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dimensionless parameter

, 2e 3T d?
i '(i dk’) wk

"

(9.50)

As reported for tube flows, friction factors were found to increase at low Revnolds
numbers with increasing corona current. No appreciable EHD effects were noted at
Reynolds numbers above 1000.

9.5 BASIC CONCEPTS OF MAGNETOHYDRODYNAMICS (MHD)

9.5.1 Governing Equations

In classical MHD theory, the fluid is considered to be a continuum. The transport
coeflicients, e.g.. electrical conductivity, are assumed to be isotropic and the fluid to be
electrically neutral. It is assumed further that the dielectric constant ¢ and the
permeability g, are scalars, the net space-charge density p. is neglected, and the
convection (displacement) and polarization currents are ignored.

When an electromagnetic field is applied to an electrically conducting fluid at rest,
four forces can arise [85]. These are electrostatic (forces applied on particles with free
electric charges), ponderomotive (the macroscopic summation of the elementary Lorentz
forces applied on charged particles), clectrostrictive (forces resulting from variations in
the dielectric constant with the mass density of the fluid), and magnetostrictive {(forces
arising from variations in the magnetic permeability with the mass density of the fluid).
Typically. in MHD the ponderomotive force is the only one of the above forces that is
comparable to other hydrodynamic forces. (There are exceptions-for example. in
electrostrictive natural convection, in which ¢ is a function of the mass density of the
fluid [47. 67].) Maxwell’s equations for the fixed (laboratory) reference frame [14],
written for the rationalized MKS (m-kg-s) system or SI units [39], subject to the
aforementioned idealizations, are

v B=0 (9.51)
v D=0 (9.52)
v XH=J (9.53)
v XE= - {9.54)
ar
where

B=u H and D =<E {9.55)

Ohm’s law for this case is
J=0o(E+uxB) (9.56)

in which E is measured in the laboratorv reference frame. As shown by this equation,
the motion of a conducting flutd through an applicd magnetic ficld contributes to the
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current density J. This, by virtue of Eqgs. (9.53) and (9.55), implics that the applied
field. in turn, will be altered. The resultant, or total, field is described by the magnetic
induction equaton,

JB

U'B+ V¥V X {(uxB) (9.57)
at ou,

This equation is derived from Egs. {9.56), (9.53), and (9.55) and illustrates the coupling
of the electromagnetic and hydrodynamic fields. The clectrical conductivity and density
are assumed constant,

The governing hydrodynamic equations are the equations of conservation of mass.
momentum, and energy. The momentum equation is

du . .
p[-g;*—(u'V)u]-'*Vp+;LV‘u+pg+JXB (9.58)
Magnetic field interaction with the flow occurs through the ponderomotive force,
J x B

The energy equation is

5

DT ’r rer J-
PG = -Veg'+P4+yg +;~ (9.59)

The term J2 /o represents the dissipative energy resulting from Joule heating of the
conducting fluid. Thus, the effect of an applied magnetic field enters the energy
cquation explicitly through Joule heating and implicitly through the viscous-dissipation
and convective terms.

9.5.2 Dimensioniess Groups

The dimensionless momentum equation is

Du Gra | S

—_—= + + —°

?Dr VP Re? Rew "
M EXB Mz( B X B 9.60
4 X B) + ——(uX B X :
——(kEXB) + ——(u ) (9.60)

where all vector operators are dimensionless. Also.

BiL’s  ponderomotive force
-
«

1

M-

. (9.61)
m viscous force

and

E, applied electric ficld
K = - s 4 i : -t (()6:)
L, B, induced clectric ficld
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The parameter A7 Re i Eq 900y represents the rano of ponderamotine o ot
torces This ratio s referrred to as the muznetic mieraction paramicter N The direction
ol the applicd electre iedd o spectiied by the sign of x

