction factor.
Woei Chang, et al., 2007, studied experimentally the increase of heat transfer inside a tube
inserted with serrated twisted tape for several twist ratios. The augmentation of heat transfer with
inserted serrated twisted tape was 1.25-1.67 times than with the plain twisted tape. Woei Chang,
et al., 2007, studied experimentally the heat transfer coefficients and axial pressure drop of the
tube inserted with a broken twisted tape of twist ratio 1, 1.5, 2, 2.5 and 1 was performed in the
Re range of 1000-40,000.. Mean Fanning friction factors and local Nusselt numbers were
proportional inversely with the twist ratio. Thermal performance factors, mean Fanning friction
factors and Heat transfer coefficients in the tube fitted with the broken twisted tape are,
respectively, augmented to 0.99-1.8, 2-4.7, 1.28-2.4 times of those in the tube fitted with the
smooth twisted tape. Empirical pressure drop and heat transfer correlations which evaluate the
mean Fanning friction factor and local Nusselt number for the tube with the broken twisted tape
insert were generated. Bharadwaj, et al., 2009, studied experimentally the pressure drop and
heat transfer characteristics of water flow in smooth tube and spirally grooved tube inserted with
twisted tape and compared between them. In the laminar flow, spirally grooved tube without
twisted tape has more increase in heat transfer than with twisted tape insert. Eiamsa-ard and
Promvonge, 2010, experimentally studied arrangement effect of alternate clockwise and
counterclockwise rotation of twisted tape inserts inside circular tube on heat transfer
enhancement. It was found that the heat transfer rate was more than one with typical twisted tape
insert. Naga Sarada, et al., 2010, investigated experimentally heat transfer of turbulent flow in a
horizontal tube with twisted tape of varying width. The enhancement of heat transfers with
twisted tape inserts varied from 36% to 48% as compared to plain tube for full width inserts.
Thianpong, et al., 2011, investigated experimentally the effects of plain and perforated twisted
tape inside circular tube on heat transfer enhancement. It was found that tubes with perforated
twisted tape and plain twisted tape yielded heat transfer enhancement up to 208% and 190% over
plain tube, respectively. Murugesan, et al., 2011, investigated experimentally the effect of VV-cut
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twisted tape inserted inside tube. Mean friction factor and mean Nusselt number increase with
increasing depth ratios (depths of V cut / tape width) and decreasing of width ratios and twist
ratios. Bas and Ozceyhan, 2012, investigated experimentally the effect of clearance ratio
(clearance/ tube diameter) and twist ratio of twisted tape inserted inside tube on flow friction and
heat transfer behavior. It was found that the heat transfer rate was proportional inversely with
clearance ratio. Gunes, et al., 2012, investigated numerically pressure drop and heat transfer
inside a tube fitted with equally spaced elements of twisted tape having different tape width.
Within a range of Reynolds number, the effects of twisted tape width and space ratio on the heat
transfer and friction characteristic was reported. Giniyatullin, et al., 2014, studied
experimentally Nusselt number and friction factor data for laminar flow of viscous oil inside
spiral corrugation tube and fitted with twisted tape with oblique teeth. The twisted tape with
oblique teeth in spiral corrugation tube implemented better enhancement technique than the
individual techniques. Ramakumar, et al., 2016, investigated numerically the performance of
tapered twisted tape inserted inside a circular plain tube for three Reynolds numbers of 8545,
11393, and 13333 with taper angles of 0.3, 0.4, 0.5, 0.6, and 0.7 and a twist ratio of 3 via ANSYS
FLUENT v14.0. Pressure drop and heat transfer data were presented in the form of friction
factor, Nusselt number, and overall enhancement ratio. It was found an increase of 17% in
overall enhancement with 0.5 taper angle over conventional tape. Yang, et al., 2016, presented a
mathematical model for smooth (ST) and corrugated (CT) tubes inserted with twisted tape at
twisted ratio 2.5. The heat transfer enhancements and friction loss behaviors was numerically
investigated. RNG k-¢ turbulence model was applied. Comparisons between CT and ST were
done, where (NUcorrugated/NUsmooth) ratio was 1.36.

