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Repeated flow-facing wedge-shaped protrusions are explored as a means to enhance the heat trans-
fer behaviour in a quasi-two-dimensional magnetohydrodynamic duct flow. Quasi-two-dimensionality is
achieved under a strong magnetic field which are prevalent in the cooling blankets of fusion reactors.
Ranges of Hartmann friction parameters (50 < H < 500) and Reynolds numbers (1300 < Re < 3000) are
investigated. The effect of blockage B (wedge height to duct height), pitch y (distance between wedges)
and wedge angle ¢ on heat transfer ratio HR and efficiency n are considered. A monotonic increase in
HR with B is observed in the range of B investigated. It is possible to further improve HR by changing
the geometric parameter to an optimal pitch and optimal wedge angle. Corresponding to each H there
exists an optimal B, y and ¢ where maximum 7 could be achieved. In contrast to the optimal 8 which
showed a monotonic increase with H, optimal y and ¢ showed a reversal in the trend after a critical H.
Effectiveness of surface modification on the heated wall is also established through a net power analysis.
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1. Introduction

Magnetohydrodynamic (MHD) duct flows have been an ongo-
ing subject of investigation over years due to its relevance in en-
gineering applications such as electromagnetic casting, metallur-
gical applications, generators and the cooling blankets of mag-
netic confinement nuclear fusion reactors etc [1,2]. The problem
motivating the present study is the detrimental impact of strong
magnetic field confining plasma in the reactor chamber of nu-
clear fusion reactors on the heat transfer efficiency of the cool-
ing blankets fluids surrounding the reactor chamber [1,3-5]. The
lower heat transfer efficiency has a direct effect on the power
generation efficiency of these reactors [4,6]. Electrically conduct-
ing fluids flowing under the presence of a magnetic field are
subjected to a Lorentz force, produced due to the interaction of
the induced current with the magnetic field. This force has a
damping effect on the turbulent fluctuations, thereby laminarising
the flow and diminishing convective heat transfer in such ducts
[4,7,8].

Even though, the presence of a strong magnetic field results
in the suppression of isotropic turbulence by Joule dissipation [9],
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anisotropic turbulent structures are promoted by magnetic field
by stretching the vortical structures in the direction of the mag-
netic field as they are least impacted by Joule dissipation [10,11].
For a conducting fluid flowing in an electrically non-conducting
duct, [6] used grids in rectangular channels and observed a fall
and a mimimum in Nusselt number (Nu) with increasing magnetic
field strength. They associated the behaviour to the competition
between isotropic and anisotropic turbulence. They also report a
further rise in Nu, with increasing anisotropic vortical structures.
In a subsequent study, [12] showed, the grids with axis aligned
with the field direction to be favourable, as they favour the forma-
tion of vortical structures aligned with the magnetic field direction
which are in the flow for longer time.

Under the influence of a strong magnetic field, velocity vari-
ations in the field directions are suppressed and are limited to
the thin layers formed on the walls perpendicular to the magnetic
field direction called the Hartmann layer and the flow can be de-
scribed by a quasi-two-dimensional model (Q2D) [10,11]. SM82 is
a Q2D model developed by [10], in which the flow variables are
averaged in the magnetic field direction and a modified momen-
tum equation obtained with an additional forcing term to account
for the effect of Hartmann layer on the flow. Validity of SM82
holds under conditions when Hartmann number Ha > 1 and inter-
action parameter N > 1. Under these conditions the time scale of
momentum diffusion in the magnetic field direction is smaller
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Nomenclature

a duct width (out-of-plane)

B uniform magnetic field strength

L half duct height

hw height of the wedge

PR pressure ratio

HR heat transfer ratio

AR aspect ratio of the duct

f friction factor

fo friction factor for a plane duct without wedges

Iy total length of the duct

Iy distance between consecutive wedges

Ly wedge length in streamwise direction

T, hot wall temperature

Tc cold wall temperature

Ty bulk fluid temperature

T scalar temperature field

Re Reynolds number

Rem magnetic Reynolds number

Pr Prandtl number

Pe Peclet number

Ha Hartmann number

H Hartmann friction term

N interaction parameter

Nuy local Nusselt number

Nu time and domain averaged Nusselts number

Nu domain averaged Nusselts number

Nug Nu for a plane duct without wedges

Ec Eckert number

Preat heat power

Poheqt ~ heat power for a plane duct

Pfiow pumping power

Py, flow  pumping power for a plane duct

G specific heat capacity of the fluid

u quasi 2D velocity vector

Up mean velocity through the duct

p kinematic pressure

t time

X Cartesian coordinate (streamwise direction)

y Cartesian coordinate (transverse direction)

z Cartesian coordinate (out-of-plane direction)

