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Abstract. Demand of high performance heat exchanger in industrial application is increasing since the depletion of
energy resources such as in food processing plant, air-conditioning system and power plant. One of the ways of saving
energy is by enhancing heat transfer performance, which in return will give a high performance heat exchanger. Existing
enhancing techniques can be classified into three different categories which are active method, passive method and
compound method. Spirally corrugated tube is one of the passive heat transfer enhancement method which involve
surface extensions. The type of surface extension used in heat transfer performance will contribute to heat transfer
coefficient and pressure drop, and directly affected the heat transfer performance. Traditionally, experimental studies
were carried out to get the desired results but with the help of technology, numerical simulation is one of the promising
alternatives in predicting reliable results for real application. For reliable numerical results, experimental studies are still
necessary for the validation process and the verification process which comes before it is also mandatory. Thus, this
paper focus on verification the numerical simulation of flow in a double-pipe heat exchanger with spirally corrugated
internal tube. It was done for laminar flow with Reynolds number of 1000. Numerical simulation model using
commercial CFD software were run with different mesh sizes to determine the grid independent solution and to choose
which mesh is suitable to use for the whole simulation process. Minimizing and choosing the right mesh were done
through Grid Convergence Index (GCI). Solutions of three different grids with their residuals convergence are also
presented to fulfil the verification steps. The level of grid independence is evaluated using a form of Richardson
extrapolation and the study shows that the finest grid solution has a GCI of less than 5%.

INTRODUCTION

Heat exchangers perform heat transfer by transferring energy from one system to another as a result of
temperature difference [1] obeying the second law of thermodynamics in all chemical reactions and unit operations.
The transfer of heat is always from high temperature to a lower temperature region before it stops when the two
medium involved in a system has reach the same temperature. It was divided into three modes which are the
conduction, convection and radiation. All these three plays different roles from one another as conduction involves
the interactions between the more energetic particles to the adjacent less energetic one which can take place in either
solids, liquids or gasses; convection is the transfer of heat which involves the combined effects of conduction and
fluid motion at the same time as define by Greitzer ef al. [2] in 2004, it happen between a solid surface and adjacent
liquids or gasses in motion; on the other hand, radiation is the one which neither involves the interaction between
solid to liquid or gas but it happen when matter in the form of magnetic waves emit energy before changing it into
electronic configuration of atoms or molecules and it is the fastest among the three modes which is at the speed of
light.
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FIGURE 1. Schematic of a double pipe parallel flow heat exchanger

Heat exchanger is a device or a medium of transferring heat without mixing of the two fluids at different
temperature. It does involve conduction and convection but the convection heat transfer modes is more dominant as
presented by Kanade Rahul et al. [3] because it usually occurs in both working fluids and conduction through walls
of heat exchanger which separates the fluids. Separation of fluids makes full use of both inlet temperature to transfer
from high to low temperature and finally results in enhancing the heat transfer. Shell and tube type of heat
exchangers are being used in industries whereas plate, spiral and brazed finned type heat exchangers are used for
specific purposes. In a double pipe parallel flow heat exchanger concentric tube construction, hot and cold fluid flow
in the same direction as presented in Fig. 1. Small size of inside tube diameter makes it possible to use in high
pressure applications and also useful in wide range of temperature. The hot fluid flowing from the inlet of the outer
tube denoted as Ty, transfers heat to cold water in the inner tube. The system will be in steady state and
incompressible fluid flow for the controlled flow rate and inlet temperatures.

The optimization of overall heat transfer coefficient and surface area are the most important parameter in making
sure the heat transfer enhancement are able to meet the increasing demand from industry. There are three methods
that can enhance heat transfer rate through heat exchanger which are the active, passive and compound methods.
These three method works at its best after their own characteristics in enhancing heat transfer. Active method plays
its own role with the help of external power to maintain the enhancement; passive method do not need external
power to keep enhancing the heat transfer, it just needs to undergo some special surface geometries or fluid additives
as mentioned in H. Balla [4]; and compound method does the combination of both active and passive in it to
maintain the enhancement. These enhancement has brought researchers into researching more about it since 1977 as
per mentioned by Z.S Kareem et al. [5] in their research paper of reviewing heat transfer enhancement using all
three methods as the technology growing until the latest of 2015. It was a comparison between active, passive and
compound method in both experimental and numerical studies, leads to the agreement of using passive method in
increasing heat transfer which is always accompanied with pressure drop and increase significantly in turbulent
flow.