From above, a good number of researchers focused on heat transfer enhancement and fluid
friction behaviors inside circular tube fitted with twisted tape. The centrifugal forces generated
by twisted tape produce swirling fluid flow which that boosts the heat transfer rate with penalty
on pressure loss. The present study aims to analyze numerically a propose twisted tape with
twisted ratio 8.8 inside plain tube for different Reynolds number with operational performance
comparison between tube inserted with twisted tape and empty plain tube. The difference
between this work and other survived researches can be listed in these points:

- Simulate actual process case in the refinery plant (tube length, tube diameter, fluid flow-
API 28, twisted ratio, range of Reynolds numbers, inlet pressure, inlet temperature and
mass flow rate).

- Using Aspen industrial program to do the comparison with ANSYS fluent simulation for
this case study, where Aspen is normally used by Americans oil refineries companies for
designing refinery equipment, so that this comparison can indicate the close amount
between CFD and Aspen industrial program which represent the reference for
manufacturing companies.

- No work was found in the surveys doing the upper two points.

2. NUMERICAL METHOD AND PROBLEM FORMULATION

A three-dimensional steady state system of laminar and turbulent flow in a plain tube has
length L=8534mm and 17 mm inner diameter equipped with a twisted tape has a twist ratio y =
(H/D) = (150/17) =8.8 along the tube is considered in the present study. The physical model
simulates the flow of crude oil API 28 in a heat exchanger tubes. Heat added to the outer tube
walls via hot water where the heat transfers through the tube wall by conduction and to crude oil
inside tube via convection.
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2.1 Numerical Solution

In order to mathematically analyze the heat transfer characteristics of heat exchanger fluid
flow in plain empty and inserted plain tube, a Navier-Stokes equation solution is required. Due to
the complexity of twisted surface configuration and the significant viscous and heat effects, a
numerical technique using the solver ANSYS-FLUENT version 16.1 which uses the finite-
volume method to solve the governing equations through using a pressure-based solver. Two
turbulence model, v? — f and k-¢ are used to solve governing partial differential equations of
mass, momentum and energy conservations in three dimensions. A v — f turbulence model
involves solution of the four transport equations; turbulence kinetic energy k, its rate of
dissipation €, velocity variance scale #2 and elliptic relaxation function f, to demonstrate the
effect of the turbulence on the flow structure.

2.1.1 Mesh

Pointwise V17.0R1 is used to generate structured, unstructured and hybrid grids. Structured
grid is used for tube surface while unstructured grid is used for flow cross section which result a
hybrid mesh in the block that a mixture from hexahedron, pyramid and prism cells as, shown in
Fig. 2. A fine mesh is created on the flow cross section to resolve the thermal boundary layer.

The solution to be accurate in this work, skewness kept up to 0.85 for hex, quad and triangular
cells and up to 0.9 for tetragonal cells. For structured domains the orthogonality of grid points
adjacent to the tube wall is kept to perfect orthogonality and max value 90° along the entire tube
surface. For the present twisted model 5,769,257 cells are used while for empty tube model
4,941,189 cells uses. The rate of convergence is an indication to mesh quality. In this work the
convergence is achieved with about 500 iterations.

2.1.2 Governing Equation and Assumptions

The numerical study of this work depends on the actual crude oil heat exchanger conditions
that is specified and is used in crude oil transport plant. Crude oil conditions are represented by
density 865 kg/ms3, specific heat 1982J/kg. K, thermal conductivity 0.129 W/m.K and viscosity
0.00752kg/m. s at Reynolds number 784. Other values of Reynolds number are studied to predict
the effect of Re on the thermal performance. This research will focus on the effect of inserted
twisted tape in plain tube on crude oil heat exchanger thermal performance for ranges of
Reynolds number 784, 1000, 2000, 3000, 4000, 5000, 6000, and 7000 for crude oil API 28 flow.

The characteristic Reynolds number depends on tube hydraulic diameter which equal to inner
tube diameter as a characteristic length and 5% turbulent intensity at free stream inlet velocity is
used.

In the present study, crude oil API 28 is a fluid inside tube. The flow characteristics are
assumed to be as follows:

1- Three-dimensional.

2- Incompressible flow, Ma<0.3.

3- Density p varies only with temperature.

4- Laminar and turbulent flow.