Greek symbols

B blockage

y pitch

[0) wedge angle

n heat transfer efficiency

o fluid thermal diffusivity

v fluid kinematic viscosity

t time

o fluid density

o magnetic permeability of the fluid

w; z-vorticity

AT temperature difference between hot and cold wall

8T difference between the bulk fluid and hot wall tem-
perature

APaet net power into the duct

Wzp vortex intensity of a vortex at streamwise position,
X

wp vortex intensity of vortex formed at wedge tip

Wzx z-vorticity at streamwise location x

than any other time scales in the flow. This model also assumes
the Hartmann layer to remain laminar and stable.
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Experiments by Frank et al. [13], Klein and Pothérat [14],
showed the existence of Q2D flows at high Hartmann numbers and
to persist at higher Reynolds numbers. Transition to quasi-two-
dimensionality are also reported in the 3D simulations of the wake
of bluff body flows at high Ha [15,16]. Sufficient agreement with
SM82 was also found by Kanaris et al. [16] for N > 16 at high Re
for cylinder wakes. Vortex decay models using Q2D assumptions
developed in [17] matched well with 3D simulations at high Ha.
The model also captures the stability properties with about 10%
deviation from 3D simulations [18-20]. The optimal growth mag-
nitude and scalings using SM82 were shown to match quite well
with 3D simulations for a duct flow [21] at high magnetic field
strengths. Though there was existence of three-dimensionality, at
high Ha, SM82 predicts the average topology reasonably well.

Different vortex generation techniques as a means to promote
heat transfer have been reported in the literature for the flow of
a conducting fluid through a duct. Most of the studies use the
idea of promoting anisotropic vortical structures in the flow do-
main to promote heat transfer. Numerical studies using inhomoge-
neous wall conductance were studied by [22]. There are numer-
ous heat transfer studies employing SM82 for flow simulations.
[23,24] used cylindrical bluff body for vortex generation in a duct
and studied the effect of varying the cylinder position and block-
age on the heat transfer behaviour. They found an optimal posi-
tion of the cylinder to be favourable for achieving maximum heat
transfer efficiency. Flow regimes and the heat transfer enhance-
ment with square cylinders were investigated in [25]. Similarly,
[26] investigated rectangular cylinders at different angles of attack
and show their optimal values with a maximum efficiency of 1.7.
Further studies were conducted on active vortex promotion strate-
gies such as, transverse [27,28] and torsional oscillation of a cylin-
der [29]. These studies found that a higher amplitude of oscillation
of the cylinder benefitted heat transfer enhancement relative to a
stationary cylinder with the existence of an optimal frequency for
individual forcing amplitude [29]. Hamid et al. [30], 31], explored
the use of a point electrode in the flow for vortex generation. Their
study focused on the optimal positioning of the electrode in the
flow and investigated the influence of various control parameters
on the heat transfer efficiency.

Use of surface modification of the heated wall as means of vor-
tex generation and heat transfer promotion in MHD duct flows
have not been explored in the literature. This method has been
found to be effective in heat transfer promotion in various hydro-
dynamic flows [32,33]. In the present study we choose a wedge-
shaped wall protrusion, as this geometry showed a better heat
transfer perfomance in hydrodynamic flow experiments [34]. Addi-
tionally, previous studies in MHD duct flows have mostly concen-
trated on a single vortex generator in the flow and its influence on
the heat transfer behaviour. Subsequent positioning of the vortex
promoters are significant, as the vortices generated are dissipated
when convection downstream in the flow and the rate of dissipa-
tion increases drastically with stronger magnetic fields [17].

The present study addresses these unexplored areas by:

1. Studying the use of repeated wedge-shaped flow-facing protru-
sion for promoting turbulent heat transfer by anisotropic vortex
generation in a Q2D MHD duct flow.

2. Quantifying the influence of a few identified geometric parame-
ters of the protrusion and flow parameters on the heat transfer
behaviour.

3. Investigating the overall efficiency of this technique for heat
transfer improvement.

The paper is presented as follows: First, the problem setup, in-
cluding the governing equations and parameters are presented in
Section 2 followed by the numerical method used and the grid res-
olution study in Section 3. In the result Section 4, initially, vortex
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Fig. 1. Flow setup with geometric parameters and boundary conditions. Flow is left
to right.

evolution in the duct and its influence on local heat transfer be-
haviour is elucidated as a general example, followed by detail dis-
cussion on the influence of each of the identified geometric param-
eter and flow parameters on heat transfer enhancement. Efficiency
of the usage of wedges are described in Section 4.3. The result sec-
tion is concluded by a brief comparison with other enhancement
techniques, with conclusions drawn in Section 5.

2. Problem setup

The problem setup for the present study is shown in Fig. 1.
An electrically conducting and incompressible fluid with density p,
kinematic viscosity v and electrical conductivity o flowing through
a duct with height 2L and an out-of-plane width a with a uniform
magnetic field B acting along a is considered. Magnetic Reynolds
number Re;; « 1 is considered, hence the induced magnetic field is
neglected. No-slip boundary condition on the bottom and top walls
with a periodic streamwise (x) condition is applied. The duct walls
are electrically non-conducting where the bottom wall is main-
tained at a constant temperature T,, while the top wall is main-
tained at a constant temperature Tc.