The dimensionless energy equation s

né ! Ec¢ P Lo M- .
- o g s V P - B L e e ‘ ‘ S x B s <L] ('»_i)
ey Prre T Re . Re :
m which the scaling for the energy souree is Lopul.
The dimensioniess magnetic induction equation is
JB 1 ‘B
== ¢ B - U X (4 X B v 64
At Re ) ( ’

o1

For small values of Re, . the applied field is altered solely by diffusion. For large values
of Re, . it is altered solelv by convection. When Re, = 0, the clectromagnetic and
hvdrodynamic equations are decoupled. In most terrestrial applications. Re, <= I und
weak interaction is assumed, Re,. however. can approach a value of unity in lirge

sodium electromagnetic flow meters,

9.5.3 Basic Physics of Magnetic Field Effects in Electricaliy
Conducting Liquids

As shown by the governing equations of laminar MHD flow, an applied magnetic tield
can aflect the temperature of a liguid metal directly through Joule heating, and
indirectly through altering the liquid metal velocity distribution and thereby convection
and viscous dissipation. Joule heat generation is significant primarilv in situations in
which an electric field is applied externally or in which current flows through an
external circuit or conducting duct walls, Usually viscous heat dissipation is negligible
except in situations with very high velocity gradients, in which viscous and Jouie
heatings can be of the same order. In most situations concerning heat transfer between
the liquid metal and a physical boundary. the heat transfer is afected by the
alternation of the velocity gradient at the wall by the magnetic field. However, because
liquid metals have low Prandtl numbers, the heat transfer is governed mostly by
conduction. In turbulent MHD flow, heat transfer is affected primarihv by the magnetie
damping of turbulence,

Noticeable interaction of the magnetic field with the How field occurs if the
magnetic interaction parameter, N = M-=/Re. is on the order of 1 or greater. The
resulting ponderomotive force. J X B, has two components that interact with the tlow
The first component, o(u X B) x B, alwavs acts to decelerate the flow, The second
component, aE X B. can act either to accelerate or to decelerate the How, depending
upon the direction of E. Tt will accelerate the flow if E is opposite tn direction tou ¥ B
When E = - u x B, the current densitv J, and hence Joule dissipution. become zero
In thiy case, a deceleration of the flow occurs and the heat transfer iv decreased. In
general, 1t s not straightforward to determine the change in heat transfer as the result
of an applied magnetic field. In some flow situations. the application of 4 mugnetie field
can increase the heat wansfer rate: in others. it can decrease the rate
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9.6 MHD IN CONFINED FLOWS

9.6.1 Channel Flow

The most basic channel-flow problem is the Hartmann problem [105] This is a
one-dimensional incompressible laminar flow problem in which the spacing between
the wall electrodes is large compared to that between the insulating side walls. The flow
is fully developed. and no axial currents exist. The magnetic field is applicd normal to
the side walls. An electric field is established externally between the electrodes.

Romig [105] examined specialized cases of the Hartmann problem in which the
mass flow is held constant as M and « are varied, and in which « is held constant as
M is varied. As M is increased, convection near the wall increases and the temperature
becomes more uniform. Internal Joule and viscous-dissipation heating also increase
with increasing M. Viscous dissipation is maximum at the wall. The magnitude of Joule
heating also depends on «. When x = —1 (the electrically insulated case). internal
heating occurs very close to the walls. When x = 0 (the open-circuit case) most of the
Joule heating occurs near the center of the channel.

Blum et al. (3, 5] theoretically investigated the case of heat transfer for developed
Hartmann flow through a channel with electrically insulating walls in a transverse
magnetic field. For cases of either constant wall temperature or constant wall heat flux,
the application of 2 magnetic field increases the heat transfer by approximately 30 and
45%. respectively. Most of this initial rise in heat transfer occurs when M < 100. This
is indicative of the Hartmann effect, i.c.. the flattening of the velocity profile with a
concomitant increase in the velocity gradient at the wall.

Various aspects of heat transfer in a spatially developing laminar flow between
parallel conducting walls with various applied magnetic field orientations have becn
considered theoretically by Rajaram and Yu [97]. Similar theoretical entrance studics
with an applied transverse magnetic ficld have been conducted by Perlmutter and
Sicgal [94], Hsia [37]. and others [97]. The entrance length for flow development was
found to depend upon M, Re,,, ¢, and the direction of the applied magnetic field. The
entrance length for velocity decreased with increasing strength of an applied transverse
ficld, whereas with a strong field applied parallel to the flow. it was found to increase
¢ven beyond the length for the ordinary hydrodynamic case. The inclination of the
mugnetic field was determined to have no effect on the heat transfer for low Pr with
constant wall temperature. For low Pr with constant wall heat flux, the heat transfer
depended weakly on the field inclination, increasing slightly as the inclination increased
toward the parallel-field case.

