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The flow field modulation concept was proposed. A mesh cylinder was suspended in a tube, dividing the
tube cross section into an annular region and a core region. The invention is called the modulated heat
transfer tube (MHTT). The numerical simulation was performed in laminar flow regime at constant heat
flux boundary condition with water as the working fluid. An equal flow area criterion was proposed for
the conversion of 3D to 2D mesh pores. The non-uniform grids link micron scale of mesh pores with
meter scale of tube. The results show double-peak velocity distribution over tube cross section. The near
wall region has larger velocity and velocity gradient, accounting for the heat transfer enhancement
mechanism. For any specific Reynolds number, there is a critical length beyond which heat transfer is
deteriorated. Therefore, a set of short mesh cylinders was suspended in the tube. The configuration is
called the improved modulated heat transfer tube (IMHTT). It is shown that the IMHTT ensures signif-
icant heat transfer enhancement over the whole tube length. This study provides a new enhancement

mechanism and tube configuration for heat transfer, having a wide engineering application potential.

© 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

Heat transfer tubes are widely used in many energy conversion
and power generation systems. Heat transfer in tubes, with various
geometry shapes, dimensions and material has been investigated
by more than one century. According to the thermodynamic law,
the exergy efficiency is increased by decreasing temperature dif-
ferences across the two sides of the tube. This requires significantly
higher heat transfer coefficients with acceptable pumping power.

The worldwide energy shortage and environment problems
demand the energy utilization efficiency to be increased for fossil
energy systems. Meanwhile, renewable energy such as solar en-
ergy, ocean energy etc. has been put into use. Miniaturization of
heat exchangers increases system efficiencies and decreases in-
vestment cost. Under many situations, one needs to extract low
grade energy from extremely low temperature resource. An
example was cited from Ref. [1]. A heat exchanger for an ocean
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thermal energy conversion (OTEC) plant requires a heat transfer
surface area in the order of 10* m?/MW.

The classical fluid mechanics tells us that the non-slip boundary
condition on wall is acceptable to predict flow and heat transfer
behavior in tubes. This implies a stationary thin fluid layer on the
wall. Besides, velocity and velocity gradient near the wall are
limited, no matter for laminar or turbulent flows. Such flow
behavior directly limits the temperature gradient near the wall to
determine the heat transfer coefficient. Besides, after a long time
operation of heat exchangers, the thermal resistance is increased
due to fouling. This problem becomes more serious when a system
is operating at dirty environment or an impurity working fluid
flows in tubes. Conventionally, heat transfer performance can be
improved by introducing a disturbance in fluid flow (breaking the
viscous and thermal boundary layers).

Various techniques have been proposed for heat transfer
enhancement in the literature. These can be found in consecutive
review articles such as Dewan et al. [1]| and Liu and Sakr [2], etc.
Heat transfer tubes with many kinds of inserts such as twisted tape,
wire coil, swirl flow generator, etc. enhance the thermal efficiency.
The twisted tape inserts are popular researched and used to
strengthen the heat transfer efficiency [3—8]. Twisted tape inserts
perform better in laminar flow regime than in turbulent flow
regime. But other several passive techniques such as ribs, conical
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Nomenclature

A flow area of the square mesh pores, m?

A flow area of the stripe-type mesh pores, m?

BT bare tube

G specific heat, J/kg K

D bare tube diameter, m

Dm mesh cylinder diameter, m

D, outer tube diameter, m

g gravity acceleration (g = 9.81), m/s?

IMHTT improved modulated heat transfer tube

L bare tube length, m

Ly bare tube section length for the modulated heat
transfer tube, m

Ly distance between two neighboring mesh cylinder, m

Lin modulated flow section length for the modulated heat
transfer tube, m

Ly a single short mesh cylinder length for the improved
modulated heat transfer tube, m

L¢ the transition flow length, m

MHTT modulated heat transfer tube

Nulaye average Nusselt number

Nuy local Nusselt number

p pressure, pa

q heat flux, W/m?