The following dimensionless geometric parameters are associ-
ated with the flow setup: blockage B, which is the ratio of the
wedge height hy,, to that of the duct height 2L, pitch y, which
is the ratio of the distance between the wedges I, to half-duct
height L and wedge angle ¢, which is the angle that the tapered
wedge surface makes with the horizontal, where tan(¢) = hy/ly.
The geometric parameter values investigated in this study are: (i)
B =0.125, 0.25, 0.35, 0.5, 0.65, (ii) y = 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6,
8 and (iii) ¢ = 14.036, 9.4626, 7.125, 5.71059, 4.7636, 3.5763.

2.1. Governing equations and parameters

The flow covering the laminar and quasi-two-dimensional
regimes are computed using the SM82 model, under which the di-
mensionless continuity, momentum and energy equation are given
by:

V.u=0, (1)
ou 12 H
W+(u-V)u_—Vp+EV "_Eu’ (2)
oT 12

ap - V)T = V7T, (3)

where u is the quasi-two-dimensional velocity, p and T are the
pressure and temperature fields respectively. Lengths are scaled by
L, velocity by the mean duct velocity Uy, time t by L/Uy, pressure
by ,oug and temperature by AT =T, — T.. The viscous and Joule
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heating terms in the energy equation are neglected since the or-
der of magnitude of these terms are much lower that the thermal
diffusion term. Further details on the order of magnitude analysis
can be found in [35]. The present flow is considered under a forced
convection condition and the effects of buoyancy has been ne-
glected following findings from Burr et al. [36], where they found
the effect of natural convection to be suppressed for flow between
a hot and cold horizontal plate arrangement under a strong mag-
netic field strength. Similar studies such as [37,38] also support
these findings and have neglected the effects of natural convection
in their investigations. The non-dimensional parameters Reynolds
number Re, Hartmann friction parameter H and Peclet number Pe
are defined as:

Re = UpL/v, (4)
L\2

H= n<a> Ha, (5)

Pe = RePr, (6)

where n is the number of Hartmann walls in the duct, which for
the present setup is 2, Ha is the Hartmann number defined as
Ha = aBﬂa/,ov), square of which characterises the ratio of elec-
tromagnetic to viscous forces and Pr is the Prandtl number of the
fluid defined as Pr = v/«, where « is the thermal diffusivity of the
fluid. Pr =0.022 is used in this study which is representative of
the eutectic lead alloy GalnSn.

To verify if the flow parameters of the present study satisfies
the condition of validity of the SM82 model and will have mim-
imum discrepency from 3D simulations, a worst case of the low-
est H and highest Re considered in the study are used (H = 50,
Re = 2000). From Eq. (5), Ha = 2H x AR?, where AR is the aspect
ratio of the duct given by, a/2L. Considering AR=1, 1.5 & 2, the
corresponding Ha = 100, 225 & 400 and N =5, 25 & 80 respec-
tively, where N = Ha?/Re. The condition for stability of the Hart-
mann layer found by Lingwood and Alboussiere [39] is satisfied
for all the cases investigated. 3D simulations by Kanaris et al.
[16] of confined flow around a cylinder have shown Q2D mod-
els to match 3D results for N > 16 for high Re. For a duct with
AR =1, Q2D results might not match well with a 3D simulations
for H=50. According to results from the literature, Q2D results
with H =50 in the present study with Re = 2000 and Re = 1300,
will match reasonably well with 3D simulations for AR > 1.33 and
AR > 1.2 respectively. Since the Re considered is lower, quasi-two-
dimensionality is expected to be satisfied for N < 16.

The overall efficiency of heat transfer is quantified by n, which
has been used in a number of heat transfer studies [24,26,31] as a
measure of efficiency. n is given by:

HR
n= PR’ (7)

where HR and PR are the heat transfer ratio, used to measure the
heat transfer improvement with the presence of the wedges in the
duct and the pressure ratio, which is used to measure the pressure
drop penalty with the use of wedges in the duct respectively and
are defined as:

Nu
HR = ma (8)
_f
PR = s (9)

where Nu and f are the domain and time averaged Nusselt num-
ber and friction factor respectively. Subscript O is used to denote
a plane duct without wedges. Nu is defined as h(2L)/k, where h
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and k are respectively the convective heat transfer coefficient and
thermal conductivity of the fluid.

The net circulation used to represent the intensity of a vortex
at any streamwise location x is calculated as the local vorticity flux
and is given by:

2L
Wzp = I wzdy, (10)

Ybx
where y, , is the y coordinate of the bottom wall at x and w is
the z-vorticity at x.

The local Nusselt number [40] along the heated bottom wall of
the duct is calculated as:

2L dT

Nuy(x,t) = e |, (11)
i (Tf,x —Ty) dn Ybx
where, Ty is the local bulk fluid temperature given by:
2T dy
Tpo(x, 1) = 22— (12)
Ybx u dy

where dT/dny, is the wall normal temperature gradient at yj ,.
should be noted that Nuy, does not take into account the mfluence
of the vertical front wall of length [, to the overall heat transfer,
hence to calculate the domain average Nusselt number Nu in the
present study, we adopt the following method:

2L dl
(Tf — Th) dn Vb

where Ty is the domain averaged bulk fluid temperature calculated
as:

Te (t) =

Nu(t) = (13)

[fquT dQ
[Jqu d2

and dT/dny, is the average wall normal temperature gradient from
the bottom wall comprising the horizontal, vertical and the tapered
surface’s contribution. Nu is obtained by the time average of Nu.

