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Testing and Modeling Thermosyphonic Closed-Loop
Magnetohydrodynamic Electrolyte Flow

Nesreen Ghaddar* and Elie Sawaya®
American University of Beirut, Beirut 1107 2020, Lebanon

An experimental and analytical study is presented of thermosyphonic magnetohydrodynamic (MHD) flow of
electrolyte solutions using permanent magnets to produce the magnetic field. For this purpose, a thermosyphonic
closed loop MHD flow system is built and tested. The heated upper and cooled lower parts of the loop are constructed
from copper pipe coated with varnish on the inside surface. The middle region is made from Plexiglas® vertical
pipes, with copper electrodes placed opposite to each other on the inside, and a transverse magnetic field applied
by a set of permanent magnets. Measurements of the induced flow rate and open circuit voltage are reported as
a function of driving temperature difference and magnetic field strength. An analytical one-dimensional model
of the flow is used to predict the output voltage and flow bulk velocity. The model is extended to account for
the electrode design and the Hall effect pertinent to electrolyte solutions. The developed model has captured
the important physical and electrical characteristics of the flow and compares well with experimental data. The
work has resulted in evaluating the Hall parameter (w7) of electrolytic solutions, as a function of temperature
and electrical conductivity of the fluid. It is found that (w7) can be as large as 100 for electrolytes and causes a

significant loss in power output at the electrodes.

Nomenclature

magnetic field strength, T

specific heat

loop pipe diameter

spacing between the electrodes
open-circuitelectric field, V/m
friction factor for laminar pipe flow
Grashof number, g8A TD? /12
gravitational acceleration
Hartmann number, ByD (o /pov)
heat transfer coefficient in the loop channel
electric current, A

induced electric current density

vertical height of the loop

height of the insulated region

4h/(pCVy) = Nu/RepPr

Nusselt number, hd/k

Prandtl Number, v/«

pressure

Reynolds number, VoD /v

temperature

open-circuitvoltage, V

bulk-induced velocity in the loop

Cartesian coordinates

thermal diffusivity

thermal expansion coefficient

temperature difference between hot and cold parts
dimensionless temperature, (T —T.)/(Ty — T¢)
fluid viscosity
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v = kinematic viscosity of the fluid
po = density of the fluid

o = electrical conductivity

T, = shear stress in the channel

wt = Hall parameter

Subscripts

b = bulk values

C = cold

H = hot

Introduction

HERMOSYPHONIC motion in closed loops plays an impor-

tant role in the design of thermal energy systems, which are
characterized by at least one heat source and some heat sink posi-
tioned at some height above the source. When a transversemagnetic
field is applied on an electrically conducting fluid in the loop, con-
vective motion is damped, and an electric current is induced. The
induced electric current is significant when liquid metal solutions
are used, butis very small forelectrolytesolutions. Electrolyteshave
a low electrical conductivity and a high Hall parameter value that
warrant their use for magnetohydrodynamic(MHD) power genera-
tion. In general, electrical conductivityis a property that represents
the ease with which an electrical charge can be transportedthrougha
conductor. In a solid conductorsuch as copper, the charge transport
is confined to one dimension. In gases, an electron with a charge has
arandom thermal motion, which causes it to collide with the atoms,
molecules, and ions of the gas with a mean free time 7 between
collisions. This time is a function of the density of the particle, the
momentum transfer cross section, and the mean random velocity
of electrons. The other important quantity in gaseous conductors is
the frequency of their circular orbit, which an electron describesin
a magnetic field. This quantity is called the cyclotron frequency w
and its value in radians per second is proportional to the magnetic
field strength. In a gaseous conductor, both the electrons and posi-
tive ions can move under the action of electromagnetic forces. The
diffusion velocity of ions may not be negligible compared to that of
electrons, causing what is called the ion slip, and charged particles
in a magnetic field tend to move in a direction perpendicularto both
the magnetic and induced electric fields. This is the well-known
Hall current in the direction of the fluid motion (see Ref. 1). The
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Hall currentis negligible when the product of wt, known as the Hall
parameter for the ionized gas, is much smaller than unity (wt < 1).
The Hall parameter is proportional to the magnetic field and is a
function of density and temperature of the ionized gas (see Refs. 2
and 3). In electrolytes, a similar effect takes place when the moving
fluid is subjected to electromagnetic forces. This effect results from
the influence of the magnetic field on the induced currentitselfin the
moving fluid where ions are not confined, leading to an alternative
generation concept.?