5- Steady state flow in main flow.

6- Newtonian fluid.

7- Single-phase flow.

2
8- Flows pressure work g , and Kkinetic energy V? terms in energy equation are negligible.
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9- Viscous dissipation terms (T, ;. V) are negligible.
10- Chemical reaction heat S;, = 0.
11- Fully developed flow.

The following governing equations were solved for laminar flow using ANSYS Fluent solver:
Mass conservation

V.(pu) =0 1)
Momentum conservation

X-momentum equation

ou ou owy _ _dp 6_u 2%u 62_u
p(u tv y+Waz)_ 6x+u(6x2 ay? +822 (2)

Y-momentum equation

ov ov ov ap 0%v 9%v  9%v

== == =) == e T
p (u ox tv oy L az) ox 'u(axz ady?2  0z2 (3)
Z-momentum equation

ow ow ow op 2%w 9%w = 9%w

hdd iddl )= -_=£ A A A e
'D(u dx +v6y+waz) 6x+‘u 0x2 09y? + 0z2 (4)

The following governing equations were solved for Turbulent flow using ANSY'S Fluent solver:
In this work Reynolds averaged Navier-Stokes equations RANS are used.
In Cartesian tensor, they can be written as:

opu; _

ox, 0 ()
o __ _0P 0 ou; au] 2

Oxj puiuj_-axi+6x] ['u (ax] o 0x; 3 U dx; )] ( 'Du u]) (6)

where (—pTu]) is a Reynolds stress tensor R;; which represents the effects of turbulence. The
form of energy equation that is solved in ANSYS FLUENT was:

V.VpE + P=V.(kosfVT — 3 hj];) (7)
ANSYS theory guide, 2014.

2.1.3 v? — f Turbulence Model

The flow inside tube is a boundary layer flow. The most suitable turbulent model for fluid
flow inside empty plain tube considering the boundary layer is v? — f model. The turbulence

kinetic energy k, rate of dissipation ¢, the velocity variance scale?, and the elliptic relaxation
function f can be obtained from the following transport equations:

O ki) = P — pe 4 | (1 4 ) 2

2 (pkit) = Py = pe + o | (u+ ) 2| @)
0 -\ _ Ce1Pr—Cez p€ i Ht ﬁ

6_xl- (’Deui) - T + ox; [(’u + ag) ax]] (9)
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2 (o2 = pkf — 60028+ 2 [ (4 1) 2
6xi (pv ul) o pkf 6'017 k + axj (l’l + Uk) ax]] (10)
2 0%f . f 511?2

The model constants have the following default values:
a=06,C,=14,0,=03,Cy =14,C,=19,(C, =70),C, =0.22,C, =023, 04 =

1,0,=13,C,y=Cy (1 + 0.045 /k/ﬁ), ANSYS Fluent v? — f turbulence model

manual, 2013.

2.1.4 Transport Equations for the RNG k-¢ Model

Mathematical technique called “renormalization group” (RNG) methods is used to model the
RNG-based k-¢ turbulence model that is derived from the instantaneous Navier-Stokes equations.
RNG k-¢ turbulence model with enhanced wall treatments is used to model the case study with
effective accounts of viscosity for Low-Reynolds number. The effect of swirl on turbulence is
included in the RNG model.

The k and ¢ equations are:

L (plew) = o (e bepy o ) + Gic Gy — pe = iy + S (12)

2
_(pgul ) - _< aeﬂeff dx ) + Cls (Gk + CBsGb ) - CZSP% - Rs + Ss (13)

The term Gk represents the generation of turbulence kinetic energy due to the mean velocity
gradients. Gy is the generation of turbulence kinetic energy due to buoyancy. Yw represents the
contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation
rate. The quantities ak and og are the inverse effective Prandtl numbers for k and e,
respectively. Sk and S are user-defined source terms. Hence, for the present study, the turbulent
flow is modeled using the k-¢ viscous turbulence model with turbulent coefficients Cu=0.0845,
Cie =1.42, Cre=1.68, Sk =S¢ =0, ax = a; =1.393. Semi implicit pressure linked equation method
(SIMPLE) is used for pressure velocity coupling.