Qw the heat flux added to the wall, W/m?

r radial coordinate, m

Re Reynolds number

Ts the fluid temperature, K

Trave the average fluid temperature, K

Tgrid the temperature within the first fluid layer, K
T; the inlet temperature, K

Tout the outlet temperature, K

Tw the wall temperature, K

T ave the average wall temperature, K
Two the outer wall temperature, K

u the axial velocity, m/s

Uave the average velocity, m/s

Uy the velocity on the wall, m/s

v the radial velocity, m/s

w square mesh pore width, m

w stripe-type mesh pore width, m
X axial coordinate, m

y first fluid layer thickness, m

Greek symbols
0 square mesh wire thickness, m
0 stripe-type mesh wire thickness, m

A fluid thermal conductivity, W/m K
Aw tube wall thermal conductivity, W/m K
i dynamic viscosity, Pa s

p density, kg/m>

¢ enhanced heat transfer factor
Subscript

ave average

b bare tube

f fluid

in inlet

m modulated tube

o outer

out outlet

w tube wall

WO outer tube wall

X axial position

nozzle, and conical ring, etc. are generally more efficient in turbu-
lent flow regime than in laminar flow regime [9—12].

The primary objective of this paper is to propose a new heat
transfer tube. A mesh cylinder was suspended in the tube, dividing
the tube into an annular region and a core region. The second
objective of the paper is to verify the fresh idea by the numerical
simulation together with the experimental data. The numerical
results do show the larger velocity and velocity gradient near the
wall. The numerical and experimental works are being continued.
The future optimized heat transfer tube is expected to not only have
significantly high heat transfer coefficients, but also delay the
fouling, having wide engineering applications.

2. The modulated heat transfer tube

Fig. 1(a) shows the modulated heat transfer tube (MHTT). A
mesh cylinder is suspended in a tube, dividing the tube cross sec-
tion into an annular region and a core region. Supporting structures
may be needed for a practical application. The mesh cylinder con-
sists of a flat bottom mesh surface and a side circular mesh surface.
Inside of the mesh cylinder is empty. When a fluid stream strikes
the mesh cylinder, part of the flow rate enters the core region
(mesh cylinder inside), but most of the flow rate flows in the
annular region. The configuration creates larger velocity and ve-
locity gradient near the wall in the annular region, which helps to
enhance heat transfer. With flow evolution in the tube down-
stream, flow from the annular region to the core region is generated
to decrease the velocity and velocity gradient in the annular region.
The flow and heat transfer behavior in MHTT is thoroughly different

from that in a concentric tube annular. The later configuration does
not include mesh pores.

3. Numerical simulation and method
3.1. The 3D to 2D conversion of mesh pores

Numerical simulation of laminar flow and heat transfer in MHTT
was performed. Initially, the 3D to 2D conversion of mesh cylinder
was performed. MHTT is a multiscale system with three-levels of
sizes: (1) micron scale of mesh pores; (2) miniature scale of the
annular region; and (3) macroscale of the tube diameter and length
(meter scale). Fig. 1(b) shows mesh cylinder with square mesh
pores. The mesh cylinder diameter and length are recorded as Dy,
and Ly, respectively. Mesh pores have a pore width of w and mesh
wire thickness of ¢. Assuming Dy, = 10.0 mm, L, = 1000.0 mm,
w = 165 pm and 6 = 85 pum, the number of mesh pores attains
502,655 (million magnitude). Numerical simulation of such a huge
number of mesh pores in micron scale is impossible at this stage.
Thus a two-dimensional equivalent system should be developed
and an equivalent criterion for mesh pores is necessary. Fig. 1(b) can
be simplified to a 2D system by converting square mesh pores into
stripe-type mesh pores (Fig. 1(c)), with a metal wire thickness of
¢ and stripe-type mesh pore size of w'. At the mesh cylinder
diameter of Dy, and length of Ly, the total flow area of square mesh
pores is

A:ﬂx Lm x W2
WH+0 w+o

(1)
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(a)
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supporting structure

Fig. 1. The 3D to 2D conversion of mesh pores.

where the term mDy/(w + §) and Ly/(w + 6) are the number of
mesh pores along the circumference direction and axial flow di-
rection, respectively. Correspondingly, the stripe-type mesh pores
have the flow area of

A = W/Lj_’ 5% TDmW (2)

The following equation exists due to A = A'.

w w 2
waio (w+6) (3)

During the conversion process, we keep ¢’ = ¢. Thus w' can be
obtained by Eq. (3). For practical application such as encountered in
this paper, w = 165 um, 6 = 85 um, thus ¢’ = 85 pm and w' = 65 um
for mesh pores with PPI = 100, where PPI refers to pores per inch.

3.2. Governing equations and boundary conditions

This is a steady, two-dimensional laminar flow and heat transfer
problem. Both the flow and heat transfer are considered to be
developing in the duct. The governing equations are

V-(pv) =0 (4)
V-(pT V) = —Vp+ V- [u(v7+V7T)] +9g (5)
V- (pCpTV) = V-(AVT) (6)

where G, is the specific heat, g is the gravity acceleration, p is the
pressure, T is the temperature, 7" is the velocity vector, p is the
density, A is the thermal conductivity.

