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ABSTRACT

This thesis presents a theoreticai and experimental study of
magneto-viscous effects in laminar fluid flowa,'

The fully developed M.H.D. flow past a semi-infinite plate (semi-
infinite perpendicular to flow) in an unbounded fluid, with € magnetic
field perpendicular to the plate, is!analysed by a simple similarity
metth to demonstrate the characteristic transverse wakes which are R
produced in such situations. The analysie shows that the wakes emanate
from the'edge{of the piato along the direction of the applied magnetic
field - a mo;e complete analysis is, however, given by Hasimoto (1960).

The flow past plates is investigated in the more complex situatibn,
when the fiow is bounded by rectangular ducts. A computerised numerical

| study of ordinary hydrodynamic and M.H.D. flows (at moderate Hartmann
Number) explores the effects gf (a) inserting plates into rectangular ducts,
(b) of imposing pressure gradients, and (¢) of moving sections of the duct
walls or the inserted ﬁlates. In each case, the fully developed flow (2-D

variation across the duct cross-section) is presented.

The ixperimental investigation employs a combustion plasma as a
' iworking fluid. Magneto-viscous interactions are produced by inserting
‘refractory plates into a refractory-lined duct. The experiments include
internal (pitot) measurements of velpcity distributions for both ordinary
hydrodynamic flow and M.H.D., flow. Two configurations of the inserted plate
are adopted; firstly, a plate long in the flow direction, but only half duct
height, and, secondly, a plate which exten§s across the full width of the
duct, but which is 'aemi-infinite'vin the flow direction. For both

configurations in the M.H.D. case, the applied magnetic field is perpend=-

icular to the plate.



.In the M.H:D. flows, the first plate configuration produces
transverse wakes, similar in form to those found theoretically. 1In the
second configuration where the developing boundary layer is investigated,
the Hartmanﬁ effect is demonstrated.

A water-cooled pitot-static probe, and an R.F. canductivity probve,
which were developed for these experiments, are described.

The theoretical solutions which.relate to wniform property flows
do not show close agrecment with the experimental results, and it is
suggestéd that non-uniformity of electrical conductivity in the combustion
plasma is th; main cause for incompatibility. However, the same trends

=

can be seen.

The magnitude of the interactions produced in this small scale
experiment suggest that highly significant magneto-viscous effects could

be produced in combustion M.H.D. generators, which operate at much higher

values of the Hartmann Number,
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- INTRODUCTION

1.1. The Conception of the Project

- The work described in this thesis was carried out at the
Marchwood Enéineering Laboratories of the Central Electricity Generating
Board (C.E.G.B.) while I was registered as a full-time non-resident
student of the University of Warwick. At the time when the work was
initiated, the Marchwood Laboratories were engaged in a large scale
-invest;éation‘of the feasibility of open-cycle Magnetohydrodynamic (M.H.D.)
Power Genera}ion. The conception of this project was inspired by the need
to provide.g better fundamental understanding of some basic fluid-mechaniec
aspects of M.H.D. flows in open=-cycle generators, ﬁhich employed high .
temperature, seeded gases as the working fluid. In fact, very little
investigation of magneto-viscous effects in combustion plasmas had been
done enywhere. Also, there was a need to develop instrumentation for
detailed investigationé of the internal behaviour of such gemerators.

There is a considerable fund of knowiedge in the field of M.H.D.
flows using electrically conducting liquids‘éuéh'as mercury, and the
School of Engineering Science at Warwick University, who were actively
engaged in advanced studies of such flows, inspired the fundgyental
approach to these studies. The Marchwood Laboratories were able to
provide the complementary background of ﬁractical expertise in the

technology of high terperature gas flows.
1.2, Open-Cycle M,H.D., Generation - Background Discussion

Y

A foew comments on the background of the C.E.G.B.'s open-cycle
M.H.D. Generation research programme, which influenced many practical
aspects of this project, will give a useful introduction to the work.

(Heywood and Womack (1969) give a full account of the research programme
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carried 6ut by the C.E.G.B. together with the National Coal Board, and the
British Manufacturers of Power Stafion Plant).

Tﬁe M.H.D Generator was conceived as a 'topping’ unit to be used in
open cycle mode, together with a Bankine-cycle'steam plant. The M.H.D, |
Generator would be fired by a combustibn chamber, usiﬁg heavy fuel-o0il or
coal, and pre-heated air (exit temperature 270090). The exhaust gases
leaving the generator at ab;ut 2000°¢ would pass'directly into a radiant
boiler and thence through a chain of heat exchangers comprising a high
temperature air heater, steam suberheater and reheater, low temperature air\
heater ahd ecknomiser, before rejection to atmosphere.