The interestin MHD electrolyte flow is revivedin energy systems
that require control of flow destabilization or damping of motion
where applications extend to reducing drag on objects moving in
seawater. Weier et al.? presentedan overview of experimentalresults
of boundary-layercontrolby means of electromagneticforces. Their
investigation focused on the use of wall parallel Lorentz forces in
the streamwise direction to control a flat plate boundary layer and
flow separation on hydrofoils. Furthermore, Weier et al. worked on
cylinder wake stabilization in an electrolyte solution by means of
electromagnetic forces localized on the cylinder surface.*

Hydrodynamic and thermal aspects of convectivemotion charac-
teristics of single-phaseclosed-loop thermosyphonhave been much
discussed in literature. Creveling et al.> studied the dynamics of
the thermosyphonic flow in single circular loop system exhibit-
ing typical nonlinear effects using one-dimensional analysis and
verified their model with experimental observations. Recently, Er-
hard et al.® and Erhard and Muelleur’ derived a one-dimensional
model based on realistic heat transfer law for natural convection
in a closed loop and performed experiments to validate the model
predictions for symmetric and nonsymmetric arrangement of heat
sourcesand sinks. In previous work, laminar thermosyphonicsteady
flow in closed-planechannel loop in a transverse magnetic field was
studied by Ghaddar® using a one-dimensional analytical model and
by Ghaddar® using a two-dimensional spectral element numerical
model. The relevant analytical model predicted values of induced
flow velocity and induced current, which compared favorably with
the numerical model.’> However, the model did not take into account
the electrode design and the type of electric output connection.

No previousexperimentalinvestigationhas beenreportedon ther-
mosyphonic MHD flow of electrolytes. In this work, it is intended
to test experimentally the thermosyphonic MHD flow using sodium
chloride solution as the circulating fluid in a cylindrical channel.
A functional relationship is developed between the induced elec-
tric current and the magnetic field strength under different driving
thermal conditions for a loop with circular cross section. The one-
dimensional model is modified for the special conditions of the
system, where only a portion of the loop is exposed to a transverse
magneticfield. The developedmodel will take into account the elec-
trode design and the Hall parameter. Experimental measurements
will be compared with the model predictions.

Experimental Apparatus

Closed-Loop Setup

The vertical thermosyphonicclosed-loopsetupis shownin Fig. 1.
It consists of a tubular closed loop. The upper and lower parts of
the loop are constructed from copper pipes coated with varnish on
the inside to yield electrically nonconductingwalls. The middle re-
gion connecting the upper and lower parts of the loop is made from
vertical plexiglass pipes. The working fluids are mainly NaCl and
KCl solutions. A filling top tube and a valve serve as vent for the
loop and a bottom outlet that serves as a drain. The lower part of
the loop (copper tubes) is immersed in a hot water stainless steel
reservoir, insulated with a 50-mm fiberglass layer. The reservoir is
electrically heated and controlled with an Ultraterm heating unit
with proportional integral derivative (PID) control and can with-
stand temperatures of up to 100°C. The dimensions of the bath are
170 x 550 x 330 mm. The Ultratermunit providestightcontrolover
temperatures. The upper part of the loop is enclosed in a cooling
cylinderof 150 x 250 mm in which cooling water is circulated from
the cooling unit, where the temperature is also PID controlled. The
transverse magnetic field is imposed using permanent magnets that
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Fig. 1 Vertical thermosyphonic closed-loop setup.

are capable of providing a magnetic field of 0.225 T in the fluid. The
permanent magnets are placed opposed to each other perpendicular
to the electrodes in the middle region of the loop (100 mm long)
between the heated reservoir and the cooling compartment using a
stand made of aluminum. The two types of magnets used are the sin-
tered neodymium iron boron type of dimensions 100 x 50 x 6 mm
(NIBL00127 and NIBL0O0561) and the sintered ferrite of dimensions
100 x 100 x 5 mm (SFBL00210 and SFBL00211). When only the
neodymium iron magnets are used, a magnetic field of 0.1 T was
obtained. Using both magnets of ferrite and neodymium added to-
gether to created a magnetic field of 0.225 T. The strength of the
magneticfield is calculated'® and measured using an F.W. Bell hand-
held Gauss meter Model 4048, with a range of up to 2 T, resolution
of 0.01 mT, and accuracy of +2% in the various settings of the
experiment in presence of the liquid at 20°C. The change in the
magneticfield strength was less than 2.5% with temperature change
from 20 to 80°C.

Electrodes are placed in the middle insulated region opposite to
each other on the inner plastic tube wall. The connection of the
electrodes to the data acquisition system is performed by heat re-
sistances and isolated copper wires pinched and welded to the elec-
trodes. Three differentelectrode designs are used in the experiments
representingcombinations of the electrode type and its electric con-
nection for output: 1) segmented electrode with Faraday generator
connection, 2) continuous electrodes with Faraday generator con-
nection, and 3) segmented electrode with Hall generatorconnection.
The continuouselectrodes are made of continuous copper sheets cut
to required dimensions, where a copper wire is pinched and welded.
The electrodes are placed inside the tube and fixed to the surface
using transparent epoxy glue. For the segmented electrodes type,
two integrated electrode boards are mounted into the straight insu-
lated region, opposing each other and perpendicularto the magnetic
field. Each board measures 8 mm in width, 80 mm in length, and
1 mm in thickness. A slot is machined into the Plexiglas tube to fit
the electrode board in it. The board laminate is made from epoxy
resin FR-4, a material commonly used for printed circuit boards.
The top of each board features the 20 electrodes, and wires are con-
nected from the bottom to the electrodes and welded. The electrode
segments are 2 mm wide and extend across the entire width of the
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Fig. 2 Segmented electrode board design.

board, and subsequent electrodes are spaced 4 mm apart (center
to center) as shown in Fig. 2. The different experimental modules
basedon electrodedesign, electrode connection,loop geometry,and
conditions are summarized as follows:

Module 1 is a segmented electrodes module, connected as a
Hall generator (case 3). The specifications of this model were
L =220 mm, [ =60 mm, D =20 mm, and w = 100 mm. The total
electrode dimensions are length=30 mm and width =25 mm.