In order to perform the comparison between BT (bare tube) and
MHTT, a BT with a diameter of D and length of L is simulated (see
Fig. 2(a)). The tube entrance (x = 0) has the following velocity
profile:

U = 2Uave [l - (%)2} (7)

where u,ye is the average velocity in the tube. The Reynolds number
characterizing the flow and heat transfer is

_ pDuave
uw

Once Re is given, the inlet average velocity u,ye can be defined.
The fluid temperature Tj, is given at the tube inlet.

Fig. 2(b) shows the computation domain for MHTT. The tube
diameter is also D. A bare tube section with its length of L, was set.
The modulated flow section has the length of Ly,,. The original point
o(x = 0, r = 0) was at the start of the mesh cylinder. The mesh
cylinder upstream has negative x values. Different from the bare
tube shown in Fig. 2(a), the uniform heat flux was applied only on
the modulated flow section of Ly,. The bare tube section was non-
heated. Due to the geometry symmetry, only half of the circular
tube was computed. For the BT (see Fig. 2(a)), D = 13.8 mm,
L = 1000.0 mm. For the MHTT, D = 13.8 mm, D, = 10.0 mm,
Lp = 200.0 mm and Ly, = 1000.0 mm.

Re (8)

Boundary conditions (BCs) for the BT are summarized as follows
(see Fig. 2(a)):
inlet BCatx = 0: u = u given by Eq. (7),v=10,T = Tip;
outlet BC at x = L: p = 1.013 x 10° Pa;
BCatthewall: u=v =0, q = qu.
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Fig. 2. The computation domain and boundary conditions (a for bare tube, b for modulated heat transfer tube).

BCs for the MHTT are summarized as follows (see Fig. 2(b)):
inlet BC: at x = —Lp, u = u given in Eq. (7), v= 0, T = Tjy;
outlet BC at x = L, + L: p = 1.013 x 10° Pa;

BCatthe wall: u =v =0; ¢ =0 within L, <x <0and q = qw
within 0 < x < L.

where u and v are the velocity component in axial flow direction
and radial direction, respectively.

It is noted that mesh screens for MHTT have micron scale. The
no-slip BCs of u = v = 0 are applied on each mesh wire surface.
Because the mesh cylinder surface has a thin layer thickness of
85 um, it is assumed that there is no apparent temperature gradient
across the mesh wire thickness of 85 um. Therefore, the thermal
insulation BC was applied on each mesh wire surface:

oT
= -0 (9)

mesh wall

where n is the unit vector perpendicular to the mesh wall surface.

3.3. Grid generation

MHTT behaves the strong multiscale characteristics, generating
great difficulties on numerical simulations. A non-uniform grid
generation system was developed (see Fig. 3), which was summa-
rized as follows.

e A quasi-uniform grid size of 375 um is applied along the axial
flow direction (not including the near-mesh-pore region);

e A non-uniform grid sizes are used along the radial direction,
with the coarse grid size of 375 pm in the bulk region, and the
finest grid size of 25 pm for the first layer of the tube wall. The
grids are gradually refined from the bulk region to the near wall
region.

e Grid sizes are significantly refined near mesh pores. In order to
adapt the grid size from the bulk region to the near-mesh-pore
region, grid sizes are refined by two steps, with fine grid size of
21.25 x 16.25 pm near and within mesh pores, moderate grid
size of 75 x 75 um away from the mesh pores, and the normal

grid size of 375 x 375 pm in the bulk region. The fine grid size
of 21.25 x 16.25 pm corresponds to sixteen girds within a
mesh pore.

3.4. Solution strategies

The commercial software (FLUENT 6.3.26 version) solved Egs.
(4)—(6) subjected to related boundary conditions. A processor
Gambit 2.2.3 creates the computation domain for solver. The gov-
erning equations are discretized by the finite volume method. The
SIMPLE algorithm deals with the coupling of pressure and velocity.
The second order upwind scheme was applied for the momentum
and energy conservation equations. Because the flow and heat

Tube wall

) S
g symmetric axis

(a) grid system -

(b) locally enlarged grid

Fig. 3. The multiscale grid generation system.
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transfer are coupled with each other, Egs. (4)—(6) are solved
alternatively. The under-relaxation factor was in the range of 0.2—
0.8, with larger factor values for BT and smaller factor values for
MHTT. Because the inserted mesh cylinder creates many refined
mesh grids in micron scale, the residual error was set as 101>,
which is significantly smaller than those in the literature. The
computation was converged if the residual error for tracking pa-
rameters is less than 10~1°, The simulations were run on a work
station having two 8-core CPUs (2.4 GHz each) and 24 GB of RAM.
The computation needs about 2 h for each run of the MHTT
computation.