Seve?gl successful experiments had been completed by the C.LE.G.B.
(e.g. Bugden et al(1964))using a small oxygen/kerosene fired duct of ~ 2 MW
thermal input and these led to a pilot-plant of 25 MW electrical output to '
be built at Marchwood. Unfortunately, the project was cancelled for economic
reasons before this experiment had been completed,

The use of oxygen in the 25 ¥W experiment would have eliminated the
need fér the complications.of introducing air_hgaﬁers to provide the high
femperatures required for satisfactory elecfrical conductivity, There was
to be no waste-heat utilisation in steam generation piﬁnt. and for
experimental purposes, the exhaust from tﬁe M.H.D. duct was to be merely
quenched and wasted. The main purpose of the experiments was to prove the
stability of large-scale direct generation by M.H.D., to investigate
various designs of duct, to produce duct walls and electrodes which had
sétisfactory lifetime and to optimise the gas-dynamic and electroaynamic

design of the ducts for the generation process.

Experiments were to be limited to overall measurements of generated
voltages, bulk gas conductivity and bulk fluid-mechanic properties - no

internal duct measurements were to be attempted.
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1.3. M.H.D. Effects in Duct Flows

' .A problem which had‘not been investigated was the effect of
applying a transverse magnetic field on the detailed fluid flow patterns
within combﬁstion plasma flows. The experimental work on mercury flows,
and also a vast amount of theoretical work, suggested that substantial
interactions could be produced, which may dominate the flow in some
c¢ircumstances. These interactions include:-

.. (a) the suppression of fluid-mechanic furbulence,
, (b)< the flattening of velocity profiles (i.e. suppression
of vorticity by transverse field) and the related

creation of wall boundary layers,

,(c). the production of transverse ﬁwakes" in mid-stream

which follow the lines of the imposed magnetic field

from discontinuities at the ﬁoundary.
Investigations of effects (b) and (c) arefdesciibedbin this thesis.

1.4,  Layout of Thesis | '

.. The thesis comprises two aelf-contaih;d“exerciees; a theoretical
study of a particular class of M.H,D. fiow problems which involve
transveise wakes, and an experimental study of the aamé type of problem,
together with some other flow configurations. | .

In Chapter 2, the governing equations and basic properties of
ordigary hydrodynamic and magnetohydrodynamic flows, which are useful in
this study, are developed. Some methods which have been used previously
for solving M.H.D. flow problems are also described. In Chapters 3 and 4,
the use of two particular methods to provide original solutions of M.H.D.

duct flows and flows past plates (under the action of a transverse



|

magnetic field) aie described, The similarity solutions d;scribed in
Chapter 3 give an immediate undeistanding of the qualitative nature
of the transverse wakes, although the solut;;n is limited to rather
simple physical conditions which could not #ewaéhieved iﬁ practice,.
Chapter 4‘describes a much more detalled sfﬁdy of the flows which
occur in physically realistic geometrical érraﬁgemenfs. although this
study is limited to.fully-developed flowsfof fluid with uniform
properties and scalar conductivity. The results of Chapter 4 were

1

obtained using a computer, which enabled particularly lengthy
{

calculétioq? to be completed. The results of the computer study were
compared with previous analytical sPIutions for some simple cases and
the study was then extendéd to provide solutions to configurations’
which had not previously been tackled.

In Chapter 5, the basis for the experimental programme is
discussed,'and previous relevant experimental work is described. The
overall design philosophy of the experiment is then developed.

A description of the design and comstruction of the experimental
apparatus and instrhmentation is'given in Chapter 6, and in Chapter 7,
the experimentél results are presented. The results include some
measurements of gas temperature and electrical conductivity, and a
large number of measurements of velocity profi;es in the experimental
M;H.D; duct, which demonstrate the existence of magneto-viscous
interactions in the flow in the case of transverse magne?ic fields with
inserted plates in the flow. |

Chapter 8 presents a discussion of some aspects of the

experimental results and a comparison between the theoretical and

experimental results, Some indications of the qualitative effect of



-5«

non-unifofmity of electrical conductivity on M,H.D., flows are given.

Finally in Chapter 9, overall conclusioﬁé are presented, and
in Chapter 10, suggestions for future work are enumerated.,

The'Appendix contains a nore detailqd description of the
00mputerlprogram developed for Chaptér 4 and the calibration of some
of the items of experiﬁental apparatus. |

The order of presentation of work folléwe closeiy the
chron?iogical order in which it was carriga out, although some of the N
preliminar% experiments and the rig constfuction wore carried out
concurrently with the computer study. A:review of previous relevant
work is inéluded in Chapters 2 and 4 (tpeoretical work) and Chapter 5 '
(experimental work).