The change in heat transfer for a rectangular channel that occurs in the transition
region from laminar to turbulent flow has been measured by Kovner et al. [44]. The
data (Fig. 9.21) reveal that the maximum reduction in heat transfer occurs at a
Reynolds number equal to approximately twice the critical Reynolds number at a given
M. The critical Reynolds number is that at which the flow becomes fully developed
turbulent. The values of Re,,, are given in [8]. The magnitude of this reduction in heat
transfer is proportional to M and decreases as M~ /Re decreases.

The case of wrbulent flow between two parallel walls with constant heat flux in a
transverse magnetic field was considered analvtically by Krasil'nikov {46]. He obtained
4n expression for the fluid velocity from the semiempirical theory of Kovner [45] Heat
transfer results were approximated by the semiempirical formula [46)

(RS

] Pe
Nu = 100 + 0.025} — {9.65)

1 - {236 /Re) |




9.32 CONVECTIVE HEAT TRANSPER WITH ELECTRIC AND MAGNETIC FIELDS

NU/NUO

1.0
T
09 f— ~
0.8 po -
0.7 b —
— e Pine flow
e Channe! fiow
o | A ! | S A W U 0
02 04 06 08 1 2 4 6 g

Re/Rec,

Figure 9.21. Heat Transfer in a transverse magnetic field during laminar-to-turbulent flow
transition (adapted from Ref. 8.

in which the characteristic length is the channel width, and the heat transfer coefficient
in Nu is based upon the difference between the wall and bulk mean fluid temperatures.

Branover (8] cited experiments performed by Krasil'nikov to study the effect of a
longitudinal magnetic field on heat transfer in turbulent rectangular plane-parallel
channel flow using gallium (Pr = 0.019). The data obtained for both the ordinary
hydrodynamic (M = 0) and MHD (M = 120) cases are shown in Fig. 9.22. For a
constant Pe, application of the longitudinal field was found to reduce the heat transfer.
This reduction was caused by the suppression of turbulence and the average velocity
gradient near the wall by the magnetic field. Over the range of gathered data

20 p-

16 =

Nu

12 p~

i
200 300 400 1000 2000

Pe

Figure 9.22. Heat transfer data for turbulent fow in a high-aspect rato rectangular duct in a
transverse magnetie field (adapted from Ref. &)
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(8 < Nu <12, M =120, and 200 < Pe < 1200), the MHD data were best approxi-
mated by

0.006 Pe

NU = 90 + —io
! 1+ (14.8M2/Re)

(9.66)

in which the characteristic length is the channel width. The heat transfer coefficient was
determined from the heat flux through the wall, the difference between the wall inside
surface temperature and the mean mixed temperature of the liquid. The characteristic
temperature for the thermal conductivity was the arithmetic mean of the test-section
inlet and outlet liquid temperatures.

Heat transfer experiments on combined free- and forced-convection flow through a
vertical channel with conducting walls under the influence of a transverse magnetic
ficld were conducted by Yang and Yu [140]. Application of the field to turbulent flow
was found initially to reduce the heat transfer by suppressing free convection and
turbulence. At higher ficld strengths, the flow became laminarized and the heat transfer
increased because of the Hartmann effect. The point of minimum heat transfer was
found to decrease linearly with increasing Gr/Re?, i.e.. from Re/M = 217 at Gr/Re*
= 0 to Re/M = 80 at Gr/Re’ = 0.4

9.8.2. Pipe Flow

As in the case of channel flow, the heat transfer for laminar flow through a pipe with
clectrically insulating walls increases in the presence of an applied transverse magnetic
field. Mittal [76] examined the intermediate Hartmann number cases of M =038 20,
2.8, and 4.0, and found that the temperature profile and heat flux at the wall acquire an
angular dependence because of the symmetry of the applied transverse field. Increases
in the local Nusselt number as much as 100% occurred when M = 4.0,

The analytical results of Gardner {27] for a constant wall heat flux show that the
average Nusselt number increases approximately 60% as M increases from 0 to 500.
(Here the charactetistic length for Nu and M is the pipe diameter.) Most of the
increase occurs from 1 < M < 100. The Hartmann number range over which this
increase occurs is the same as that predicted by Blum et al. [3,5] for the analogous
channel-flow case.