Module 2 is a round continuous electrodes model, connected as
Faraday generator (case 2). The specifications of this model were
L =170 mm, / =50 mm, D =20 mm, and w = 100 mm. The elec-
trode dimensionsare length = 80 mm and width = 25 mm. Two pairs
of electrodes are used, one pair for each side of the loop.

Module 3 has square continuouselectrodesand Faraday generator
connection (case 2). The electrodes in this module are flat and par-
allel to each other in a direction perpendicularto the magnetic field.
The specification of this model were L =212.5 mm, / = 62.5 mm,
D =24.3 mm, and w = 100 mm. Distance between the electrodes
D, =22 mm. The electrodes’ dimensions were length=120 mm
and width =22 mm. The insulated region is made in a rectangular
box shape with dimensions of 30 x 35 x 125 mm.

Module 4 is a segmented electrodes model, with Faraday gen-
erator connection (case 1). The specifications of this model are
L =200 mm, /=50 mm, D =20 mm, and w = 100 mm. The elec-
trode overall dimensions were length= 80 mm and width =8 mm.

All dimensions and distances are measured with a digital vernier
caliper accurate to within +0.003 mm.

Testing Facility and Instrumentation

The experimental apparatus and instrumentation of the MHD
thermosyphonic loop testing facility consisted of the following:
Horiba conductivitymeter, with arange of 200 mS/cm, resolutionof
0.1 mS/cm, and accuracy of =1%; a Fluke 52 K/J digital thermome-
ter used with a K-type thermocouple, measurement range from
—200 to +1370°C, with a resolution of 0.1°C, and accuracy
of £0.1% of reading +0.7°C; two Tektronics multimeters; one
Hewlett Packard (HP) 6-digits multimeter with a precision error of
£.001 mV; and a Julabo refrigerated circulator with pressure pump
of 20 1/min flow and suction pump of 14 1/min flow with valves to
control the flow. Temperature was PID controlled with a stability
of £0.01°C and a range from —33 to 200°C. It had a filling vol-
ume of 12-16 liters. The Ultraterm heating unit could heat up to
200°C and has £0.1°C temperature stability. It was equipped with
an internal circulation pump of 12 1/min. A computerized data ac-
quisition system was used for the measurements of model 4 because
of the high number of electrode pairs. The computerized data ac-
quisition system consisted of a personal computer with Pentium III

processor, one National Instruments SCXI 1000 chassis, 2 National
Instruments SCXI 1100 multiplexers that can take 32 differential
channels each and can read 2 samples/s with a 4-Hz low-pass filter,
2 National Instruments SCXI 1300 terminal blocks with temperature
compensation units, a National Instruments data acquisition board
AT-MIO-16E with 8 analoginput channels, connecting shielded ca-
bles and LAB View software to operate the hardware.

Experimental Procedure

The working fluid of the loop is prepared with tap water heated to
25°C. Salt was added until the reading from the conductivity meter
indicated the required conductivity (15 or 20 S/m). The conductivity
meter maximum scale reading was 20 S/m. The loop is then filled
with the working fluid. Before immersing the loop in the hot bath
and while the uppercylinderis still empty, voltagereadings are taken
to check for any bias, to be removed from the readings at the end
of the experiment. Then, a Plexiglas board is added to the magnets’
stand from below to prevent hot vapor from heating up the magnets.
Subsequently, the loop is immersed in the hot fluid, and the valves
of the cooling cylinder are opened while the temperatures of the hot
bath and the cold bath are monitored on the display of the cooling
circulator and of the Ultraterm heating unit. Liquid thermometers
immersed in the baths confirmed these readings. The cold bath tem-
perature was maintained at 0°C with a flow of 14 1/min, and this
temperature was attained by the addition of an antifreeze solution to
the circulating fluid. The increase in temperature in the hot bath is
of the order of 5°C per reading, starting at 25°C and ending at 80°C.
When the temperature stabilized at the required value, 5 min are
given to the system to reach steady-state conditions, then wires em-
anating from the electrodes are short circuited to cancel any static
charge build up, and reading of the steady-state voltage is taken.
The steady tests on any one module are repeated at least twice, and
readings are compared. The uncertainty in the recorded electrodes’
output voltage, and the driving difference AT were well within the
precision limits of the voltage and temperature measuring devices
given earlier.