The units which are used in this study do not correspond to the
latest S.I. Standard, but follow, in general, the practice which was
accepted within the Engineering Departments of the C.E.G.B. at the time

when the project was started, i.e. the old British system of Units (with

temperatures in degrees Centigrads).
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M.H.D. DUCT FLOWS AND FLOWS PAST PLATES WITH A TRANSVERSE MAGNETIC FIELD

2.1. Ordinary Hydrodynamic Flows.(Laminar)

2,1.1 Formalation of Flow'Equations

Since the solutions to some ordinary hydrodynamic (0.H.D.) flows will
be considéred later, and their properties will be compared with M.H.D, flows,
this section briefly formulates the equations governing 0.H.D. flows and
discusses some of their relevant properties.

'Consider a viscous fluid with uniform properties, which is .
incom?ressi?le; then the continuity equation and the equation of motion
may bé wriyten as

div v =0 cese2s1.1,

: 2 .
QD‘“‘&’ + VP :&n'\’l‘v _\.r 000020102.
Dt '
In the steady state, equation 2,1.2 reduces to

(¢ V)¢ +Vp = MYy vees2.130

If the flow is further limited to rectilinear flow, i.e. V = Vz only,
with no variation in the flow direction, éxcept ?31 (which is independent
of x‘andj ) oz
then, since E."t?fl = 0O
22 .
%’i = 'Ylv e eeee2.la,

Such flows can occur as fully developed, steady state, pressure driven

duct flows (e.g. the classical Poiseuille Pipe flow). They also occur

in certain flows in ducts, when thevflow occurs without pressure gradients

(1.e. with ? = O ), but with part of the bounding surface or an immersed
R

object moving, (for these cases, the exciting wall or object must be

infinite in the #? -direction). For the latter case, the solution to the
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flow situation is simply V Uz = O veee2.1.5.
Usually, flows will be considered which have a-2«~D variation

perpendicu;ar to the flow direction and thus

vi= 2 . ¥ | 2.1.6
bx’- bjz' o0 e [ L] [

(Couette flow and Poiseuille flow are examples of flows with one

-

dimensional variation).
2.1,2 Discussion

« If un-bounded flows are considered, e.g. the flow excited dby moviﬁg
a semi-infinite flat plate along its length in an un-bounded fluid, then a
developing<boundary layer is established on the plate which increases ip
thickness from the tip of the\plate. This flow never reaches a fully |
developed situation, since the'only force which is able to balance the
viscous force in this layer is the inertia force, and the thickness of the
layer tends to infinity at large distances from the tip. (This is the
. classical Blasius Flow situation which has a similarity solution in terms
of S = Jij%/i » where V, is the velocity of th.ehp_lz.atte and X is distance from

tip of plate). Equations 2.1.4. and 2.1.5. can therefore only be applied

to bounded flows.

2.2 Magneto-Hydrodynamic Flows. (Laminar 2-D. fully develeped)

2.2.} Formulation of Flow Equations

The ordinary hydrodynamic equations formulated in section 2.1 can
be extended to treat magneto-hydrodynamic flows by combining them with the
étea&y state form of Maxwell's equations and Ohm's Law. The equation of

motion is also modified by the addition of the mégnetic body force ng B.
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Thus for the steady state, for uniform fluid properties and for

scalar conductivity,

O

m'rL g = . ....2.2.1.
curl B = p3 ceen2e2.2.

dw B = O
. 0...2.2.3.
and . } = o (E+yxB) ceae2.2.4.
Also:- dwvw v = O _ cees2:2.5,
: and ' | Q(QV)E{ + V? = ﬂlvzg k}xé seee2e2ebs

Takingl the o‘.urlof 2.2.2. gives,

. ewl i [= er(w@B] = Larlourd B
| : sk 7

and using vector identities gives,
AVR +(BT)Y = (oV)E. 22,
(n=L).
Mo
Combining equation 2.2.2. with 2.2,6.gives,
? LB)xB — )
| "\V g‘+/\.l:(0ux _)x____ e{(gV)g’ + V?

or (Vlvlg. -\r-—rl:(@'v)_% = e‘(_\—-r V)Y"'VF’* ' '00002.2080
where ‘)*'—' b+ _l_@_lz

2/&'

If the flows are restricted again to (2-D) fully develoﬁed rectilinear

flows then the 7 —component of equation 2,2.8 becomes:

m {2 +§’_er] ¢ Bxo 3Bz = p*. % ceee2.2.9
z

xt o oy? Mo 0z
(only 1) varies in the flow direction and %g must be constant -
this can be verified by taking b/bz of equation 2.2.8).