Experimental heat transfer studies for transition and moderate turbulent flow in an
clectrically insulated pipe were conducted by Gardner et al. [29] using mercury
(Pr = 0.023). These results are shown in Fig. 9.23, in which the characteristic length
chosen was the pipe diameter. The data for Re < 10* show no effect on heat transfer,
because heat is transferred primanily by conduction. As Re is increased, a decrease in
heat transfer then occurs because of the damping of turbulence by the magnetic field.
For higher Re, Nu increases because the inertial force becomes much larger than the
ponderomotive force and turbulent mixing dominates.

In the turbulent flow regime, experiments were carried out by Gardrer and
Lykoudis [28]. The effect of a transverse magnetic field on local and average heat
transfer was measured for flow through an electrically insulated pipe with constant wall
heat flux. For Re < 50,000, the local heat transfer coefficient depends upon angular
orientation with respect to gravitv and the applied field. This frec-convection effect
Cxists up to Re = 315.000. As the strength of the magnetic field increased. the
centerline temperature of the fluid was lowered. and the temperature near the wall
ncreased. These results demonstrate that the overall influence of the applied field is to
nhibit convective heat transfer.
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Figure 9.23. Heat transfer dunng laminar-to-turbulent flow transition for pipe flow in a
transverse magnetic field (29].

The effect of a longitudinal magnetic ficld on heat transfer for turbulent flow of
gallium (Pr = 0.019) in an electrically insulated pipe was measured by Kovner et al.
[44]. Their results are shown in Fig. 9.24. The overall effect of the longitudinal field is to
decrease the heat transfer rate. For low values of Pe (< 200), the magnitude of this
effect decreases. At Pe = 700, suppression of the heat transfer rate is greatest. For high
values of Pe (3 2000), the applied field has little effect, primarily because the inertial
force becomes much greater than the ponderomotive force, i.e.. M ? /Re becomes low.

24

20

Nu 12 b

| i

6 .
140 200 300 400 1000 2000

Pe
Figure 8.24. Hoat transfer data for turbulent pipe flow 1n a longitudinal magnetic field (adapted
from Ref ¥
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The experimental heat transfer results are best described by the expression

0.005 Pe
Nu = 6.5 + = (9.67)
1 + 1890( M /Re)

in which the characteristic length is the pipe diameter. (Here the Nusselt number is for
fully developed turbulent flow based upon the difference between the inside wall
surface temperature fluid bulk mean temperature.) The heat transfer coefficient is
determined in the same manner as that for Eq. (9.65) and the thermal conducitivity is
based upon the bulk mean temperature. The mean temperature ranged from 22 1o 33
K. and the temperature difference from 1.4 to 2.5 K. A theoretical expression similar to
the above was developed by Lykoudis [65], based upon his theory of turbulence
damping due to the presence of a magnetic field [143, 144]:

Nu, ~ Nu,

. 9.68
1 + (250M2/Re' %) (9.68)

Nu = Nu_ +

in which the characteristic length is the pipe diameter, Nu, is the Nusselt number value
for pure conduction (Nu_ = 7.0), and Nu, is that for the ordinary hydrodynamic case.
Here, Nu is based upon a heat transfer coefficient defined in terms of the difference
hetween the inside wall temperature and the bulk mean temperature, and the thermal
conductivity is based upon the bulk mean temperature. This expression also agrees well
with the data of Kovner et al. [44).

9.7 MHD IN EXTERNAL FLOWS AND IN NATURAL CONVECTION

The effect of an applied magnetic field on heat transfer in external flows has been
investigated mainly for the cases of flat-plate boundary-layer and blunt-body stagna-
tion-point flows. The works published in these areas are theoretical and appeared in the
late 1950s and early 1960s with application to space-vehicle surface heating upon
reentrv. Because the air in this situation was ionized and therefore conducting, it was
cnvisioned that the application of a transverse magnetic field could be utilized to
reduce the local velocity and skin friction drag and thereby the heat transfer to the
vehicle's surface.

The classical works in these areas have been reviewed thoroughly by Romig [105]. In
particular, the reader is referred to papers by Rossow [145], Bush [146], and Lykoudis
147.148] These include the theoretical treatments of MHD heat transfer of flow over a
Mat plate for the incompressible case, assuming a constant magnetic flux density and
ctther a constant or a variable electrical conductivity [145], and for the compressible
vase, assuming variable electrical conductivity and variable magnetic flux density [146].
constant electrical conductivity, and either constant or variable magnetic flux density
(147}, or variable electrical conductivity and constant magnetic flux density [148]. These
“tudies show in general that as the boundary layer develops the heat transfer is
reduced. and more specifically that the heat transfer is affected by variations of
clectneal conductivity with temperature, of temperature with velocity, and of magnetic
fux density with distance. as well as by the temperature of the surface.