The computerized data acquisition system is used for module 4
due to the large number of simultaneous readings to be taken in the
experiment. For this purpose a code is written to do the sampling.
The readings of the system are streamed to a spreadsheet, where the
calculationsare made for averaging the readings. A special blue ink
die, a chronometer, and a digital camera are used to measure bulk
velocity and visualize the flow for the case when no magnetic field is
presentbecause the magnets blocked the flow view when deployed.
An error of up to 6% is incurred in the measured bulk flow velocity
as the dye moves along the loop down from one side and up to the
other side.

Analytical One-Dimensional Model

Flow and Heat Transfer Equations

The one-dimensional model for the loop is based on the solution
of Ghaddar® for a plane channel closed loop placed in a transverse
magnetic field. In this work, the solution will be modified to repre-
sent a flow in a cylindrical channel of diameter D. The transverse
magnetic field B, is applied perpendicular to gravity only in the
middle insulated portion of the loop of height 2/ and not to the
full height of the loop, as shown in Fig. 1. The Boussinesq fluid
contained in the loop is electrically conducting with an electrical
conductivity o and a coefficient of thermal expansion . The mag-
netic field By is applied perpendicularto gravity in the x direction.
The thermophysical properties of the fluid at a reference tempera-
ture T, are assumed to be constant except for the density p, which
is related to temperature according to p = po[1 — B(T — Ty)]. The
lower portion of the loop wall is isothermally heated to T, while
the upper part is isothermally cooled to the reference temperature
Tc. To simplify the coordinate system, circular ends at the top and
bottom parts of the loop are consideredto be straight, and the origin
of the y axisis placed at the midpointof the left segment of the loop,
parallel to the flow direction as it moves against gravity from O to
2L and then with gravity from —2L to 0. Axial heat conductionand
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viscous heating are neglected, and the steady conservation equa-
tions are written in terms of the cross sectionally averaged velocity
Vo and bulk temperature 7}, as follows.

Continuity:

Vo = const (D

Momentum:

4z,
D

op
0= —— — —oV.B? —
ay P8 oV 0

@)

Energy in the isothermal regions, —2L +[ <y <—land[ <y <
2L —1:

o1, 4h -
oC VOW = B{Tw —T,(M}+ o V; B, (3a)

Energy in the insulated regions, —/ <y <4/ and 2L —[<
y>-—-2L+I:

aT,
pClVo—|[=0 (3b)
ay

where T,, is the loop wall temperature in the isothermal regions
defined by

T,=Ty (4a)
for 2L +1<y<—Il and
T,=Tc (4b)

forl <y <2L — [.Equations (1-3) are solved for steady state condi-
tions. Following the solution of Ghaddar.? the energy equations (3a)
and (3b) are solved first for the temperature in dimensionless form,
0, =T, —T¢)/(Ty — T¢), along the full loop as

—2L+1l<y=<-I

1+ Ae=md,
6, =
+l<y=<2L-1 (52)

Bem/d
where A and B are the dimensionless terms defined as

_ {1 — exp[—2m(L —1)/d]}
"~ {exp[—=mQL — 31)/d]— exp[m2L — [)/d]}

(5b)
B = Aexp(2ml/d) + exp(mt/d) (5¢)

where m is the Stanton number (m = Nu/RePr), Nu is the Nusselt
number of the flow, and Pr is the Prandtl number of the fluid. The
momentum equation (2), which shows a balance between buoyancy,
Lorentz forces, and friction forces, is integrated along the loop. The
pressure variation in the loop is due to gravity, which is the driving
force for the whole motion. The shear stress force can be expressed
in terms of the friction factor as 7, = fiooVi? /2, where the friction
factoris f = 16/Re, for laminar pipe flow. The Lorentz force in the
present solution is integrated over the length of the insulated region
41, whereas the friction force will be integrated over the full length
of the loop 4L. Then, for the present setup, the predicted analytical
relation between the induced velocity and the imposed temperature
differenceis given in terms of dimensionless parameters as

_ [128Re*f +4ReHa*(l/L)]
©23/L)(S) + m(K)/(L/d)

(62)

where K and S are

K = %[A(zemL M — em(ZLfl)) + B(e—ml +efm(2L7l) _ 267'“‘)]
(6b)

S= %[A(eml _em(ZLfl)) + B(efml _ e*m(ZL*/))] (6(;)

AT =Ty — T¢ is the temperature difference between hot and the
cold walls. Note that in the solution there is no restriction on the
relativesize,l/L, of the insulatedregion to the isothermal regions.In
the high Hartmann number limit (Ha > 100), the friction factor f is
significantly higher than the simple value used in the present model
where the ratio f(;a—o)/f(a > 100 ~ (Ha)™' according to Grandet
et al.!' The Hartmann number range for the presented solution is
then limited to Ha < 20, where the magneticfield effect on the shear
stress compared to Ha = 0 case can be neglected.

Electric Field and Current Equations

For electrolytes, the design of the electrodes and their electric
connections affect significantly the electric output predicted from
the system. Electric output equations are derived for the three com-
binations of electrode types and electric connections as described
in the experimental setup section.