The z~component of equation 2.2.7 gives

X[B‘Bz N ?_’_égl + B, 0 -0 | veee2.2.10.
dx? )3‘- T{
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For these rectilinear flows it is gésumed that By = Bxo, an
applied (external) ma@etic field, and thaf By_is zero. (:j;:o also,
since Uy =0 ),

Bz, ihe induced magnetic field, will be very much smaller than
the applied magnetic field and (B-V)xB,.g_, since %_-O and By=O,

Thus to svlve 2-D, fully developed :;ctilinea;LM.H.D. flows
equations 2.2.9 and 2.2.10 must be solved simultaneously. Shercliff (1953)

o adopted the technique of adding and subtracting these two equations to

give (ta.king (2.2.9) i: l % (2.2.10)).

‘Tf_if + }TC}; ] + BroJ— = -‘{ }x cees2.2.11,

where, ¢ \J'Z + }3’;1-7{

and the 2 signs are taken in order,

An alternative approach is to combine the equations to give a

fourth order equation - Braginskii (19€0).
For dynamically driven flows it is convenient to normalise in

terms of a fixed velocity V,, which may be the velocity of a moving wall

or plate.-
i.e. vl = Vg
’ Yo )
Vor‘*'\—g;\,

(N.B, in the case of pressure driven flows, it is automatically assumed

that Vo= 1 ,)
Equation 2.2.11 can also be normalised with respect to the

spatial variasbles whem
'

! _ -
x‘_z? a}j"‘i")

vhere 'd' is a reference length. (Typically,the half width of a

rectangular duct in the x-direction).
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Thus equation 2.2.11 finally becomesi-

[V“’ * HB J ¢i }i" s ..‘..2.2.12.

ll

where = Bc{F_ = Hartmann Nuinber based on the chosen
reference length.
%E = Normalised Pressure Gradient,
/ ”L bz 3+ d* ' v
2 ( + ) ¢ = v/s B’
and V is interpreted as St S & A + B

y* 3 \
. 24242, Diecussion

In éontrast to ordinary hydrodynamic flows, it is possible to havé
fully'deveibped M.H.D. flows in un-bounded regions. .Although the inertia
terms in the fluid equation of motion tend to zero, there can be balance
between the viscous force an& the magnetic body force at every point in
the field. (The superposition of a uniform pressure gradient merely
introduces the equivalent of an additional uniform current distribution).
For the case of the semi-infinite plate (non-conducting) dragged through an
infinite fluid, with an imposed magnetic field normal to the plate, the
boundary layer develops for a distance reférred to as the interaction
length and then reaches a steady state thickmess, ‘

The interaction length is_Jag;_ and the interaction’parameter,

c xo

L
N= L‘__gf.r‘_’_d'., measures the relative size of the magnetic forces(ruﬁ') end

the inertia forcea(%i{z) where d is a characteristic length,

The thickness of the fully developed layer is characterised by

the Hartmann distance , S et = ’ m

The Hartmann Number, H, ( -A-A- ) measures the relative size of
HART
the ma@etic forces (O'U’S) and viscous forces(‘ll_) where d. is a

characteristic length perpendicular to the plate.
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‘Hartmann's classical experiments (Hartmann and Lazarus (1937))
on l-D duct flows first demonstrated the existence of the wall boundary
layer with characteristic width éinzr whicﬁ contained current flow and
encompassed'the region of changing velocity. éubsequently Shercliff (1953)
‘inyestigatéd theoretically the 2-D problem of recténgular duct flow, showing ?
the existence of this same leyer on walls perpeﬁdicular to the magnetic :
field, but a different 1ayer on the walls which were parallel to the
magnetic field. This layer has characteristic thickness JYLlZ' (See Shercliff
(1956) Xfor erperimental investigation of 2—D'M.H.D. circular duct flow), .
lHagfmoto (1960) investigated theoretiéally the dynamically excited
- flow producéd by dragging a semi-infinite piate along its own length fo?
cases when the plate was non-conducting and perfectly conducting. (The
rlate waé semi-infinite in the direction pérpendicular to the flow
direction and the magnetic field was perpendicular to the plate.
He establiched the existence of transverée wakes (mid-stream boundary
layers), which contained current flow and encompassed the region of
chenging velocity between two regions of more uniform flow, Since this
flow configuration is particularly felevant to the wq:kdgescribed later in
Chapters 3, 4, and 7, and since it is not so well discuasedlelsewhere, it
is useful to describe his work a little further. (In section 3 the.
mechanism producing the effegt is described in more detail),