4. Results and discussion
4.1. General heat transfer characteristic

The computation uses the non-slip boundary condition on the
wall (uy = 0 for this application). During the computation, the first
fluid layer has a grid size of y = 25 um on the wall, which was
assumed to be stationary. The wall heat flux should be conducted
through the fluid layer. The fluid temperature within the sub-layer
was recorded as Tgrig. The Fourier heat conduction law yields

oT
q= _AE - (10)
Thus T, (wall temperature) was computed as
Tw = &+ Tyia (11)

where y = 25 x 10~% m. The local Nusselt number was computed as
Nuy = —— x = (12)

where Ty is the bulk fluid temperature, which is defined as

/ pCpouT dA
=4 (13)
/ pCpu dA
The overall average Nusselt number is defined as
Nuaye = # X 9 (14)

Tw,ave - Tf,ave A

where the average fluid temperature is Tfave = 0.5(Tin + Tout), Tw,ave
is the average wall temperature, which is computer as

w
Tw,ave = % (15)
where n’ is the number of data points of wall temperature at the
heating section.

Table 1 shows the 24 runs calculated in this study. Comparative
runs were set for BT and MHTT run by run. Water was used as the
working fluid. In order to neglect effect of physical property vari-
ation of water on the flow and heat transfer, the heat flux was ar-
ranged so that the bulk water temperature difference between inlet
and outlet equals to 10.0 K for each run, i.e., Toy¢ — Tin = 10.0 K. For
BT, the numerical simulation gave perfect Nusselt number distri-
bution along the flow length in both the thermal developing and
developed regions, which are consistent with the classical solutions
reported in Ref. [13]. For MHTT, the present simulation was

Table 1
Runs computed for BT and MHTT.
Runs Tubes  uae(m/s) Re qgw/m?) T (K)  Touw (K) AT (K)
1 BT 0.0065 100 930.27 293.15 303.15 10.0
2 MHTT 0.0065 100 930.27 293.15 303.15 10.0
3 BT 0.0129 200 1860.55 293.15 303.15 10.0
4 MHTT 0.0129 200 1860.55 293.15 303.15 10.0
5 BT 0.0194 300 2790.82 293.15 303.15 10.0
6 MHTT 0.0194 300 2790.82 293.15 303.15 10.0
7 BT 0.0259 400 3721.09 293.15 303.15 10.0
8 MHTT 0.0259 400 3721.09 293.15 303.15 10.0
9 BT 0.0323 500 4651.36  293.15 303.15 10.0
10 MHTT 0.0323 500 4651.36 293.15 303.15 10.0
11 BT 0.0388 600 5581.64 293.15 303.15 10.0
12 MHTT 0.0388 600 5581.64 293.15 303.15 10.0
13 BT 0.0453 700 651191 293.15 303.15 10.0
14 MHTT 0.0453 700 651191 293.15 303.15 10.0
15 BT 0.0517 800 744218 293.15 303.15 10.0
16 MHTT 0.0517 800 744218 293.15 303.15 10.0
17 BT 0.0582 900 837245 293.15 303.15 10.0
18 MHTT 0.0582 900 837245 293.15 303.15 10.0
19 BT 0.0647 1000 9302.73 293.15 303.15 10.0
20 MHTT  0.0647 1000 9302.73 293.15 303.15 10.0
21 BT 0.0712 1100 10,233.00 293.15 303.15 10.0
22 MHTT 0.0712 1100 10,233.00 293.15 303.15 10.0
23 BT 0.0776 1200 11,163.27 293.15 303.15 10.0
24 MHTT 0.0776 1200 11,163.27 293.15 303.15 10.0

independent of grid sizes when the grid sizes described in Section
3.3 were further refined.