The second-order upwind discretization scheme is used for turbulence kinetic energy and
dissipation. The second-order discretization scheme is used for momentum and energy equations.
The convergence criterion of 10 is chosen in addition to the selected monitored properties.

2.2 Boundary Conditions and Assumptions

Boundary conditions are specified for each zone of the computation domain. For the steady state,
there are three boundary conditions in the physical flow domain, inlet, outlet and solid surfaces
wall as shown in figure 2. However, the internal domain zone that shares common areas faces
does not require any boundary condition.
The boundary conditions that are used in this work are as follow:

- Inlet temperature T,, = 313k.
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- Inlet and outlet turbulent intensity T,, = 5%.

- Hydraulic diameter D, =17mm.

- Inlet pressure gage=0.

- No-slip and constant tube wall temperature at 370K.

- No-slip and zero heat flux at the wall of twisted tape.

- Zero-gradient boundary condition for the variable f (elliptic relaxation function ) at inlets
with default value = 1

- The direction of the flow was defined to be normal to the inlet boundary.

- ke, v2 and ¢ at inlet boundaries were compute its initial values from:
3/2 —
k=15(T,Ux)? ;  &=0097S— ; v2=Zk ; £=007(D,),
ANSYS Fluent v? — f turbulence model manual, 2013.

And the assumptions are:
- The wall of the tube was assumed to be perfectly smooth with zero roughness.
- Heat conduction in the twisted tape is neglected.

2.3 Data Reduction

From the simulation, the heat transfer rate of the entire tube wall (Q) is obtained for constant
temperature boundary condition. Wall heat flux, Nusselt number, friction factor, and overall
enhancement ratio are calculated by the equations

_Q
9=~ (14)
where the surface area A is given by
A= nDL (15)
The convective heat transfer coefficient is calculated from
q
= 1
h = o) (16)

where Ts was pipe wall temperature and Ty is bulk temperature calculated from

Tavg = 072 (17)
The Nusselt number is calculated from

N, = — (18)
The friction factor is determined from the pressure drop across the pipe

af= 22 _ (19)

(G

The overall enhancement ratio is calculated from
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(20)

3. RESULTS AND DISCUSSION

The use of twisted tape inside tube leads to increase in pressure drop and heat transfer over
plain tube. From simulation results, the preferable operating system of twisted tape element is
found at low Reynolds number where that leads to more compact heat exchanger. The laminar
model is considered for Reynolds number up to 2000 while v2 — f and k-¢ turbulence models
are used to solve the governing equations for Reynolds number above 2000. The converge
simulation values of flow inside plain tube inserted with twisted tape for flow above Reynolds
number 2000 is obtained with the k-¢ turbulence model, while the converge simulation values of
flow inside plain empty tube is found with v? — f turbulence model. Thus, all values above
Reynolds 2000 in figures of this work is obtained from using v2 — f turbulence model for flow
in empty plain tube and k-¢ for flow in plain tube inserted with twisted tape.

Figure 3 clarifies bulk exit temperature of crude oil API 28 from empty plain tube and plain
tube with inserted twisted tape. For plain empty tube, it is clear that the results of bulk exit
temperatures that are calculated from ANSYS- Fluent and Aspen industrial program are very
close, where for laminar flow only 0.3% to 0.8% temperature difference for Reynolds number up
to 3000 respectively while for turbulent flow the temperature difference was 0.9% to 1.8% for
Reynolds number 4000 to 7000 respectively. The reason of this close in laminar flow was related
to the coincidence between Aspen analytical and CFD solutions. These small differences
between Aspen analytical and CFD solutions related to CFD model mesh cells numbers. While
the close in turbulent flow related to the good agreement between Aspen correlations and v? — f
CFD method which is the accurate turbulent model to solve turbulent flow near the wall that is
generated from increasing flow Reynolds number in plain empty tube, (not from turbulators).