Hasimoto considered firstly the motion of an infinitely long
cylinder parallel to its length in a conducting fluid and establishéd that
when & uniform magnetic field was imposed, perpendicular to the axis of the
cylinder, two current wakes were férmed which emanated from the cylinder

and were parallel to the applied magnetic field. These wakes are the

residual stationary current flow which results from the passage of



transverse Alfvgn waves along the field lines., With infinite Hartmann
Number, the solution demonstrates that, for a perfectly conducting
cylinder, the fluid enveloped by thé two magnetic field lines which are
tangential to the cylinder is frozen to the c&linder and the whole moves
as 8 solia body. For an insulating cylinder, the same volume of fluid
moves with half the velocity of the cylinder. The case of the moving
cylinder hés been dealt with in more detail by Waechter (1966) who produced
- solutions for velocity and current distridbutions for large finite Hartmann
Number. The phenomenon. of "freezing" the fluid to a perfectly conducting
plate has been demonstrated experimentally by Alpher et al (1960), in an
open channel mercury flow experiment. A copper disc was inserted into
the base of the channel and a magnetic field was applied (perpendicular
to the disc). The cylindrical colum of mefcury above the disc behaved
as a s0lid body and the flow past the disturbance closely resembled the
hydrodynamic flow past a solid cylinder.

Figure 2,2.1 shows the details of Hasimoto's solution for a semi-
infinite plate. The parabolic nature of the wakes which was established
in the theory is clearly seen in the plots of constant velocity lines and

constant induced magnetic field lines.

In the conducting plate case, the cufrent flowing in the transverse
wake all flows up the plate. If the plate had a finite length, it would
have.entered the plate from a similar wake at the other end. There is no
current flow in the core region adjacent to the plate for a semi-infinite
| plate, but for a finite length plate at finite Hartmann Number, the two

wakes would merge to form a finite volump of "frozen" fluid,
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In the insulating plate case, there obviously can no longer be
current flow in the plate and in fact there is current continuity between
the current flowing in the Hartmann layer on the plate and in the transverse

woke. Similar conclusions may be drawn for an insuléting plate of finite

length.

Hunt and Ludford (1968) have recently analysed the M.H.D. flow past
obstacles in constant area channels, and their analysis includes 3=D
"considerétions. They show that Hasimoto's solution 1s only valid for .
thin plates Yhich are long in the flow direction and for 51771. (Nbased
on duct widgh). For thick bodies in ducts, a solution of very different

character was found.

Todd (1967) in studying the pressure driven M.H.D. flow in non=
conducting annular channels also produced solutions which contained
transverse wakes (similar to Hasimoto's cylinder solution) which emanated
from the edge of the inner wall and followed the magnetic field lines,

At high Hartmann Number, the solution demonstrated the existence of curved
Hartmann type layers on both the inside and outside walls of the duct and
diffuse current return paths through the core of the flow. In this case,
the wake consists again of a region of abrupt change in velocity, but
doesnot contain all the current flowing in the Hartmann layer; (as in
Hasimoto's configuration). The wake covers a region where the main core
curreﬁt streamlines are deflected in the direction of the imposed magnetic
fiela. (This result can be compared with the‘results for pressure driven
flows in rectangular ducts with thin plates - see section 4.4.) The
ditfuse core current flow divides into two to return along the two

Bartmann layers. Todd (1968) also demonstrated that transverse wakes can



follow the field lines when they are curved.

Braginskii (1960), H.K. Moffatt (1964), and Hunt end Williams (1968)
have also studied M.H.D. flows excited bylcurrent_flows parallel to the
magnetic field, in which layers of discontinui%y, which followed the field
lines, were produced at the edge of the region of curremt flow,

It can be seen that M.H.D. flows can exhibit many phenomena quite
foreign to 0.H.D. flows = including ithe mid-stream boundary layer. Some
of these effects are investigated theoretically in more detail in ' .
Chapteré 3 and 4,and experiments are described in Chapter 7, which
demonstfate»éhe existence of some of the effects in combustion piasma.

2.3. Some Methods for Solving M.H.D. Flow Situations

In this section some of the more important methods which are useful
for solving M.H.D, flow situations are described, and the reasons for the
gelection of two of the methods for use later are outlined.