In MHD free convection. the application of a magnetic field reduces the magnitude
wf heat transfer because ponderomotive forces retard the motion induced by buovaney
The reader is referred to a recent review article by Lvkoudis {142]. which covers the
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Figure 9.25. Tempecrature profiles for a heated vertical plate in a spatiallv varving honzontal

magnetic field {%7]

same subject material. Free convection heat transfer from a heated vertical plate to a
liquid metal has been studied both theoretically and experimentally.

Sparrow and Cess {115] examined the case of laminar free convection from a heated
vertical plate with a constant magnetic field normal to the plate. Their results were
recast {105] in terms of a parameter equal to the mean Nusselt number divided by
Gr!'*. This parameter decreases from its hydrodynamic value in direct proportion to
the Lykoudis number, which represents the ratio of the ponderomotive force to the
square root of the product of the buoyancy and incrtia forces. Previously in the
literature (e.g., [105,110,141]). the Lykoudis number was defined as 2M*/VGr.
Recently, however, it has been defined as Ly = M?/VGr [133,.142]. The more recent
definition is used herein.

Similarity solutions were obtained {30, 64] for conditions like the aforementioned
case but with the applied magnetic field varying as x '“* in the vertical direction, x
being the distance from the leading edge. Experimental confirmation of these solutions
was obtained by using mercury as the working fluid {87]. Experimental results for the
case of Lv = 0.5 are compared with the theory in Fig. 9.25. At a given value of the
similarity coordinate, the dimensionless temperature was found to decrcase with
increasing magnetic flux density (not shown in Fig. 925 For values of Ly up to 1 2,
similarity appeared to be maintained, although no exact theoretical solution was
available for comparison.

Romig {105] has compared the theoretical predictions of the mean heat transfer
parameter for the x '* similarity case with that of a constant applied magnetic field.
She found that for liguid metals when Lv < 0.5, the mean heat transfer is not reduced
as effectively as when the field 1s vartable.

Scki et al. {110] conducted both experimental and numencal studies on the heat
transfer from a vertical plate with uniform heat flux for the case in which the magnetic
ficld was applied parallel to gravitv. The magnetic ficld increases the surface tempera-
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ture. and thereby increases Gr and decreases Nu. Data for M/Gr< 6 x 10 * (0 < M
<400, 2 > 107 < Gr < § x 10%) were best approximated by

Nu M M
) (9.69)

—— = ] =~ 13 % 10°— + 7.5 x 10"
Gr (

Nuy, T

in which the characteristic length is the heating-surface half height, and the characteris-
tic temperature difference used to determine the heat transfer coefficient is that between
the surface temperature at half height and the cold wall. which ranged from 0 to 60 K.
These results may be limited to cases having a similar ratio (= 0.4) of heated section
height 1o spacing between the hot and cold walls, because of possible thermal
interference by the cold wall. Compared to the theoretical predictions of Sparrow and
Cess {115] for the case of a field applied normal to the wall, the overall reduction in
heat transfer for the parallel field case is less at a given value of Ly.

Papailiou and Lykoudis [88] conducted experiments on a free-convection turbulent
boundary layer along a vertical wall with constant heat flux subjected to an applied,
honzontal magnetic field. The magnetic field reduced convective heat transfer along the
plate. The thermal boundary-layer temperature and thickness increased with the
strength of the applied field. Heat transfer coefficients were expressed in terms of total
Nusselt numbers based upon the length of the heated wall and the average temperature
difference between the wall and free stream along the boundary layer. These data are
shown in Fig. 9.26. As Ly increases, a reduction in the overall heat transfer coefficient
oceurs. The change of slope in the curve at Ly = 0.33 corresponds to laminarization of
the turbulent flow. Based upon measured mean temperature profiles, turbulence inten-
sity distributions, and temperature spectra along the wall, the transition from turbulent
to laminar flow occurs at a constant value of the ratio of Gr Pr/M. For six experimen-
tal cases, GrPr/M = 1.2 X 10°. Further analysis [86] showed that below this value a
rapid drop in turbulence intensity occurs, as well as marked changes in the turbulence
sMructure,