For plain tube inserted with twisted tape, the percentage difference in bulk exit temperature
that is calculated from ANSYS-Fluent and Aspen industrial program are 3.7% to 0.29% for
Reynolds number 784 to 2000 respectively, while the difference is less than 1% when using k-¢
turbulence model, and 0% to 3.6% when using v? — f turbulence model for Re > 3000. In the
actual process, the Aspen industrial program is very close to actual plant data and it is widely
used by American manufacturing companies that are specialize in manufacturing processes
equipment. Since the results from k-¢ turbulence model are very close to Aspen industrial
program than v2 — f turbulence model for flow inside empty tube inserted with twisted tape,
thus, k-¢ turbulence model is more accurate than v2 — f model for simulated swirling flow
inside tube, and the reason of that is related to that the k- model equation contains swirling flow
parameter, while v? — f turbulence model is accurate for flow inside empty plain tube (flow
without swirling) rather than k- model which the solve diverging in it.

It is clear from Fig. 4 that the static pressure difference between inlet and outlet boundary for
plain tube inserted with twisted tape is higher than static pressure difference for empty plain tube
due to the increase in surface frication area that is generated from twisted tape walls and the
increase in length flow bath and this difference increase with increasing of flow Reynolds
numbers. As shown in Fig. 5 the percentage increase of static pressure difference(%AP) between
inlet and outlet tube boundaries are 141%, 137%, 329%, 197%, 176%, 171%, 160% and 146%
above that for empty plain tube for Reynolds numbers 784, 1000, 2000, 3000, 4000, 5000, 6000
and 7000 respectively. It is clear that the higher static pressure difference percentage increase is

49



Number 3 Volume 24 March 2018 Journal of Engineering

happened at Re=2000 because the changing the behavior of flow from laminar to turbulent, so
it’s favorite to a void flow at Re=2000. The friction factor at inner surface tube wall for plain
tube inserted with twisted tape is higher than of empty plain tube as shown in Fig. 6, which has
the same percentage increases of Fig. 5 due to the relation between them related to equation 19.

As shown in Fig. 7, the average Nusselt number of flow inside empty plain tube is increased
slowly in laminar flow Re < 2000 and then jumping in average Nusselt number is happened as
Reynolds number are increased above 2000 with slowly increasing with Reynolds number
increasing. The reason of this jumping is related to the converted of flow from laminar to
turbulent, while the behavior of average Nusselt number of flow inside tube inserted with twisted
tube is increasing continuously in straightway for Reynolds up to 7000. For laminar flow, the
twisted tape is generated swirling to the flow which leads that most of laminar flow path lines is
passed through the film heat transfer zone, while for turbulent flow it makes good turbulent and
mixing to the flow in a way that most flow particles have an ability to contact the tube wall or
flowing near it continuously, where, as Reynolds number increases, the flow swirling increases,
and circulation of fluid happens from inner tube surface to center of tube which causes increasing
in heat transfer rate. The percentage increase in average Nusselt number for flow in plain tube
inserted with twisted tape is proportional inversely to the inlet flow Reynolds number up to 3000
(302% at Re= 784 to 41% at Re=3000) and proportional directly to the inlet flow Reynolds
number above 3000 (41% at Re= 3000 to 132% at Re=7000), as shown in Fig 8. Therefore the
overall enhancement ratio is decreased from 3% to 0.98% for Re 784 to 3000 respectively and
then going in increasing to 1.72% for Re=7000 as clear in Fig 9.

Comparison of the average Nusselt number computed from this work and Yang, et al. 2016,
is done for Reynolds number 3000 to 7000. The reason of choosing Yang, et al., 2016, work to
make comparison with it is because of the same Reynolds number range and twisted tape
configuration. As shown in Fig. 10, the behavior of the average Nusselt number increase with
the Reynolds number is the same for the two works where the Nusselt number curve of this work
is above the curve of, Yang, et al., 2016, in percentage of 216% to 297% for Reynolds number
3000 to 7000 respectively as shown in Fig. 11. The reason of this difference was related to
different twisted ratio (y = 2.5 for Yang, et al., 2016 and y = 8.8 for this work) and type of fluid.
Also comparison of average 4f computed from this work and Yang, et al., 2016, is done as
shown in Fig. 12, where the percentage difference of 4f are from 31% to 21% for Re= 3000 to
7000 respectively.

4. CONCLUSIONS

The conclusions that are predicted from studying the effect of twisted tape inserted inside plain
tube where the tube wall is kept at constant temperature 370K and fluid inside it is crude oil API
28 which enters at 313K are:

1- Significant effect of twisted tape insert inside plain tube, on the heat transfer
enhancement from tube surface, is at low flow Reynolds number.