Reviewing only is not enough without proving it like what M. Omidi [6] did when comparing the application of
heat transfer enhancement methods using double pipe heat exchanger (DPHE). It consists of the development
procedure that this heat exchanger went through and gives promising results of passive heat transfer enhancement
method through corrugation. The secondary flow plays a significant role in increasing the heat transfer rate which is
induced by the surface geometries modification [5, 6]. Apart from that, passive heat transfer enhancement especially
in DPHE has been frequently cited [7-10] and studies start to concern about it with the new enhancement of adding
some nano fluids [11,12] into it. Nano fluids involved in the flow of fluid can increase the heat transfer up to
53.95%.

Therefore, the enhancement in that particular field has brought benefit in human lives, especially in forced
convective heat transfer field. The main reason for employing heat transfer enhanced techniques is for cutting the
costs as well as for practical purposes. One of the popular heat transfer enhancement is the artificial surface
roughness, ribs, grooves and corrugations. Spirally corrugated tube is one of the promising methods in enhancing the
heat transfer in tube, and one of the cost-effective enhancement methods. This paper is focusing on verification of a
parallel flow of DPHE with spirally corrugated internal tube. It was done for laminar with Reynolds number of
1000. Numerical simulation model using commercial CFD software were run with different mesh size to minimize
the grid and to choose which mesh is suitable to use for the whole simulation process. Minimizing and choosing the
right mesh were done through Grid Convergence Index (GCI). Solutions of three different grids with their residuals
convergence are also presented to fulfil the verification steps. Commercial CFD software is utilized to carry out the
flow analysis for the specified inlet and outlet conditions which were set based on what has been done in
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experimental studies by I. Imani [13]. The estimates outlet temperatures from simulation is used to calculate Nusselt
number and denoted as @ in GCI. These numerical simulations data will be useful in the design as well as in the
performance evaluation of double pipe heat exchanger.

NUMERICAL METHODOLOGY

The analysis of heat transfer enhancement in this study was carried out using commercial CFD software solver
based on the finite volume method discretization of the basic fluid flow equations for the conservation of mass,
momentum, and energy as shown by Equations (1) to (3) respectively. The discretization equations were then solved
through numerical procedures using a workstation with core 17-3770K system of 3.40 GHz CPU and 32GB of RAM.
Conservation of mass

VeplV =0 (1)
Momentum equation
Vo7V )=-vP+v.(uv7) @)
Energy equation
v-(prc,r)=vP-(kvr) (3)

Geometry of Simulated Model

The concentric double-pipe heat exchanger simulated has a three-start spirally corrugated tube as the inner tube
and a smooth tube as the outer tube. Tubes dimensions follow exactly the same geometrical dimensions of tubes
available in market with 1mm thickness for spiral corrugation and 2mm for smooth tube. It was set as 1m of length
(L) and Table 1 show the characteristics of each tube used. It involves a bore diameter D, envelope diameter Dy,
nominal diameter D, corrugation height e and corrugation pitch p measured in mm. Equation (4) represents the
formula of calculating the nominal diameter used to get the equivalent diameter as recommended by [14-17].

p, =Lt D) )
2

TABLE 1. Characteristics of tubes used

No Dy, (mm) D,, (mm) D, (mm) e (mm) p (mm) Tube Type
1 16 18 17 1 30 Three-start spirally corrugated tube
- - 44 - - Smooth tube

The geometry of three starts spirally corrugated tube and smooth tube as in Fig. 2 were then set up into a double
pipe heat exchanger by placing the corrugated tube inside the smooth tube to form a concentric DPHE as presented
in Fig. 2(c).