Another measure to quantify the effectiveness of the wedge in
the duct is to carry out a net power balance. Similar analysis have
been conducted in other studies [26,30] which used different vor-
tex generation techniques to enhance heat transfer to the fluid. The
net power to the system (duct with wedge) is calculated as:

APret = APuear — APfion, (15)

where, APyeqr = Pheat — Ponear @A APfio = Priow — Po fiow are the
increment in heat power and pumping power, achieved by pres-
ence of wedge in the duct. P, is the non-dimensional power
gained as heat from the hot bottom wall with the wedge present
in the duct whereas Pf,, is the non-dimensional power spent
on pumping the fluid through the flow domain comprising the
wedges. Subscript 0 is used to denote the corresponding power for
a plane duct without wedges. P, is expressed as:

la dT

[ (16)

(14)

acCp
heat = @

where Cp is the specific heat capacity of the fluid and I; =1, + Iy
is the total length of the duct. Eq. (16) can be re-written in terms
of Nu as:

Pheat = ———Nu, (]7)
where, 8T =Ty — Tj. Py, is expressed as:

2a
Ppiow = TAP (18)

where Ap is the non-dimensional pressure drop in the duct.
Eq. (18) can be re-written in terms of f as:

al
Pliow = — f (19)
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From Egs. (15), (17) and (19), APne[ is given by:

APnet (Nu Nu O)_ L2 (f fO) (20)

Multiplying by Lz/ald, APqer can be simplified as:

1
APper = m(NU — Nug) — (f - fo). (21)
where, Ec is the the Eckert number, defined as UZ/C,8T. It is a
measure of the kinetic energy at the wall to the specific enthalphy
difference between the hot wall and the fluid.

3. Numerical method and grid resolution

The simulations reported herein uses an in-house solver, based
on a nodal spectral element method for spatial discretisation of the
governing equations and a third order backward multistep method
for time integration [41]. In this method, Lagrangian tensor prod-
uct polynomial basis function are used within each element and
interpolation carried out at Gauss-Legendre-Lobatto (GLL) quadra-
ture points. This discretisation technique allows for a two-way
refinement in terms of the number of elements (h-refinement)
and polynomial order (p-refinement) [42]. An exponential conver-
gence is possible with increasing polynomial orders. The solver
has been validated for numerous hydrodynamic and quasi-two-
dimensional flow simulations [17,21,43,44| and heat transfer prob-
lems [24,26,31]. To further validate the Nu calculated, a compar-
ison of the analytical Nusselt number for a plane duct without
wedges Nugy under a purely conductive heat transfer condition is
made with the Nu* obtained by numerical simulation for the same
case. The relative error for Nu* computed from the simulation was
found to be less 0.0001% from analytical solution Nug obtained for
the purely conduction dominated case.

Grid independence testing was conducted at two H values and
a high Re and are reported in Table 1. The time averaged .#2 norm,
f and Nu are used as testing parameters for a case with geomet-
ric setting of 8 =0.25, y =2 and ¢ = 7.125. The mesh for the
tested setup consists of 594 elements with grading towards the
walls. They were tested for polynomial orders ranging from n, = 8
to 18. Based on convergence of the tested parameter, n, = 15 was
selected for the simulations with this geometric parameter set-
ting, which gave a maximum of 0.5% relative error with respect to
np = 18 for the worst case. For other 8, y and ¢ simulated in the
current study, the number of elements used and their grading to-
wards the wall were decided such that the size of the smallest and
largest element were similar to the tested case. The same polyno-

Table 1

Grid resolution for different order of polynomial (n,) for
geometric setting 8 =0.25, ¥ =2 and ¢ = 7.125. Quan-
tities shown are the time averaged .#2 norm, friction
factor (f) and Nusselt number Nu for H = 500, 5000 at
Re = 3000.

H =500 and Re = 3000

n, %2 norm f Nu

8 15.24208351 0.439860135  2.81698945
10 15.25299113 0.44061984 2.83743227
12 15.27576248  0.44151360 2.82205526
15 15.27470995  0.44086007 2.84591718
18 15.33838270  0.44234412 2.82845062

H = 5000 and Re = 3000

n, %2 norm f Nu

8 13.79156379  3.86286491 2.24203982
10  13.79052610  3.86220163 2.24185988
12 13.78995431 3.86176570 2.24223117
15 13.79285921 3.85823891 2.24060611
18 13.78752563 3.84658545 2.23422859
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Fig. 2. Plot showing the evolution of vortex strength (w;p. A; dashed line for guid-
ance) and local instantaneous Nusselt number (Nuy (x, t), H; solid line for guidance)
plotted against streamwise position x. Values of w;, are obtained from the trajec-
tory of vortex labelled “1” in the accompanying sequence of vorticity contour plots
(a)-(i). This case has B =0.25, y =4, ¢ =7.125, Re = 1300 and H = 50. 20 equi-
spaced vorticity contour levels are plotted between —10 (blue) and 10 (red). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

mial order of 15 was used for all subsequent simulations reported
herein.