Fig. 4 shows Nusselt numbers and wall temperatures along the
flow length x at Re = 100 and 1000. The Nusselt number of 4.36 for

1000
i (a) —— MHIT
--- BT
1 > Nu=4.36
® enhanced heat transfer region
100 4 @ deteriorated heat transfer region

360 (b —— MHTT
--- BT
3501 ® enhanced heat transfer region
@ deteriorated heat transfer region

340
~ 3304
S
320

310 1

3004, Lot

290 T T T T T T T T T

0 200 400 600 800 1000
x (mm)

Fig. 4. Comparisons of local Nusselt numbers and wall temperatures between bare
tube and modulated heat transfer tube (Re = 100 refers to run 1 for BT and run 2 for
MHTT, Re = 1000 refers to run 19 for BT, and run 20 for MHTT, see Table 1).
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the thermally developed heat transfer was marked, indicating that
the thermal developed heat transfer can be reached at Re = 100
but cannot be reached at Re = 1000, with the heating length of
1000.0 mm. We note that Nuy was plotted in a logarithm way. The
solid-red (in the web version) and dashed-black curves represent
the results for MHTT and BT, respectively. The red (in the web
version) and black curves are intercrossed at each Reynolds
number, with the junction point strongly dependent on Re (see
Fig. 4). For example, the junction point appears at x = 68.6 mm
with Re = 100, but it is shifted to x = 312.0 mm with Re = 1000.
The high Reynolds number delays the junction point to occur. In
terms of the junction point, the flow and heat transfer behavior is
divided into two different regions: the enhanced heat transfer
region before the junction point, and the deteriorated heat
transfer region beyond the junction point. The blue (in the web
version) curves in Fig. 4 connect the junction points for cases with
different Reynolds numbers, distinguishing the enhanced heat
transfer region and deteriorated heat transfer region. In the
enhanced heat transfer region, Nusselt numbers are larger for
MHTT than those for BT, and wall temperatures are lower for
MHTT than those for BT (see Fig. 4(a)—(b)). Inversely, MHTT has
poorer thermal performance than BT, in the deteriorated heat
transfer region.

400
(a)
300
g 200-
g L=0.27Re+40.0
N
100
0 T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400
Re
4.0 (b) —— Re=100
] —— Re=600
3.5 ~Z —— Re=1000
] ~
3.0

2.5 - \
AN\

0.5

S

0.01 0.1 1 10 100
x (mm)

1000
Fig. 5. The transition flow lengths from enhanced heat transfer to deteriorated heat

transfer versus Reynolds numbers (a) and the enhanced heat transfer factors versus
axial flow length (b).

A transition flow length (L) was defined as that from x = 0 to the
junction point. Fig. 5(a) shows a perfect linear relationship between
Lt and Re, which is

Lc = 0.27Re + 40.0 (16)

where L; has the unit of millimeter. It is noted that L; should be
influenced by tube and mesh cylinder dimensions and working
fluids.

Local enhanced heat transfer factor (¢) is defined as the Nusselt
number for MHTT divided by that for BT. Fig. 5(b) shows ¢ versus x.
In the enhanced heat transfer region, ¢ is significantly larger than
one, but decreased along the flow direction. Reynolds numbers
strongly influence ¢. The higher the Reynolds number, the larger
the enhanced heat transfer factor is. The maximum ¢ attains 3.5 at
Re = 1000. The critical condition at ¢ = 1 corresponds to the
junction point shown in Fig. 4.
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Fig. 6. The flow field over the computation domain and the enlarged flow fields at
Re = 100, run 2, see Table 1.
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4.2. Flow and heat transfer behavior at Re = 100

Fig. 6(a) shows the flow field over the whole MHTT length.
Enlarged flow fields near mesh pores are plotted at three axial lo-
cations of x = 0, 2.0 mm and 800.0 mm (see Fig. 6(b)—(d)). Fig. 6(b)
shows the distorted near-mesh-pore field at x = 0. When a fluid
stream strikes the mesh screen, part of the flow rate enters the core
region through mesh pores. But most of the flow rate flows in the
annular region, creating larger velocity and its gradient near the
wall to enhance heat transfer. With the flow evolution in the
downstream, flow from the annular region to the core region oc-
curs, causing the decreased velocity and velocity gradient in the
annular region (see Fig. 6(c)). When the flow is far away from the
mesh cylinder entrance, the flows become parallel in the annular
region and core region (see Fig. 6(d)). The velocity and velocity
gradient become smaller than those in the bare tube, thus the heat
transfer is deteriorated. Fig. 7 highlights the flow fields in four
specific regions. These figures show the larger velocity and velocity
gradient in the annular region, but they are decreased along the
flow direction, until the critical condition appears at x = 68.6 mm.
The flow in the annular region becomes weak at x = 800.0 mm.
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Fig. 7. Local flow field at different locations at Re = 100 (a: fluid stream striking the
bottom mesh screen, b: enhanced heat transfer region, c: transition region at which
¢ =1, d: deteriorated heat transfer region, run 2, see Table 1).