Mesh Parameters

Three gradually refined unstructured tetrahedral meshes with prismatic near wall elements were generated for the
model. Meshing process was optimized using three different mesh sizes in order to achieve the most reliable and
accurate results, and tetrahedral nodes were selected to further the study. It followed by meshing criteria such as
mesh quality and grid density. The stability and accuracy of the computation depends on the quality of meshing
which involves the right setting of skewness and aspect ratio of the mesh. These two qualities play a vital role in
ensuring that the mesh is good and to avoid error in the simulation. In this case, the skewness and aspect ratio were
tightly monitored and it gives 0.8, and 16, respectively.
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Numerical errors appear between the exact equation and discretization error can be reduced by increasing the
spatial grid density. A fine grid is required to capture the swirls and separation occurs in secondary flow regimes. In
order to achieve that, mesh refinement studies which included in verification steps were done for different mesh size
and it is presented as in Fig. 3 before the choice is finalized. Mesh N, N, and Nj represents mesh size of 0.8mm,
1.1mm and 1.4mm, respectively.

Based on the mesh size itself, the number of elements involved would have bigger cell up to trillion and it proves
that these meshing has grid range of 1 606 305 to 10 337 326 tetrahedral cells. The adaption of size function was
applied from the first cell next to the wall with growth factor of 1.2 set from the wall to the tube core.

Bore diameter, Db_|

Enyelope diameter, Den
- x e

T 1 Nominal diameter, Dn
b)
26m
Y
S S S T g S S S S G S D DG o D g %
L i
. L=1m
(©
FIGURE 2. Tube geometry of (a) three-start spirally corrugatle;d tube, (b) smooth tube and (c) arrangement of double pipe heat
exchanger

(2) (b) (©)

FIGURE 3. Meshing of different grid sizes (a) Ny, (b) N, and (¢) N; for GCI
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Boundary Conditions

In the present model, it was assumed that the flow is steady, incompressible and three dimensional (3D); the
working fluid is in a single phase and its properties remain constant; gravitational force and radiation are neglected.
The boundary conditions of tube were given as follows:

a) Inlet conditions: Velocity and temperature inlet for cold water are V,;, = 0.0591m/s and T, ;, = 303K;
Velocity and temperature inlet for hot air are V}, ;;, = 0.0156m/s and T, ;, = 463K.

b) Outlet conditions: Pressure, P = OPa

c¢) Wall conditions: The constant temperature boundary condition was adopted in the inner tube wall T,, =
393K; coupled boundary conditions on the inside wall of spiral corrugated tube was no slip boundary V; =
Vi =V, =0, T, =T, and q; = q,,; adiabatic boundary condition was adopted in the outer wall of spiral
corrugated tube.

Simulation process only considers hot air flowing in the outside tube and water as the main working fluid flow
inside spirally corrugated tube with a Reynolds number of 1000 at constant heat flux at the tube wall of 5000 W/m”.

CFD VERIFICATION

Solution verification means solving the equations properly mentioned by Roache [18] is actually aim to reduce
or minimize source of errors as much as possible in giving better results at the end. Verification start with choosing
the solution algorithm, solution methods, residuals convergence and finally getting the most reliable results through
GCI presented in the following sub-sections.

CFD software was used to solve the discretized governing Equations 1-3 by generating its temperature, pressure
and also velocities vector to the model. Simulations were run as laminar flow following the laminar simulation
procedure. Finite volume method (FVM) is a tool that helps in discretizing the governing equation and solved the
implicit steady state format. Laminar flow has no model selection in fluent and it only has “laminar” and the
optimization will be in spatial difference discretization, and pressure-velocity coupling scheme. To couple the
velocity and pressure field, Semi-Implicit Method for Pressure-Linkage Equations (SIMPLE) algorithm is
implemented. SIMPLE algorithm was found by Han et al. [19] that it gives fast convergence and they also did the
second order upwind by that times makes the pressure, temperature and momentum equation in this study are
discretized by second order upwind scheme.