2.3.1, Exact Analytical Solutions

Some of the simpler configufations can be solved by exact analytical
methods toproduce solutions in terms of infinite series. ( Typically,
rectangular duct flow with insulating walls e.g. Shercliff (1953)). These
solutions can often be simplified when the assumption H>>| 1s applicable.
Alternatively, Weiner-~Hopf techniques have been used with the 4th order
M.H.D. equation. to produce exact solutions (e.g. Yakubenko (1963),

Waechter (1968))

2.3.2. Approximate Analytical Solutions

Hunt and co-authors have applied an approximate analytical

technique to a great variety of more complicated aituations (e.g. rectangular
duct flow with conducting walls parallel to the magnetic field (Hpnt and

Stewartson (1966)) variable-area channel flow (Hunt and Leibovitch (1967)),
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steady electricallj driven flows (Hunt and Williams, (1968))l. This
technique, which is useful for|4>5| » involves splitting the flow into
regions, boundary layers and cores, in which plausible assumptions can
be made correéponding to Hvoo - €ege O viscsus forces in core regions -
whicﬁ aimpiify the analysis. Solutions are then found for each region,
which are made to match at the interfaces between regionms.

W.C. Mﬁffatt (1964) used the approacﬁ of integral momentum
methods in the study of M.H.D. poundary layeré. Although these methods
are use}ul f?r studying overall properties such as skin friction and heat
transfe¥, tgey do not give much detailed information about the flow.

2.3.3. Similarity Solutions
Similarity solutions have found extensive application in O.H.D.

flow situations, e.g. developing boundary layers on plates, ( see Blasius
tlow mentioned in section 2.1). In general, a similarity solution is of
the form V' = J((S) only,where S’—' f-cx,g) + No M.H.D. analogy to the
developing Blasius boundary layer flow is possible for reasons described

in section 2.2., but similarity solutions are possible for the steady state
transverse wakes which are peculiar to M.H.D. flows, (see Shercliff (1965))
and which disélay the parabolic nature of the Blasius flow.

In Chapter 3 this method is adopted for a study of the semi-
infinite moving plate problem. Although the method is limited to H>>| ’
it has the advantage that it provides relatively simple solutions which
illustfate many of the physical properties of the flow. It gives a good

approximation to the wakeé at some distance from the tip of the plate for

!
the semi-infinite plate case, (i.e. when ét_. >> 3 )e
¥y Y
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2.3.4, Numerical Solutions

Numerical methods based on finite difference techniques have had
extensive application in all types of fiéld problems, including magnétic‘
and electric field problems, temperature and stress distributions and many
ordinary hydrodynamic flows., Applications in'M.H.D. flows have been
somewhat limited,‘one of the fe; examples is Dix (1962), who used the
technique to solve the M.,H.D. flow through a cascade of non-conducting

plates (semi-infinite in the flow direction). o
" The advantage of the method is that any complicated geometrical
situatibn mg§ be modelled with a finite-difference mesh. The size of the "
region and Ehe degree of detail which can be incorporated into the solution
areonly limited by the size of the computer which is available to solve the
numer;cai equations, For high Hartqann Nu@bers. when lafge variations in
velocity and induced magnetic field occur in narrow boundary layers, the
»method is not ideal, unless a variation in grid spacing is incorporated and
4this can limit the flexibility of the method. However, for reasons
described in Chapter 5, it was not possiﬂlelto-attain high Hartmann
Numbers in thé experimental situation and so this was not a significant
disadvantage. . |
' The method is ideally suited to & comprehensive study of.duct
flows with and without inserted plates, with pressure gradients or with
excitation by moving inserted\plates or part of the duct walls, when the
Hartmann Number is in the range O - 10. This study (presented in Chapter 4)
eitends the present knowledge of this‘class of M.H.D. flows and could not

be made without recourse to numerical methods since other methods (2.3.1,

2.3.2 and 2.3.3), cannot solve these configurations at this range of

Haxrtmann Number,
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SINILARITY S2LUTICHNS TO SCOIE IM.H.D.! FLOW SITUATICES
f

3.1. Simnlificetion of Tonations

It is possible to simplify.Fhe enalysis of fully developed l.E.D.
flows induced by a semi-infinite moving plate in an un-bounded electrically
conducting fluid by adopting e boundary layer approach.