Fig. 8 shows the axial velocity and temperature distribution over
the tube cross section at three specific locations. The red and black
curves are for MHTT and BT, respectively. For MHTT, the axial ve-
locities behave the double-peak distribution, with one peak in the
annular region and the other one at the tube center of r = 0 (see left
row of Fig. 8). At the mesh cylinder surface (r = 0.5Dy,), axial ve-
locities approach zero due to the non-slip BCs applied there.

4.2.1. Enhanced heat transfer region (Fig. 8(a) and (d))

Indeed a large velocity and velocity gradient exist near the wall
for MHTT (see Fig. 8(a)). The peak velocity in the annular region for
MHTT is greatly larger than the velocities near the wall for BT. The
peak velocity at the tube center (r = 0) for MHTT is slightly smaller
than that for BT. The velocity distribution yields larger flow rate in
the annular region and smaller flow rate in the core region, which is
perfect for the heat transfer enhancement. Examining right row of
Fig. 8 identifies the thinned thermal boundary layer thickness for
MHTT. Wall temperatures are lower for MHTT than those for BT.

4.2.2. Critical condition with ¢ = 1 (Fig. 8(b) and (e))

The critical condition refers to ¢ = 1. Both the velocity gradient
and temperature gradient near the wall are the same for MHTT and
BT. Wall temperatures are exactly the same for MHTT and BT.

4.2.3. Deteriorated heat transfer region (Fig. 8(c) and (f))

The flow in the annular region becomes weak for MHTT. Most of
the flow rate flows in the core region, with the peak velocity at r =0
significantly larger than that for BT. Wall temperatures are larger
for MHTT than those for BT.

4.3. Flow and heat transfer behavior at Re = 1000

Figs. 9—11 demonstrate results at Re = 1000. Qualitatively, flow
and heat transfer in the enhanced heat transfer region, critical
condition and deteriorated heat transfer region are identical to
those at Re = 100. The velocity and velocity gradient are larger near
the wall for MHTT than those for BT. The thermal boundary layer is
thinner for MHTT than that for BT. At the critical condition, the
same velocity and velocity gradient occur near the wall for MHTT
and BT. Wall temperatures are identical for both tubes. In the
deteriorated heat transfer region, the flow stream becomes parallel
between the annular region and core region. Flow in the annular
region is weak because most of the flow rate enters the core region
through mesh pores. The deteriorated heat transfer region pos-
sesses higher wall temperatures and lower heat transfer co-
efficients. The transition flow length is linearly increased with
increases in Reynolds numbers, which becomes 312.0 mm at
Re = 1000.

4.4. The improved modulated heat transfer tube

Suspending a mesh cylinder in a tube increases velocity and its
gradient near the wall. The thermal boundary layer is also thinned.
Continuous flow through mesh pores decreases the velocity and
velocity gradient near the wall to yield a critical condition at which
the enhanced heat transfer factor equals to one, beyond which the
heat transfer is deteriorated. This finding inspired us to use short
mesh cylinder suspended in the tube to ensure that the critical
condition is not reached. Fig. 12 shows an example design, which
is the same as that shown in Fig. 2(b), except that eight short
mesh cylinders are suspended within a heating length of
Ly = 1000.0 mm. Each mesh cylinder has the same diameter of Dy,
as that shown in Fig. 2(b), but has a short length of L,y = 100.0 mm.
The distance between two neighboring mesh cylinders was
Ly = 25.0 mm. The idea is to create repeated flow fields with larger
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Fig. 8. Axial velocities and fluid temperatures over the tube cross section at different axial locations at Re = 100 (black and red curves for bare tube and modulated heat transfer
tube respectively, runs 1 and 2, see Table 1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

velocity and velocity gradient near the wall. When the fluid stream
at the former mesh cylinder exit strikes the next mesh cylinder, the
flow field is redistributed. Due to the short mesh cylinder used, the
critical condition at which ¢ = 1 is never reached. The invention is
called the improved modulated heat transfer tube (IMHHT). Table 2
shows the 20 runs computed for BT and IMHHT.