4. Results and discussions

4.1. Flow field - vortex evolution and influence on local Nusselt
number

In this section, the evolution of a vortex in the flow domain
in terms of variation of its vortex intensity (w;p) and its influ-
ence on the local instantaneous Nusselt number Nuy(x,t) are elu-
cidated for a case with Re =1300, H=50, 8 =0.25, y =4 and
¢ =7.125 (Fig. 2). The intensity of the vortex at location x is cal-
culated as given in Eq. (10). The peak Nuy lags slightly behind the
peak vortex intensity. The presence of the wedge results in vortex
formation (represented as 1) starting at the wedge tip as shown
in Fig. 2(a). This vortex extends downstream remaining attached
to the wedge tip, while a second smaller vortex (represented as
2) starts forming behind it (Fig. 2(b)). The strength of the vortex
increases with x when attached to the tip. Nuy, achieves a peak
during vortex formation. With the formation of 2 behind 1, shown
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in Fig. 2(b), Nuy drops. With the growth of 2, the larger vortex 1
deattaches itself from the wedge tip, which is associated with a
drop in its strength (Fig. 2(c)). Similar behaviour of a second vor-
tex formation and dettachment of the primary vortex was also ob-
served in [17], where a point electrode was used as vortex gen-
erator. Vortex 1, then convects downstream along the wedge taper
with its strength decaying during its evolution as can be seen from
Fig. 2(d-f). An increase in Nuy, during its convection downstream
is associated with the interaction of the convecting vortex with the
wall vortices. On interaction and merging with a vortex convecting
from upstream represented as 3 (refer Fig. 2(d,e)), vortex 1 gains
strength, which is observed as a jump in the intensity curve. The
rise in intensity on vortex merging depends on the intensity of the
two merging vortices. A subsequent rise in Nuy can be observed,
illustrating the favourable effect of vortex merging on Nu. Vortex
1, then convects into the gap between the wedges with decaying
intensity (Fig. 2(g,h)). On approaching the wedge, vortex 1 acceler-
ates over the wedge, sweeping with it the secondary wall vortices,
which explains the increasing Nuy in that region (Fig. 2(i)). There-
after, vortex 1 interacts with the new vortex forming at the next
wedge tip. The interplay of vortex formation at the wedge tip, its
intensity, interaction of the convecting vortices with the wall vor-
tices and interaction and merging with the incoming vortices play
a key role in the heat transfer behaviour of the system. The con-
vecting vortices and its interactions are influenced by the flow con-
ditions and geometric parameter setting of the wedge. In the sub-
sequent sections, the heat transfer behaviour and its dependence
on each of these influencing parameters are discussed in detail.

4.2. Heat transfer ratio HR

In this section, the heat transfer ratio (HR) achieved by the use
of wedges and its dependence on blockage B, pitch y, wedge an-
gle ¢, Hartmann friction H and Re, the associated flow structures
and its effect on heat transfer rate from the heated wall are pre-
sented. The effect of geometric parameter variations of the wedge
for a case with Re = 1300 for H = 50 and the influence of a range
of H from H =0 (hydrodynamic case) to H =500 are discussed.
For a higher H of 500, the effect of Re = 1500 to 3000 are also
presented.

4.2.1. Effect of blockage B

HR variation with blockage is shown in Fig. 3 for Re = 1300 and
H =50. A monotonic increase in HR with B is observed. HR in-
creases at a lower rate with 8 until approximately 8 = 0.3, after

r =30
25

-20

HR

N

Fig. 3. Variation of HR (M; solid spline for guidance) and the intensity of the vortex
formed at the wedge tip before deattachment (a; dashed spline for guidance) with
B for Re = 1300, H =50 and B = 0.25. Dashed horizontal line represents HR for a
duct with no wedges.
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(i) 8 =0.125
nm n
-10 10

(ii) B = 0.25
L
A | T ——

(iii) 8 = 0.35

Fig. 4. Contours of spanwise vorticity (w;) (above) and temperature field (below)
for (i) B =0.125, (ii) B =0.25 (iii) B =0.35 and (iv) B =0.5 for Re = 1300 and
H =50. 20 contour levels between —10 < w, < 10 are displayed for the vorticity
contours. Temperature contours are shown in the range T, < T < T, with the dark
and light contour levels representing the cold and hot fluid respectively.

which it increases at a relatively higher rate with B. An instan-
taneous snapshot of the flow field and the temperature field for
B =0.125,0.25, 0.35 and 0.5 are shown in Fig. 4. It can be ob-
served that the size of the vortex formed at the wedge tip scales
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Fig. 5. Variation of HR (M; solid spline for guidance) and the intensity of the vortex
formed at the wedge tip before deattachment (A; dashed spline for guidance) with
y for Re = 1300, H =50 and 8 = 0.25. Dashed horizontal line represents HR for a
duct with no wedges.