Case 1: Continuous Electrodes Faraday Generator Connection

The externalopen-circuitelectricfield E,. (voltsper meter),open-
circuit voltage V.. (volts), and load electric fields E, (volts per
meter) are given by

Ey. = Vo By (7)
Voc = Eoc : De (7b)
EO = KVOBO (7C)

where K is the load factor defined as K = E/E,.. The induced
electric field (volts per meter) across the fluid is

Eing = VoBy(K = 1) (®)

The load current density (amphere per square meter) perpendicular
to the flow direction is

Je ={o/[1 + (@1)*1} Vo Bo(K — 1) ©))
The total current ampere is
I = J: X Aciectrode (10)

where Agjecrode 18 the area of the electrodesand wt is the Hall param-
eter. For liquids, in an appropriately designed apparatus, potential
differences related to the Hall effect may be measured in principle
and w7 can be obtained.

The generated electrical power (watts per cubic meter) per unit
volume of fluid enclosed between electrodes of the Faraday gener-
ator is J, E, given by

P ={o/[1+ (wt)’}VZBIK (K — 1) (11)

which shows the resulting drop in the performance of the Faraday
generator due to the Hall effect. The generated power for K < 1 is
negative, whereas the mechanical push power or inputis positive by
definition.

Case 2: Segmented Electrode Faraday Generator'

The output of a Faraday generator with continuous electrodes
will be seriously reduced due to the Hall current closing through
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the electrodes. To avoid this and to break the return path of the
Hall current, segmented electrodes are usually used such that each
pair of electrodes has its own individual load. To minimize the Hall
current, the electrodes have to be very narrow in the y direction
relative to the width of the channel. With segmented electrodes, the
Faraday current (amphere per square meter) and power output (watt
per cubic meter) of Egs. (9) and (11) output will be replaced by

Jo =oVpBy(K — 1) (12)
P =—oV?BIK(1—K) (13)

Case 3: Segmented-Electrodes Hall Generator Connection'

When wt becomes very large, the Hall voltage becomes large
compared with the Faraday voltage. The Faraday current J, is made
as large as possible by short circuiting the electrode pairs. This leads
to a maximum currentalong the axis and is extracted by connecting
a single load to the first and the last pairs. The open-circuit axial
electric field is:

E, = —wtVyB, (14)
The load factor for the Hall generator becomes
K = —(E,/wtVoBy) (15)

Experimental studies of the Hall effect for electrolytesreport po-
tential differencesup to severaltens of millivoltsin constantimposed
electricfields. The Hall parameter for liquids s directly proportional
to the imposed magnetic field strength.> Although the ionic Hall pa-
rameter values computed from different theories agree, this does not
mean that the effect of the magnetic field on electrolyte conductiv-
ity is clearly known. The developmentof a relatively simple theory
explaining all experimental findings remains a serious challenge to
theoretical electrochemists? The Hall effect can substantially de-
crease J,, and the short-circuited Hall current flux (amphere per
meter squared) in the flow direction y is

Jy = {o/[1 + (@) N0t Vo By(K — 1) (16)

The Hall current can exceed the Faraday current flux if wt > 1.

It is clear that the open-circuit electric field and voltage for the
Hall connected system is larger than the segmented Faraday system
by a factor of wt, whereas the short-circuitcurrentis smaller by the
factor wt/[1 + (wt)?]. The power output (watt per cubic meter) of
the Hall connected system is

Py = —JpE, = ((00)*/[1 + (@1’ BVy Bjo Ky(Ky — 1) (17)

Results and Discussion

Flow Hydrodynamics

Visualizations of the steady flow around the thermosyphonic
loop in the transparent and insulated connecting region (module
3 with L/D =8.74,1/D =2.67, and D =24.3 mm) are shown for
AT =80+£0.2°Cin Fig. 3, where Figs. 3a and 3b are for the down-
going flow side and Figs. 3¢ and 3d are for the upgoing flow side of
the same loop. The fluid moving downward in the visualized zero-
flux regionis at its coldest state in the loop after circulating through
the top heat sink and has a flat almost parabolic velocity profile,
where the flow core has a higher velocity than the wall layer. The
fluid moving upward in the visualized zero-flux region (Figs. 3c
and 3d) is at its hottest state in the loop after circulating through the
bottom heat source. The velocity profile of the upward moving fluid
clearly shows the buoyancy-drivenhotter wall jets that mobilize the
bulk of the flow upward. The fluid wall layerin this case has a higher
velocity than the central core velocity.