Residual convergence is the most fundamental measures as it will directly quantify the error in the solution of the
equation system. It will also measure the local imbalance of the variables in each control volume of the CFD
analysis. Therefore, each cell in the variable will have individual residual value for each equation solved. The
accuracy of the numerical solution is higher when the residual value is lower. Residual is considered to be
converged when most of the residuals reach the level of 10™. In current study, residual monitors for continuity, x-
velocity, y-velocity, z-velocity and energy gives 1.1x107, 4.3x10™, 5.7x10™, 8.4x10™, and 1.1x10°, respectively, as
shown in Fig. 4. With that, the simulation is considered as converged.

Grid Convergence Index (GCI)

Grid Convergence Index is one form of the verification process in order to achieve a grid independent solution
and it can be done by subsequent refining of the grid. This measure is based on the estimated fractional error that
was derived by Richardson extrapolation. The basis of the method is to assume that the results are converging
towards the exact solution of the equation system as the mesh is refined with an apparent order of convergence (P)
that is in theory proportional to the order of the discretization scheme. The objective of determining GCI value is to
determine the expanded uncertainty interval due to the grid for the fine mesh.

Equation 5 and 6 shows the calculations involved in the generated mesh which is the grid refinement ratio r and
cell or mesh or grid size h for three-dimensional model.

r= hcnarse (5)

“fine
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FIGURE 4. Residual convergences.

Where AVi is the volume of the ith cells, and /N is the number of cells used for the computations. Considering the

representative grid sizes hy < h, < h3 and grid refinement ratio v > 1.3, the apparent order of convergence P can
be determined by Equations (7), (8) and (9).

(7

q(P)= ln(‘J ®)

%
I3 =S

s=1- sgn[g”j 9)
821

Where ¢, =¢, —¢,, &,, =@, — ¢, sgn is the signal function calculated as follows:

-1;x<0
sgn=40 ;x=0 (10)
1 ;x>0

With the value of P, the expanded uncertainty GCI can be calculated using Eqs (11) using an empirical Factor of
Safety, Fs, equal to 1.25.
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GCP - 1.25¢2" (11)

fine P
21

TABLE 2. Grid Convergence Index (GCI)
Nusselt Number

N,,N,.N, 10 337 326, 4 446 746, 1 606 305
hy hy by 0.5288, 0.7006, 0.9837
1T 1.33, 1.40
4.9, 0.2447, 0.2450, 0.2486
P 8.66
s B 0.2446, 0.2448
el e’ 0.12%, 1.47%
€rCon 0.01%, 0.08%
GCl3,,,GCI,,, 0.02%, 0.10%

For each mesh size, GCI computed gives 0.02% and 0.1% for fine and coarse mesh, respectively, as shown in
Table 2. Based on the GCI results, a reduction in GCI was observed in the three variables which give
GCI?' < Gcr? . All the three mesh sizes can be used in running the simulation but mesh with 0.8mm size is the

fine coarse
most preferable to use because it gives better GCI value and computer used has the ability to simulate using the
same number of element of 10 million.

CONCLUSION

Verification of heat transfer enhancement in tube with spiral corrugation is the process of minimizing source of
errors in the code and model equation involving spirally corrugated tube. The idea of verification remains the same
which is simulating heat exchanger procedure using commercial CFD software. Three mesh sizes of 0.8mm, 1.1mm
and 1.4mm were used to find the best results. Following the GCI procedure, it were then denote as fine and coarse
GCI give 0.02% and 0.10%, respectively. The reduction between coarse and fine GCI value shows that it can give
the most reliable results starts with choosing the right solution to solve governing equation through solution
algorithm, solution method and finally choosing the right residual convergence. According to Richardson
extrapolation, the independent solution has been achieved with the GCI value of less than 5%. Mesh size of 0.8mm
was chosen as the most preferable size and computer used has the ability to simulate using the same number of
element.
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