Fig. 13 shows wall temperatures, Nusselt numbers and enhanced
heat transfer factors versus flow length, in which solid and dashed
curves are for IMHTT and BT, respectively. The heat transfer char-
acteristics behave the periodic behavior. Wall temperatures are
significantly lower for IMHTT than those for BT. IMHTT decreases
wall temperatures by 4.68 K and 11.06 K at x = 1000 mm for
Re = 600 and 1000, respectively (see Fig. 13(a)). Nusselt numbers
are always larger for IMHTT than those for BT (see Fig. 13(b)).
Fig. 13(c) demonstrates the enhanced heat transfer factors,

displaying the cycle behavior. The enhanced heat transfer factors
depend on Reynolds numbers. The higher the Reynolds number,
the larger heat transfer enhancement degree is. In contrast to a
single long mesh cylinder suspended in the tube, suspending a set
of short mesh cylinders increases the Nusselt numbers over the
whole flow length. The critical condition never happens. Fig. 14
examines the flow field. Indeed the flow fields are periodically
repeated. Because there are eight mesh cylinders in the tube, we
focus on the flow field for part 2. In contrast to MHTT, IMHTT has
apparent fluid velocity and its gradient near the wall before the
fluid stream strikes the next mesh cylinder section. This accounts
for the heat transfer enhancement mechanism for IMHTT. Fig. 15
shows the average Nusselt numbers and enhanced heat transfer
factors. The heat transfer enhancement degree is strongly depen-
dent on Reynolds number. The larger the Reynolds number, the
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Fig. 9. Flow field over the whole computational domain and enlarged flow field for
Re = 1000, run 20, see Table 1.

higher heat transfer enhancement factor is. At Re = 1000, the heat
transfer enhancement factor attains 1.73.

4.5. Validation by the experiments

To validate the reliability of the numerical method, an experi-
ment was performed. The deionized/degassed water was the
working fluid. A forced convective loop was built to supply constant
flow rate to a stainless steel tube, which was regarded as the test
section. The test tube is either a bare tube (BT) or a modulated heat
transfer tube (MHTT). It has the same geometry configuration and
dimensions as shown in Fig. 2 for numerical simulations. The test
tube was vertically positioned and directly heated by the DC (direct
current). It was well thermally insulated. The net heat flux on the
inner wall of the test tube is decided by the fluid enthalpy incre-
ment between inlet and outlet divided by the inner wall surface
area of the tube. The mass flow rate was measured by a mass flow
meter with its accuracy of 0.2%. Two K-type jacket thermocouples
measured the inlet and outlet fluid temperatures. Thirteen ther-
mocouple wires were soldered on the outer wall of the test tube,
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which had the accuracy of 0.2 °C. The inner wall temperature was
computed as [14]

o (Dﬂo)zlen([%) ~1

e ()

where Ty, is the inner wall temperature, Ty, is the measured outer
wall temperature, D and D, are the inner and outer tube diameters
respectively, A, is the tube wall thermal conductivity. The local
Nusselt number is defined as

Tw= wo —

(17)

gD
A(Tw - Tf)

where 1 is the fluid thermal conductivity and Tt is the fluid tem-
perature over the tube cross section at axial length x.