Experimentally measured velocity is compared with the ana-
lytically predicted velocity at Ha =0, using Eq. (6). In the one-
dimensional model, the flow Nusselt number is assumed constant
throughoutthe loop. This assumptionis valid for small values of Vj,.
For moderate values of Vj, the heat transfer is generally improved

a) c)

Fig. 3 Flow visualization at AT = 80 & 0.2°C: a) downflow at ¢ = 2s,
b) downflow at ¢ = 3s, c) upflow at = 15s, and d) upflow at # = 16s.

with A varyingas ha VOI/3 in the laminarflow regime.* Figures 4a—4d
show the variation of analytically predicted and experimentally cal-
culated Reynolds number with Grashof number at different val-
ues of Nusselt for the different prototypes. The liquid properties
are evaluated at the mean temperature of the fluid, (Ty + T¢)/2. A
correlation for a Nusselt number as a function of Reynolds (Nu =
2.304Re'? 4 C)), is developed to best fit the data for the loop
prototypes, where the coefficient C; depends on L/D ratio of the
loop modules. [C; =—9.5, —10.0, —11.5 and —12 for L/D =11
(module 1), L/D =10 (module 3), L/D =8.74 (module 4), and
L/D =8.5 (module 2), respectively.] When the correlation gives
Nu smaller than isothermal laminar pipe convection of 3.66, the
value of Nusselt number of 3.66 overrides. When the correlation
is substituted directly into the analytical one-dimensional model,
the predicted values of the Reynolds number agree well with ex-
perimental data, as shown in Fig. 5, where the error between the
analytical model and the experimental Reynolds number at varying
Grashof number is reduced to less than 5%. Although the analyt-
ical one-dimensional model has limitations due to neglecting the
loop bends at the upper and lower parts and other assumptions with
regard to constant properties, it does give good predictions of the
induced velocity of the flow.

Analytical Model Predictions of ReHa

The product of the Reynolds and Hartmann numbers is
a dimensionless parameter proportional to the open-circuit
voltage for the continuous electrodes Faraday generator,
ReHa=E,.D? [(o/wn)'/?]/v. The open-circuit voltage parameter
Eo.D?[(o/m)'/*]/vinthe developedanalyticalmodelis notexplic-
itly expressed in a closed form in terms of the other parameters of
the system but is calculated from the implicit numerical solution of
Eqgs. (5) and (6) as a function of Hartmann number and Grashof num-
ber, using the experimental correlation of Nusselt number. Figure 6
shows the product ReHa as a function of Hartmann number Ha at
fixed Grashof number. (The one-dimensional model is applicable
for the present experimental conditions.) It is clear that there is an
optimal Hartmann number Ha for maximum induced voltage. The
optimal Hartmann number increases as the Grashof number is in-
creased. (Hagy =12.5 and 14.5 for Gr=3 x 10° and Gr=5 x 107,
respectively.) The maximum Hartmann number imposed in the ex-
perimental work is about 1.2, which is one order of magnitude less
than the analytically predicted values for maximum induced open-
circuit voltage.

Electrical Characteristics of Thermosyphonic MHD
Flow of the Hall Generator

Experimental tests are made on module 1 Hall generator con-
nection to investigate the effect of using differentsalts on the open-
circuitvoltage. Sample of results are shown in Fig. 7 for experiments
conducted with a magnetic field of 0.1 & 10~* T and a conductivity
of 20£ 0.1 S/m, and the used salts were MgCl 6-hydrates, NaCl,
and KCl, respectively.
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Fig. 4 Variation of analytically predicted and experimentally calculated Reynolds with Grashof number at different values of Nusselt number for

the different loop prototypes.
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Fig. 7 Open-circuit voltage output (millivolts) (measurement error
40.001 mV) of segmented Hall generator (module 1) vs AT (proba-
ble measurement error £0.2°C) at 20 & 0.1 S/m and 0.1 & 0.0001 T.

The upward flow induces higher voltage output than the down-
ward flow. This is mainly due to the higher velocity in the upward
flow. The accelerating upward flow is warmer than the downgoing
flow, and hence, it has a lower bulk density than the downward flow.
To satisfymass conservationin the constantdiameter loop, the lower
density upward flow will have a higher velocity than the higher den-
sity downward flow. This is not the only effect because the velocity
profiles across the hot domain are not parabolic because the flow is
driven by natural convection, having higher velocity near the wall
and less at the center. Also the magnetic field is low at the center
and higher at the walls, and so this region of high magnetic field and
high velocity near the wall of the upflow contributes in the higher
voltage in that region. The upflow voltage increases smoothly from
2+0.001 to 11£0.001 mV, and the downward flow voltage in-
creases from 1 £0.001 to 5+ 0.001 mV. The cooler side shows less
discrepancy in the measure of voltage between the different solu-
tions than the hotter side, and this may be attributed to the fact that



GHADDAR AND SAWAYA 135

the accelerating side of the loop has a hotter fluid near the wall, that
is, near the electrode surface, and is more susceptibleto having flow
transition and mixing than the cold downward flow. The electrical
conductivity is highly dependent on temperature, leading to a high
Hall effect. For different solutions, this effect causes local devia-
tions in the wall layer temperature in the vicinity of the electrodes
and in the measured voltage between them, even though the bulk
electrical conductivity at 20°C is the same for all of the solutions.