roughly with the height of the wedge. With increasing 8, the vor-
tices formed at the wedge tip are more intense. The intensity of
the vortex formed at the wedge tip before it dettaches from the
wedge tip are shown in Fig. 3 for different blockages. These vor-
tices formed at the wedge tip rolls up and are cast away from
the tapered wall with increasing f, before deattaching itself from
the tip and convecting downstream. The convecting vortices in-
teracts with the secondary wall vortices on the top wall of the
duct in addition to those on the bottom wall at higher blockage,
resulting in better mixing of the hot fluid near the bottom wall
and the cold fluid near the top wall of the duct. This is evident
from the temperature field where more dominant plume structures
are observed with increasing 8. For B = 0.5, the convecting vor-
tices engulfs the wall vortices on the top wall resulting in counter-
rotating vortex pair forming on the wedge taper wall, disrupting
the thermal-boundary layer and helping to achieve higher HR.

4.2.2. Effect of pitch y

For a fixed blockage of 8 =0.25 and H =50, HR achieves a
peak value, at an optimal pitch yop g, as shown in Fig. 5. An in-
stantaneous snapshot of the corresponding flow and temperature
field for y =1, 2, 3, 4 and 8 are shown in Fig. 6. For y = 1, vortex
interactions occur only on the wedge taper walls, whereas with a
gradual increase in y, additional vortex interactions can occur in
the gap between the wedges. With further increase in the pitch,
the convecting vortices are less intense (Fig. 5). Due to larger con-
vecting distance, the vortices are more damped before reaching the
subsequent wedge. Weaker convecting vortices do not strongly in-
teract with the secondary wall vortices in the gap between the
wedges which decreases its impact on the thermal boundary layers
leading to a lower Nuy as explained in Section 4.1. Study by Hamid
et al. [17] found that a vortex in the near wake of a quasi-two-
dimensional MHD flow is subjected to a higher viscous damping
near the wake. On convecting further away from the wake, har-
mann damping becomes predominant over viscous damping which
has a drastic impact on lowering the vortex intensity. The inten-
sity of the vortex formed at the wedge tip increases with y, until
Yopt.HR (Fig. 5). Yopt,ur is most favourable, as it allows for multiple
vortex merging of intense vortices which helps increase Nuy and
thereby HR. On increasing y above y,p yg, Not only is the inten-
sity of the formed vortices reduced but is subjected to a higher
hartmann damping when convecting downstream, as it now has
to travel a greater distance before the next wedge to gain strength.
This might be the reason for reducing HR when y > Yop pr-
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Fig. 6. Contours of spanwise vorticity (w;) (above) and temperature field (below)
for (i) y =1, (ii) y =2, (iii) y =3, (iv) y =4 and (v) y =8 for Re = 1300 and
H = 50. The contour levels are same as in Fig. 4.

4.2.3. Effect of wedge angle ¢

Variation of HR with wedge angle is shown in Fig. 7. Similar to
y, there also exists an optimal ¢ at which maximum HR can be at-
tained o yr- For a fixed B and y, increasing ¢ not only increases
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Fig. 7. Variation of HR (M; solid spline for guidance) and the intensity of the vortex
formed at the wedge tip before deattachment (A; dashed spline for guidance) with
¢ for Re = 1300 and H = 50. Dashed horizontal line represents HR for a duct with
no wedges.

the inclination of the tapered surface of the wedge, but also de-
creases the length of the wedge or shortening the distance to the
next wedge. Fig. 8 shows instantaneous flow field and temperature
field for a range of wedge angles investigated. With a steeper in-
clination ¢ = 14.036 of the wedges (Fig. 8(i)), the vortices are cast
away from the taper wall during its formation resulting in lesser
interaction with the wall vortices. The shorter wedge length is also
not favorable for interactions with convecting vortices. With de-
creasing ¢, until ¢op g, the vortices formed at the tip are cast
relatively closer to the wedge walls, allowing for better interations
with the wall vortices and a wedge length allowing for interaction
of convecting vortices. With further decrease beyond the optimal
angle of the wedge, the vortices formed are less intense and the
interacting convecting vortices are weaker, resulting in weaker in-
teraction with wall vortices and a lower HR. The temperature con-
tours shown in Fig. 8 (i), (ii) and (v) shows a diffusively dominated
flow at smaller and larger wedge angles and the plume structures
at intermediate wedge inclinations, Fig. 8 (iii and iv), increasing
the convective heat transfer from the hot wall. This kind of be-
haviour was also observed in [24], in which existence of an op-
timal gap height (measure of distance of a cylinder from the hot
wall) favouring maximum enhancement in HR was found. By vary-
ing gap height, the study tried to vary the way the vortices gen-
erated by the cylinder were cast on the hot wall and its interac-
tions with the wall vortices. Decreasing gap height helped better
interaction with wall vortices and after an optimal distance, fur-
ther movement closer to the wall suppressed the vortices due to
interaction with Shercliff layers.