2- The overall enhancement ratio proportional inversely with flow Reynolds number up to
3000 and then proportional directly above Reynolds number 3000.

3- v2 — f turbulence model is accurate and suitable model for simulation turbulent flow
inside circular empty plain tube.

4- k-¢ turbulence model is more accurate than v — f model for simulated swirling flow
inside tube, and the reason of that related to that the k-¢ model equation contain swirling
flow parameter.
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The static pressure difference between inlet and outlet boundary for plain tube inserted
with twisted tape are higher than static pressure difference for empty plain tube.

The behavior of average Nusselt number of flow inside tube inserted with twisted tube is
increasing continuously in straightway as Reynolds number increase.

Avoiding flow Reynolds number 2000 inside plain empty tube because it is leading to
low heat transfer performance.
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NOMENCLATURE

A= convection heat transfer area (m?)

Cy, C, Cu,a,Cqy, Csy, Cp, oy, g, Cie, Coe = constants of turbulence model

D= inner diameter of test section (m)

Dn= hydraulic diameter (m)

f = elliptic relaxation function

f= friction factor obtained using tape inserts
fo= friction factor for plain tube

h= convection heat transfer coefficient (W/mz2,
I= turbulence intensity

k= turbulent kinetic energy (J/kg)

K= thermal conductivity (W/m.K)

L= length of test section (m)

p= static pressure (Pa)

P= pitch (m)

g= heat flux (W/m?)

Q= total heat transfer (W)

T= temperature (K)

Tov= bulk temperature (K)

Ti= inlet temperature (K)

To= outlet temperature (K)

Ts= average surface temperature tube wall (K)
U= fluid velocity through test section (m/s)

u= velocity vector (m/s)

K)
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u, v, w= mean velocity components (m/s)

x= distance along tube (m)

Xi, Xj, Xk= cartesian coordinates (m)

Ap= pressure drop across the test section (Pa)
Greek symbols

¢ = dissipation rate of k (W/kg)

n= overall enhancement ration

M= viscosity (Pa.s)

p= density (kg/m?)

Non-dimensional Groups

Nu, Nup= Nusselt number with tape inserts and for plain tube

Re= Reynolds number

Figure 1. 3D view of tube inserted with twisted tape.
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Constant wall temperature boundary Inlet boundary

Zero heat flux at twisted tape wall

Figure 2. (a) Hybrid mesh of plain tube inserted with twisted tape.

Inlet baundary conditions

Constant wall temperature boundary

Figure 2. (b) Hybrid mesh of plain empty tube.
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Figure 3. Bulk exit temperature of crude oil API 28 from empty plain tube and plain tube with
inserted with twisted tape.
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Figure 4. Variation of static pressure difference with inlet Reynolds numbers for empty plain
tube and plain tube inserted with twisted tape by using ANSY'S Fluent.
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Figure 5. Variation of percentage static pressure difference increase with inlet Reynolds
numbers for plain tube inserted with twisted tape over empty plain tube.
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Figure 6. Variation of average tube surface friction factor with inlet Reynolds numbers for
empty plain tube and plain tube inserted with twisted tape.
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Figure 7. Variation of average tube surface Nusselt number with inlet Reynolds numbers for
empty plain tube and plain tube inserted with twisted tape.
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Figure 8. Variation of percentage increase of average Nusselt number with inlet Reynolds
numbers for plain tube inserted with twisted tape over empty plain tube.
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Figure 9. Variation of overall enhancement ratio with inlet Reynolds numbers for empty plain
tube and plain tube inserted with twisted tape.
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Figure 10. Comparison of average Nusselt number computed from this work and Yang et al.

2016.

57



Number 3 Volume 24 March 2018 Journal of Engineering

320

300

280

=¢=% Nu differenc
between this work
and Yang et al. 2016

260

% Nu

240

220 &

200 T T )
2000 4000 6000 8000

Reynolds number at inlet boundary

Figure 11. Percentage average Nusselt number differences with Reynolds number between this
work and Yang, et al., 2016 work.
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Figure 12. Comparison of average 4f computed from this work and Yang, et al., 2016.
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