A relation between the overall heat transfer and Ly has been found also for the case
of the natural convection of mercury in a vertical cylindrical container with a heated
bottom surface. In experiments by Wagner [133], data were obtained at various
raturated pressures in the presence of an applied horizontal magnetic field ( Fig. 9.27).
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Figure 8.26. Oucrall heat transfer 1n lanunar and turbulent regimes for a heated vertivad plate
< Hansverse magnetic field [88]




9.38 CONVECTIVE, HEAT TRANSFER WITH EFECTRIC AND MAGNETIC TIELDS

10 T T T T T
p g
ok A& 0.0066 MPa .
O 01 MPa
06 O —
2|g = 8 .
04 - A A a =
b Q A Fa -
0.2 f- A P
0.0 1 1 1 | 1
0 25 50 75 100 125 150

Lykoudis number Ly

Figure 9.27. Overall heat transfer for natural convection from a heated horizontal surface inside
a vertical cylinder in a transverse magnetic field (adapted from Ref. 133).

Reductions of up to 80% in the Nusselt number were measured. The correlation best
describing the data is [142)]

Nu 1
— (9.70)

Nu,  (1+015Ly)""

Here. the heat transfer coefficient in Nu is based upon the difference between the
temperature of heat transfer surface and liquid bulk mean temperature.

Recent experiments on natural convection heat transfer from finite horizontal
cylinders treat magnetic field orientations in all three directions normal to the axis of
the cylinder. Measurements in mercury with the magnetic field oriented along the axis
were reported by Lykoudis and Dunn {66]. Detailed local heat transfer measurements
in mercury for the other two field orientations have been presented by Michiyoshi et al.
[72]. Blum and Kronkalns [4] reported data on free-convection heat transfer between a
horizontal cylinder and a ferroliquid with the magnetic field normal to the axis of the
cylinder. Similar experiments were reported by Kronkains and Blum [48] for a high-Pr
lithium-ammonia solution with the magnetic field normal to the axis and parallel to
gravity. For all these cases. the application of the magnetic field reduced natural
convection heat transfer from the cylinder,

In the experiments of Lvkoudis and Dunn [66], the magnetic field suppressed free
convection to the conduction limit. In the experiments of Michiyoshi et al. {72}, for a
fixed Gr, the Nusselt number (determined from temperature measurements around the
cylinder circumference) decreased with increasing M. This decrease gradually levelled
off at high M. Dunn [22] derived a semiempirical expression that correlated the data
from both these experiments:

Nu - Nu, Ly Ly*}" (9.71
e le 4 {1 4 e :
\uu - \U \/(}, "n } )
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m which C, is a function of the cvlinder aspect ratio as shown in Fig. 9.28 [22] and the
characteristic length is the cylinder diameter. This expression is compared with the
experimental data in Fig. 9.29, in which cases | and 2 are from Ref. 72 and case 3 from
Ref. 66. For cases 1 and 2, Nu represents a local Nusselt number whose heat transfer
coeflicient is based upon the temperature difference between the cylinder surface and
the ambient mercury. This difference ranged from 0 to 80 K. For case 3, Nu represents
40 average Nusselt number based upon the temperature difference between the probe’s
surface (as determined from the probe’s overheat ratio) and the ambient mercury. This
difference varied from 12 10 27 K. The semiempirical expression predicts the reduction
i1 both local heat transfer and overall heat transfer. Close agreement between theorv
ind experiment is obtained in all three cases for (Nu - Nu }/(Nu, = Nu,) = 0.2. For
lwer values, theory and experiment do not compare well because conduction has
hecome the dominant mode of heat transfer.

The effect of a magnetic field on forced convection from a horizontal cvlinder (a
hot-film probe) was measured also in the experiments of Lvkoudis and Dunn [66]. In
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Figure 9.29. Heat transfer for natural convection from heated horizontal cyvlinders in magnetic
fields of different orientations {adapted from Ref. 22).

their experiments, the value of the interaction parameter N was of order 1. Heat
transfer data were gathered over the ranges 0 < Re < 130 and 0 < M < 4.7. Their
results are shown in Fig. 9.30. For a given value of Re. the heat transfer from the probe
decreased with increasing M. Decreases of up to 50% in the Nusselt number were
measured at Re = 100. Similar experiments were conducted at low values (< 0.005) of
the interaction parameter N by Platnieks [96], and no effect was found.
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Figure 9.30. Hcat transfer for forced convection from a horizontal evhindrical hot-film probe in
an anially ahigned magnetic ficld {661,
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NOMENCLATURE