Hall Parameter wt Determination

The Hall parameter is not documented in the literature for elec-
trolytes due to the lack of interest in using it as a working fluid
in generators. However, a revived interest in MHD of electrolytic
fluids has been emerging.">!? It is known that the Hall parame-
ter wt is dependent on the magnetic field strength, temperature,
and electric conductivity of the fluid. From Eq. (14), the Hall pa-
rameter can be evaluated at any driving AT of the thermosyphon
from the measured voltage outputs at both sides of the loop for the
segmented electrode Hall generator connection and the measured
values of velocity and magnetic field strength. The correlating pa-
rameter for wt is the bulk flow temperature of the working fluid
inside the loop and not the driving temperature difference. The bulk
flow absolute temperatures in the insulated regions of the loop (up-
ward hot-flow side and downward cold-flow side) are calculated
from the analytical temperaturedistributionderived in Eq. (5) using
the measured AT. Figure 8 shows the estimated Hall parameteras a
function of the absolute bulk temperature of the fluid as determined
from the experiments and the present one-dimensional analytical
model at By=0.1£0.0001 T and at nominal o values at 20°C of
15£0.1 S/mand20 =+ 0.1 S/m, correspondingto Ha = 0.3 and 0.35,
respectively. The probable error in the estimated Hall parameter is
+5.5% and is directly shown in Fig. 8, taking into considerationthe
precision error in Vy(£6%), in By (£2%), and measured voltage
output (£0.1%). The estimated error in the absolute bulk temper-
ature calculations is directly related to the measured velocity used
in finding the analytical temperature distribution. An error of 5%
in the velocity would introduce an error of 0.4% in the value of
6, with a maximum error of £0.32°C when AT =80°C. A linear
correlation of wt vs temperature for the laminar MHD electrolyte
flow that yields the best fit is given by

(OT) fa—o35 = 4.4668T,, — 1243.85 (18a)

(0T fa—o3 = 1.3707T, — 375.027 (18b)

Equations (18a) and (18b) have correlation parameters of 0.968 and
0.975, respectively.

Thus, for this Hall generator, the open-circuitvoltage is larger by
a factor of wt than the expected Faraday generator value, and hence,
the short-circuitcurrentis smallerby a factorof wt/[1 + (wT)?]. For
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Fig. 8 Hall parameter w7 vs bulk temperature of NaCL solution at
By =0.110.0001T.

ot > 1, the factor decreasing the short-circuit current approaches
1/wt, and the output power will be affected seriously.

Theoretically Modified Open-Circuit Voltage Output
for the Hall Generator

The values of the dimensionless open-circuitvoltage determined
experimentally (from the measured magnetic field and velocity) and
predicted analytically using Ghaddar’s model® are plotted against
the value of the Grashof number and then the analytical values of
ReHa are multiplied by the experimentally determined Hall param-
eter value for the given temperature difference. Figure 9 shows the
experimental results of the dimensionless measured open-circuit
voltages and the analytical one-dimensional model predictions of
open circuit voltage for a segmented Hall generator connection in
dimensionless form for both (wt)(ReHa) and ReHa. The error in
comparing the analytical to the experimental dimensionless open-
circuitoutputwas 8.7%. The modified analyticalmodel has captured
all of the physical features of the flow and its electric output. It rep-
resents also a second check of the accuracy of the calculations of
the Hall parameter factor.

Electric Output of Faraday Generator

The loss of power due to the Hall effectin a continuous electrode
Faraday generator is investigated. Modules 2 and 3 are continu-
ous electrode Faraday generators. Experiments were conducted at
two nominal conductivitiesof 15+ 0.1 and 20 £ 0.1 S/m and var-
ious magnetic field levels from 0.1 £0.0001 to 0.225£0.0001 T.
Figures 10a and 10b show the measured open circuit vs the driving
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Fig. 9 Dimensionless measured open circuit voltages and the predic-
tions of the analytical one-dimensional model of ReHa and ReHa™* (wT)
for the segmented Hall generator connection of module 1.
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temperature difference between the heat source and heat sink for
1) the round continuous electrodes of module 2 at 15+0.1 S/m,
0.225+0.001 T, and at 20£ 0.1 S/m, 0.115+£0.0001 T, and 2) the
parallel square continuous electrodes of module 3 at 153 0.1 S/m,
0.2£0.0001 T, and at 20£0.1 S/m, 0.1£0.0001 T. Also in
Figs. 10a and 10b, the expected open-circuit voltage is shown as
calculated using Eqgs. (7a) and (7b) from measured average bulk
velocity and imposed magnetic field strength at 20+ 0.1 S/m and
0.115£0.0001 T of the round module 2 and at 1540.1 S/m and
0.2+0.0001 T of module 3, respectively.