4.2.4. Effect of hartmann friction (H)

The influence of Hartmann friction (H) on HR is depicted in
Fig. 9, where H =0 is the corresponding two-dimensional hydro-
dynamic case. A monotonic decrease in HR which assymptotes to
a constant value with H is observed for all 8. It can be seen from
Fig. 9 that increasing the blockage 8 has a positive effect on HR. A
broader range of H, with HR > 1 can be achieved by increasing the
blockage. A higher blockage also asymptotes to a larger HR at high
H as indicated in the figure. Increasing H has a detrimental effect
on HR, as it plays the role of dissipating the energy of the quasi-
2D vortices generated by the protrusion on the wall. The reduction
in vortex intensity lowers the impact on the Nuy, thereby reducing
HR. For a given 8 and H, there exists an optimal pitch y and op-
timal wedge angle (¢), corresponding to the highest HR that can
be achieved (Fig. 10). With increasing H, both yopc yr and @ope pr.
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Fig. 8. Contours of spanwise vorticity (w,) (above) and temperature field (be-
low) for (i) ¢ =14.036, (ii) ¢ =9.4626, (iii) ¢ = 7.125, (iv) ¢ =4.7639 and (v)
¢ = 3.5763 for Re = 1300 and H = 50. The contour levels are same as in Fig. 4

first increases and then decreases. For the highest H investigated in
this study, consecutive wedges with no gap between them is most
favourable to achieve maximum HR.
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Fig. 9. Variation of HR with H for Re = 1300 for different 8 as indicated. Dashed
horizontal line represents HR for a duct with no wedges.
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Fig. 10. Variation of HR for B = 0.25 for Re = 1300 with (a) y and (b) ¢ for 50,
100, 200, 300 and 500.

4.2.5. Dependence on Reynolds number (Re)

The variation of HR with Re is shown in Fig. 11 for H = 500.
In the steady state, HR remains almost constant with increasing Re
and a higher HR is associated with the highest 8. With the onset of
vortex shedding, the flow becomes unsteady and HR increases ap-
proximately linearly with Re. Similar to the steady state, a higher
blockage is favourable to achieve higher HR in the unsteady state
as well. In addition to preponing the onset of vortex shedding to
lower Re, the rate of HR rise with Re is also higher at higher S.
Similar to its dependence on H, for a fixed blockage an optimal y
and ¢ exists for different Re (Fig. 12). At Re = 1500, the flow re-
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Fig. 11. Variation of HR with Re for H = 500 for different 8 as indicated. Dashed
horizontal line represents HR for a duct with no wedges.
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Fig. 12. Variation of HR for § = 0.25, H = 500 with (a) ¥ and (b) ¢ for Re = 1500,
2000, 2500 and 3000.

mains in the steady state for y > 2. Decreasing y further, triggers
unsteadiness, causing HR to rise for y < 2. In this case, consecu-
tives wedges with no gap between them is most favourable for
heat transfer increase. With increasing Re, a shift to higher opti-
mal y is observed. The higher wedge angle gives maximum HR at
Re = 1500. With increasing Re, wedge angle giving maximum HR
shifts to lower values.
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4.3. Heat transfer efficiency n

The previous sections illustrated the effectiveness of using
wedge shaped protrusions for enhancing the heat transfer rate
from the heated wall to the fluid flowing through the duct and
optimal geometric parameters for the flow conditions investigated.
Flow through ducts are subjected to pressure losses and it is im-
portant to consider the frictional losses and associated pressure
penalties with the use of the wedges. In this section, the overall
efficiency of the wedges for heat transfer enhancement with re-
spect to its pressure loss penalties are discussed. This is quantified
by heat transfer efficiency 7, as defined in Eq. (7).

Fig. 13 (a) shows the influence of blockage on n for Re = 2000
and a range of H. A non-monotonic trend in n with 8 can be seen
for H =50 to 300. For every H, an optimal B, Bopt, exists corre-
sponding to maximum 7 which shifts to a higher value with H.
1 < 1 corresponds to cases which are not effective for heat trans-
fer enhancement as the pressure drop dominates the heat transfer
improvement achieved. Maximum 7 is achieved when the separa-
tion between HR and PR is maximum. This is illustrated in Fig. 14
for H =200. For a fixed blockage, ¥ and ¢ can be set to attain
the best performance in terms of maximising 7. The correspond-
ing values are denoted as opt; and Popt,; respectively. Fig. 13(b)
and (c) shows the variation of n with y and ¢ for a range of H.
Both Yopt,y and ¢op,; Show a non-monotonic trend with H. A re-
versal in trend in the optimal values is observed between H = 200
and 300. This corresponds to a critical H, Her, where the maximum
7 is attained for a given parameter setting. Existence of Hc- is ob-
served only beyond a range of B, y and ¢, upto which n drops
unvaryingly with H.