The general equations for the steady state ere (see section 2.2.)

wl[éz‘fzfg\_’_J—réz_B_Ez YN

Ax* bj" /JL A Yz cesedelels
md A [i@z + 5151] + Bz = O SR 75 BY-
PRI b ES |

waich can be reduced to s simpler form in the case of H>>| by tie
assunption that b;gxz‘5< a;éyz . This situvation corresvonds to thet in
wvhich a boundary layer (not however at a solid boundary) extends in the
¥ -~ direction (direction of applied field) ana separates two core regions
of fluid with a transition distance vhich iz small compared with the
typical length scalé of the probleﬁ.

|
The equations J.1l¢l. and 3.1l.2. then become:=

,vla—‘s—g ——[—E—‘ ‘3—;2 : ha-‘t;‘ lo.o301030
and. ->\5sz "‘ Exo'a__u—i — o . n00030104-
B:jz dx

|
The lmorm parasbolic shape of the leyers (see Hasimoto (1260)) sugzest a

solution of the equetions using a similarity varieble ;(,= f%;;.' (This

similarity solution was suggested bY Shercliff (1965)). - see Figure 3.1.1.

Then EEE = -—3% 3/455& & g;ga = ‘/éz!i

dx
Thus equations J.1.37 and 3.1.4 becone:-
2
U £ 3
B z ! — - -P)xo . égz _’ — fond gi. 00003-1050
Z

l . A
S E g a3
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O ....3.1.60

1

Nt
and B 51 . ._L — on . é
o X N - T
As before, 5;_ end V; can be de-coupled by edding and subtracting these

two equetions. The solution for zero pressure gradient is then:-

-BL e 9 Lo
X + '_éZf axjgsi - © cees3.1.7.

where ¢i = U'z + Bz (as in section 2.).

If this ecf:at?gn is normalised in terms of
o ov'= Vz & B'= By
\/0 /“,IO'IY) Vo
and ‘X 7(/0(_ , vhere d is a characteristic length scale and Vo is

J

the velocity of the plate, then —
- T H¥X B
S_-x—’a + HZ ¢+ - 0.0.301.80
Equation 3.1.8. may be integrated directly by separating the
variables,
/
thus: 3‘?‘1— = t KX _};@
xlﬂ. —é_— ' - ,
or b - Ho'. 4) where “3_}_ = ?_9_5_:
Y4 "9: Y 2 ~
dbs - & HX'dx
——; 2- L)
'@w ?j: = + Hy* ¢ 2. Cs [;vhere Ct are constants of integration]
=
“- = c L¥ t kj—_x_jz) ....C .1. .
N \)_ 1+ exb < 2 3.1.9
8( -.. ¢i’ = Cltj“?(i H%z>drx """ Ca_t 000-3010100

W ’
¢+(and thence V' and B') may be found as functions of ?(,_( Cig and Cps

being determined from boundary conditions).

The sets of boundary conditions to be considered are:-
(1) Semi-infinite perfectly conducting plate being dragged
at velocity Vo through conducting fluid experiencing no

pressure gradient.
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(i1) Semi-infinite insulating plate being dragged at velocity
Vo through conducting fluid experiencing no pressure
gradient, |

3e24 Diséussion of general properties of solution

F‘rom en examination of equatiorn J.1.9, it can be seen that
by = Cu eep (HX)

Therefore %_é diverges rapidly as / 7(/ increases. This would
" be quite inconsistent with the required solution, since 954. must converge
for largex. Thus the only possible solution for ¢+ is that it should
be constan\t}l i.e. {>+=C|+=O end therefore U"-l-&' is conetant across these
layers.

Before the boundary conditions for equation 3.1,10 can be
determined, however, a more detailed physicel discussion is necessary,
For this purpose cases (i) and (ii) will be considered in morc detail.

Case (i) Perfectly conducting plate being dragged through a conducting

fluid which is stationary at large distances from the plate.

From Ohm's Law, for a conductor with 0"—00, it follows that

(_E; + Ux E)-—O for finite 3— . Therefore, in the porfectly conducting
rlate, EJ o = Vo Bx, e« Since curl_E_ = "%% 2 O in the s‘teady state,
(also approximately true for constant applied magnetic field and small
induced field) and because there can be no discontinuity in E across

the boundary between the plate and the fluid ,(i.e. 353 O , forEx=0)
the electric field in the fluid adjacent to the plate (E_)) must be~-V Bx..
Immediately adjacent to the plate, the fluid must be moving with the
velocity of the plate, and thus there can be no current flowing.