The continuous electrodes Faraday generator experiments re-
sulted in higher voltage output for downward flow than the upward
flow output, unlike the Hall generator segmented electrodes output,
which showed higher voltage output for the upward hot-bulk flow
side. Furthermore, for all of the experiments of modules 2 and 3,
the open-circuitvoltage outputof the downward flow increases with
temperature difference till the value of AT reaches 40 =0.2°C or
higher, then the downward flow output voltage drops until both up-
ward and downward flow voltages are the same. This phenomenon
of surge in output of the downflow voltage curveis attributed to both
flow transition to turbulence and the Hall effect. In modules 2 and
3, the measured open-circuit voltage is about two orders of magni-
tude higher than what is expected from theory due to the Hall effect
that is based on the wt parameter and on the internal resistances
that are inversely proportional to the conductivity.! The conductiv-
ity of an electrolyte varies with temperature. As the temperature
rises, molecular movement, including that of ions in the solution,
increases dramatically. This causes an increase in conductivity. The
amountof changein conductivityper degree Celsius is referred to as
the temperature coefficient. The temperature coefficient of an elec-
trolyte is expressed in percent divided by degree Celsius (%/°C) at
a particular temperature. The temperature coefficient of NaCl, with
respect to the reference temperature at 25°C, at 15 S/mis 2.12%/°C
and at 20 S/mis 2.16%/°C (Ref. 12). On the other hand, as the tem-
perature increases, the conductivity increases, and the Hall voltage
decreases. The Hall effectis largerin the downward flow of the loop,
where the temperature near the wall is lower than the center, leading
to a substantialdrop in the conductivity and, thus, an increasein the
Hall voltage.

As the driving temperature AT increases, the output voltage of
the downward flow decreases due to the transition to turbulent flow
that induces better mixing, flatter velocity profile, and minimal bulk
temperature difference between the two sides of the loop. This re-
duces the Hall effect in the downward flow and brings both up-
ward and downward flow to induce the same voltage. According
to Creveling et al.,’ the turbulent region in thermosyphonic loops
starts at 1000 < Re < 1500, but in the present case, due to the vi-
bration created by the circulation pump of the heating bath, this
turbulent region can start at lower Reynolds numbers. This transi-
tion from laminar to turbulent flow promotes mixing of the fluid,
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Fig. 11 Theoretical and experimental voltage output (millivolts) (mea-
surement error £0.001 mV) vs driving temperature difference AT
(probable measurement error 4:0.2°C) for the segmented electrodes and
Faraday-type connection of module4 at 20 & 0.1 S/m, 0.225 4 0.0001 T.

and therefore, the cold temperature layer at the wall is broken, and
a more even distribution of the electrical conductivity exists in the
flow reducing the Hall effect.

Controlling the Hall Effect with a Segmented
Electrode Faraday Generator Type

Reducingtheelectrodeareaby segmentingthe electrodesto 2 mm
strips that are 2 mm apart as in module 4 will break down the
Hall effect. In this module, the segmentation ratio (electrode strips
spacing/D,) is equal to 0.2, which still causes a significant loss in
power,” but not as significant as the segmentation ratios of 3.2 and
5.45 for modules 2 and 3, respectively.

Figure 11 shows the measured open-circuit output of the seg-
mented electrode-Faraday generator of three representative read-
ings from electrode strips 1, 10, and 20 on each side of the loop
at a magnetic field of 0.2254+0.0001 T and a conductivity of
20£0.1 S/m. In Fig. 11, the ideal theoretical open-circuit voltage
is also shown at 0.225+0.0001 T.

We are still away from the theoretical output voltage of the gener-
ator because of the Hall effect that reduces the power output of the
loop. However, the output voltage is closer to the theoretical output,
where it is only one order of magnitude higher from the ideal output
of the generator. This is an improvement over the continuous elec-
trodes Hall effect where the open-circuitvoltage outputis larger by
a factor of 100 from the ideal expected output.

Conclusions

An experimental and analytical study is presented of thermosy-
phonic MHD flow of electrolyte solutions. A thermosyphonic
closed-loop MHD flow system is built and tested as a Hall gen-
erator, a continuous electrodes Faraday generator, and a segmented
electrodes Faraday generator. The work findings are summarized as
follows:

1) The analytical one-dimensional model compared favourably
with the experimental results when modified to account for the Hall
parameter.

2) The output voltage increases with increasing temperature
difference.

3) The Hall parameter was correlated to the electrolyte solution
temperature at fixed magnetic field strength. The dependence on
temperature disturbed the power output from the electrodes. Deter-
mination of the Hall parameter for electrolytesis importantin appli-
cations where the longitudinal Hall current gives a transverse body
force, whichin turn leads to induced transverse gradientsin pressure
and velocity. This effect is important in studies of boundary-layer
control by electric and magnetic fields in submarine propulsion in
weakly conducting fluids such as seawater.

4) The type of the salt did not significantly influence the output
voltage as much as the solution electrical conductivity. The MHD
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flow generated much higher voltages than expected on the expense
of the current yielding low-power output. This was mainly because
electrolyte solutions have high Hall parameter wt values that are
highly dependent on temperature and electrical conductivity. Both
the temperature and the conductivity were constantly changing in
the thermosyphon flow, which disturbed the power output, by cre-
ating overshoots and significant drops in the value of the electrical
conductivityin the wall layerand, hence, increasingthe Hall voltage.
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