4.4. Net power analysis

Similar to 7, another useful quantity to measure the effective-
ness of protrusions is the net power gained or lost by the sys-
tem [26,30]. For the current setup APy was calculated for a range
of Ec as discussed in Section 2.1. Ecs gives the critical Ec where
APy changes from positive to negative, representing power gain
and loss by the system respectively. Fig. 15 shows Ecq as a func-
tion of H for Re = 1300 for two representative blockages, = 0.25
and 0.65. For fusion relevant conditions Ec ranges from about
4.787 x 10799 to 4.838 x 10-99, obtained using quantities relevant
for fusion condition as given in [45] and properties of fluids as
given in [46,47]. The lowest Ec. for the current setup is around
2.928 x 10792 indicating that there is always a net positive power
gain for the current setup not just for fusion relevant conditions
but also for a large range of Ec below Ecg.

4.5. Comparison with other enhancement techniques

In this section, a comparison of the performance of the present
setup for heat transfer enhancement in quasi-two-dimensional
MHD duct flows is made with other techniques which are avail-
able in the literature. While the efficiency of other wall protru-
sion strategies is not reported in the literature, the performance
of the current approach can be compared against methods incor-
porating either immersed physical obstacles or electrically driven
vortices. In a previous study considering the use of a bluff body
for vortex generation [24], with a parameter setting of H = 100 and
Re = 2000, n of approximately 2.2 was obtained for the best case.
The current setup achieves n of approximately 1.5 for the high-
est B. A further increase can be achieved by setting it up at op-
timal y and ¢. The previous study did not consider cases with
higher H, where there is a possibility of drastic reduction in 7.
The present setup is effective even at higher H (refer Section 4.3).
The current setup also seems to be more favourable for cases with
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Fig. 13. Variation of n for Re = 2000 with (a) 8 (b) y and (c) ¢ for H =50, 100,
200, 300 and 500.

lower H/Re compared to using point electrodes for vortex genera-
tion [30], which achieves relatively higher n for higher H/Re. For
similar flow parameters as in [29], where a torsionally ocsillat-
ing cylinder was used as turbulent generator, the current setup
can reach much higher Nu (~ 6.39) than the best case reported
in the study which was about 2.6. Additionally, designing the cur-
rent setup needs only a modification on the wall and no additional
power requirement and mounting arrangements which may be re-
quired for previous setups.
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Fig. 14. Variation of HR, PR and n for f = 0.25, Re = 2000 and H = 200, shown
as solid, dash-dotted and solid line with symbols respectively. To the left of the
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Fig. 15. Ec.r as a function of H for Re = 1300 for § = 0.25 and 0.65.

5. Conclusions

In the present study, repeated flow-facing wedge-shaped pro-
trusions on the hot wall of a duct were investigated as a means
to promote heat transfer in a Q2D MHD flow. Numerical simula-
tions using Spectral element method were conducted for a range
of Hartmann friction parameters 50 < H < 500, and Reynolds num-
ber 1300 < Re < 3000. Systematic variation of geometric parame-
ters, blockage 0.125 < 8 < 0.65, pitch 0.5 < y < 8 and wedge angle
3.576 < ¢ < 14.036 were considered. Vortex evolution, its intensity
variation from its generation at the wedge tip to convecting over to
the subsequent wedge and influence on local Nusselt number was
discussed. Nuy peaked just behind locations where the forming or
the convecting vortex interacted with the boundary layer. Vortex
merging and the presence of the subsequent wedge were favorable
for maximising these interactions and thereby Nuy.

The influence of B, y, ¢ on heat transfer ratio HR, were dis-
cussed for Re = 1300 and H = 50. A monotonic rise in HR was ob-
tained with 8 in the range investigated. For a fixed 8, HR could be
improved further and can achieve a maximum by varying y and ¢
t0 Yopt,ur and Pope g TESpectively. A high B achieves a higher HR
for all H. Both y,p yr and @ope v Showed an increase followed by
a decrease in its value with increasing H. Variation of HR with Re
were also considered. At all Re the highest 8 gave the highest HR.
YoptHr Shifted to larger y with Re unlike g, yr Which shifted to
smaller ¢.
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Further, the effectiveness of using wedge shaped protrusions on
the side wall of the duct was established by considering two differ-
ent quantitative measures - heat transfer efficiency and net power.
Heat transfer efficiency considers the enhancement in heat transfer
relative to the pressure drop penalty. Its variation with 8, y, ¢ and
H are discussed for Re = 2000 for the same geometric parameters
and H used for HR. Different H has a range of 8, y and ¢ where it
can operate effectively, i.e:- n > 1, with an associated optimal set-
ting to reach nmax. Certain configurations also showed an existence
of a critical H. By net power analysis, effectiveness is measured in
terms of the overall power gained or lost by the system. Critical
Eckert number Ecs for 8 =0.25 & 0.65 and its variation with H
were examined for Re = 1300. The current setup was found to be
effective for power gain APy > 0 for a large range of Ec, includ-
ing fusion relevant conditions. In the end, a short comparison of
the efficiency for the present setup with other heat transfer en-
hancement techniques are made.
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