Ay wall area, o, ft°

B magnetic flux density, T. Wb/m?, Wb /ft’

c.c* constants depending on geometry

G empirical constant

¢, specific heat. J/(kg - K), Btu/(lb,, - °F)

D dielectric displacement field, C/m?, C/ft*

d spacing between electrode and corona discharge source, m. ft
E electric field vector (£, E,, E.), V/m, V/It

E average electric feld, V/m, V/ft

E, threshold electric field, V/m, V /ft

Ec Eckert number = U?/c, (T, = T})

F load factor

F. electric body force, C/(nt - 5), C/ft - )

/ Fanning friction factor = 1_/(pU°/2)

fo Fanning friction with no electric or magnetic field
Py gravitational acceleration, m/s?, ft/s?

Gr Grashof number = p’gBAT L3 /p’

H magnetic field intensity, A/m, A/ft

h heat transfer coefficient, W /(m - K), Btu/(h - ft* -° F)
h, stagnation heat transfer coefficient, W/(m’ - K), Btu/(h - ft* - °F)
h, local heat transfer coefficient, W /(m? - K), Btu/(h - ft? - °F)
! electric current, A

1, electric current scale, A

i enthalpy per unit mass, J/kg, Btu/lb,,

J current density (J,, J,, ), A/m, A/ft?

J magnitude of current density, A/m’, A/ft?

K jon mobility, m* /(V - 5), ft? /(V - )

A thermal conductivity, W /(m - K}, Btu/(h - ft - °F)
I characteristic length, m, ft

Ly Lykoudis number = M2/ /Gr

L, length scale, m, ft

v Hartmann number = BL\/o/p

v Interaction parameter = M*/Re

Ne dimensionless electric numl;er, Eq. (9.15)

Ne® dimensionless number. Eq. (9.48)

Nu Nusselt number = hd /k

Nu, Nusselt number with no electric or magnetic field
Vo dimensionless charge number, Eq. (9.50)

r maodified pressure, Eq. (9.10), Pa, Ib, /[t

r pressure, Pa, 1b,/ft-

NOMENCLATURE 9. 41

Péclet number = PrRe
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Prandtl number = v, a

volumetric heat generation, W m', Ba th - fty
heat Hux, W, B (h - o

magnitude of wall heat flux. W, ', Bto (h - ft'
Reynolds number = U1 /v

critical Reynolds number

electrical Revnolds number, Eq. (9.17)

magnetic Reynolds number, op UL

inner radius, m, ft

outer radus, m, ft

radius, m, [t

temperature. °C. K, “F. °R

wall temperature, °C, K. °F, °R

reference temperature, °C, K, °F. °R
free-stream temperature, °C, K, °F, °R

time. $

bulk velocity, m/s, ft/s

characteristic corona wind velocity, m,/s, {t/s
velocity scale, m/s, ft/s

velocity vector (u, t, w), m/s. ft/s

voltage. V

ion drift velocity, m/s, ft/s
dimensionless length. Eg. (9.27)
Cartesian coordinate, m, ft
Cartesian coordinate, m, ft

Greek Symbols

> O W R

-~
~

thermal diffusivity. m’ /s, {t°/s

coefficient of thermal expansion, K ', °R !
boundary-layer thickness. m, ft

thermal boundary-layer thickness, m, {1t

dielectric constant. gas permittivity, C/¢m - V). C/efe- V)

permittivity of free space. C/(m - V), C/ft- V)
dimensionless temperature, Eq. (9.13)
(applied electric field) /(induced electric hield)

linear charge density, C/m. C/ft. or point charge density, C/m, C 00

dvnamic viscosity, Pa - 5, 1o, /(h - fy)
magnetic permeability, H/m. H/ft
kinematic viscosity = p/p

density, kg/m’, I, /ft
space-charge density, C/m' s

reference space-charge density, Com' O A
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REFERENCLS

electrical conductivity, S/m, S/ft

o
T fluid shear stress at wall, Pa, Ib,/ft’

X dimensionless space-charge number. Eq. (9.15)
¢ electric potential, V

o reference or threshold electric potential, V

¢ conductance ratio
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