In our experiment, the fluid physical properties are assumed
constant. The experimental uncertainties for Re and Nu are
estimated by a random uncertainty propagation technique. The
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Re and Nu had the uncertainties of about 2.7% and 3.0%, This is a preliminary study regarding the modulated heat
respectively. Fig. 16(a) shows the MHTT tube structure. Fig. 16(b) transfer. Preliminary experimental data were achieved in laminar
and (c) shows the enlarged mesh screen and fabricated mesh flow regime. Fig. 17 shows the measured wall temperatures and
cylinder. Nusselt numbers against computed values at Re = 1000. It is seen
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Fig. 12. The computation domain with a set of short mesh cylinders inserted.
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Table 2 L=
Runs computed for BT and IMHTT. ~ I
Runs  Tubes Uave (M/s)  Re qw/m?)  Tin (K)  Tow (K) AT (K) E ‘ g
I
1 BT 0.0065 100 93027 293.15 303.15 10.0 E ‘ %
2 IMHTT  0.0065 100 93027 293.15 30315 100 O il
3 BT 0.0129 200 186055 293.15 303.15 10.0 = ) g
4 IMHTT  0.0129 200 1860.55  293.15 303.15 10.0 o ‘ e
5 BT 0.0194 300 2790.82 293.15 303.15 10.0 Dooooooo " %
6 IMHTT  0.0194 300 2790.82 293.15 303.15 100 e i
7 BT 0.0259 400 3721.09 29315 303.15 10.0 ‘ o i
8 IMHTT ~ 0.0259 400 3721.09 293.15 303.15 100 2 | G il
9 BT 0.0323 500 465136 293.15 303.15 10.0 0 ‘ rene g g
10 IMHTT ~ 0.0323 500 465136  293.15 303.15 10.0 E e
11 BT 0.0388 600 5581.64 293.15 303.15 10.0 o | T B e e T
12 IMHTT ~ 0.0388 600 5581.64 293.15 303.15 10.0 al ‘ 111 g
13 BT 0.0453 700 651191 293.15 303.15 100 o — Pt 11 4, ﬁ
14 IMHTT ~ 0.0453 700 651191  293.15 303.15 10.0 JITTRRMI ]
15 BT 0.0517 800 744218  293.15 303.15 10.0 e i
16 IMHTT ~ 0.0517 800 744218  293.15 303.15 100 g ! BRI g
17 BT 0.0582 900 837245 293.15 303.15 10.0 o ‘ Tttt e 1t
18 IMHTT ~ 0.0582 900 837245 293.15 303.15 100 E ! 111 8 1]
19 BT 0.0647 1000 9302.73  293.15 303.15 10.0 a] 'm ; :3, g
20 IMHTT ~ 0.0647 1000 930273  293.15 303.15 100 g ‘ P W i
0 | ittt 1 ';: g
gooooooo Lttt B 1 E 1]
245 Qmm| U 4 . m
. . . . ! Lttt 11 1]
that the present numerical simulations matched the experimental ! / e i
measurements reasonably in laminar flow regime. It is noted that ! B !,/
engineering applications need turbulent flow in tubes under many ) B !
situations. Fig. 18 shows the measured wall temperatures and i E
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Fig. 15. The bulk averaged Nusselt number and enhance heat transfer factors versus
Reynolds number.
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Fig. 16. The enhanced heat transfer tube with mesh cylinder inserted (a), photo of mesh screen (b) and the fabricated mesh cylinder (c).

Nusselt numbers for bare tube (BT) and modulated heat transfer
tube (MHTT) in turbulent flow regime. The Reynolds numbers are
almost identical with Re = 14,176 for BT and Re = 14,182 for MHTT.
The heat flux was about 200 kW/m?. It is seen that the MHTT can
decrease the wall temperatures by more than 10—15 °C under
similar running parameters (see Fig. 18(a)). Correspondingly, the
Nusselt numbers are significantly larger for MHTT than those for BT
(see Fig. 18(b)). It is noted that a supporting structure is located at
about x = 0.5 m, corresponding to the more decreased wall tem-
perature and higher Nusselt number there for MHTT. In summary,
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numerical simulation
®  experimental measurement

T, )

numerical simulation

B experimental measurement

. . . . T .
0 200 400 600 800 1000
x (mm)

Fig. 17. Comparison of numerical and experimental results (Re = 1000, run 20, see
Table 1).

the preliminary study demonstrates that MHTT can enhance heat
transfer not only in laminar flow regime, but also in turbulent flow
regime. Detailed studies on mechanism and optimization of the
MHTT are expected in the near future.

5. Conclusions
The following conclusions can be drawn:

e The flow field modulation concept was proposed. A mesh cyl-
inder was suspended in the tube, creating an annular region
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Fig. 18. Local wall temperature and Nusselt numbers versus axial flow direction (BT:
Re = 14,176, ¢ = 200.31 kW/m?; MHTT: Re = 14,182, q = 200.21 kW/m?).
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and a core region. An equal flow area criterion was developed
for the 3D to 2D conversion of mesh pores. The numerical
simulation was performed with non-uniform grid generation
system, linking micron scale of mesh pores with macroscale of
the tube.
The results show the double-peak velocity distribution over
the tube cross section. The invented tube generates increased
velocity and its gradient near the wall. The thermal boundary
layer is also thinned. Continuous flow through mesh pores
decreases the velocity and velocity gradient near the wall to
yield a critical condition at which the enhanced heat transfer
factor equals to one, beyond which the heat transfer is
deteriorated.

e The improved modulated heat transfer tube generates the
periodic flow field and ensures the critical condition at which
the heat transfer enhancement factor equals to one is never
reached. Thus heat transfer is enhanced over the whole tube
length.

e The numerical simulation results matched the measurements
in laminar flow regime. The new tube also enhances heat
transfer in turbulent flow regime. Mesh pore sizes and other
related geometry dimensions are to be optimized in the future.
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