(Since 53 ::.. o;wd (-Vo Buo + Vo gz.) ). But a 1little further away from

the plate, it can be assumed that the flui& is moving at velocity Vg [i V(,]
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which may take an.;] value between \/° and zero, Then a current will flow
in the fluld determined by jy= 03, (~Vo BxctViBam)and Will returm
through the p}ate. However, this current will produce a body force
on the fluid equal %o j.,Bx, which will act .in the opposite direction to
(vz=V, ) and will reduce ,U';_--Vo’ until no current flows and v,=V, .
This process prog:'esées in a wave—like form (Alfve/n propagation =
during the starting process) in the direction of ¥ , with the current
returning along the x -axis. The current return would form & current N
gheet for a perfectly conducting fluid, dut for ﬂwdfinite, Hasimoto
(1260) has shown that the layers diffuse in a parabolic fashion. So the
existence of 3 zones in the flow can be postulated, see Figure 3.2.1 (a);
zone A, of undisturbed fluid; zone C, of fluld which is dragged along by
the plate; zone B, which is a transition zone from disturbed to undisturbed
" regions and also the region of current flow, in which a > gxt .
It has been found that the region B has a parabo ic shape as
mentioned above, and it is in this region that the solution in terms of
the parameter x is useful, although this solution is only valid for the
cagse when the layer is thin in the y-direction. It can be shown that this

corresponds to high values of the Hartmann Number H.

This simplified analysis takes no account of the comz;lex flow near
the tip of the plate (since it is assumed that 3 /{ >» 5 /bx throughout)
and the region where the return current actually passes into the conducting
plate. Hasimoto's solution shows that the current passes into the plate
within & distance 0(’,,%‘) fron the tip, and so in the limit H ~»o0 , it
can be considered that all the current flows in at the tip. For the
purﬁosea of this simple analysis, it is assumed that 8,_ is constant along
the whole length of the plate; this is equivalent to the case of a perfectly

conducting plate with a thin ineulating layer over its surface which restricts

current entry to the plate to the tip. (Exact boundary condition isg ?E'- o).
on
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Case (iil- Insulating plate being dragged through a conducting fluid =

stationery at large distances from the plate. (Figure 3.2.1 (b

In this case, it would be expected that a Hartmann type boundary
layer would‘exist on the plate, so it would be advisable to split the flow
into 4 zoees, where G is a Hartmann Boundary layer, in which the fluid
velocity changes "abruptly from the velocity of the plate to an intermediate
velocity AJy (yet to be determined) in the region F. Zone D is the
undistuibed zone and zone E consists of a transition region similar to .
zone B of 3(&) in which e%/‘>9 Q/Sx + The Hartmann layer can be

analysed quite simply by putting the restriction 3/ 1> / into the

equations developed earlier.

Thus: U‘z + on 3B, = E}f
"lbx’ /u, Dx 02

)bgz-‘- ona_“ii = (&

and
3x?*

or with no pressure gradient, more simply - -

"L}’ vz + Bxe 0B, - O : cees3.2.1,
dx* A& Px
and ) ?f__gz - Bxp é_‘_r_‘_t — O 0000302.2-
dOx? dx .

which can be solved by adding and subtracting as before to give
2
[ B [} + H b qs-i- . 3 2 3
bxz v [ N N ] [ ] [ ] *

/
where ¢ t = :- =+
/

and

Thus ’?_E:}- :}: H ?t' = O where ?& = }iﬁ:
ox’

8N G

RE&



gj}; = + F‘?- _
or :P_ = Cs. Mb(H 7:) which would caéxse.?'ls_ to diverge rapidly as X
increases. Thus the only solution for ¢_ is for it to be constant
andthuslib_'-'-ca-:O. ,
1.0, V- 5/= constant across the Hartmann boundary‘ layer

(see Shercliff (1965)). This result may be used to find the mean velocity
in region F. ( v ) end the induced field ( B, ). — .
Since‘l, on the plate; vi=1 B'= 0

& in\..;cegion p; v'=0, B'=zo0 >

and since "5254_-: constant across E

and ¢__ = constant across G , -
! B ’_ i / !/ /
12V, =Vi and B =B , then, V\'+B'=0 and -8 '=1 ,
: Vo —_
o /Jn}Vo end therefore V;’= —12: & B8/= —i

Thus there is a large région adjaceﬁt to the plate (zone F) where
the fluid is ﬁ:oving at one half of the plate velocity and the region is
bounded by a Hartmann boundary layer and a transverse boundary layer,
whose current contents are equal. This solution was confirmed by Bunt and

Ludford (1968) for the case of long‘elliptical plate.

3.2.1. Characteristic thicknesses of layers

The characteristic thicknesses of the various layers sketched in

Figui'e 3;2.1 can be determined for #>?] . For the Hartmamm layer,

[%ﬁi %%‘x]qgr = O

. 1
.. E_ ~ H b_ across the layer, and so if the characteristic
dx? 4 dIx '
thickness of the layer is gkm'zr

~ B or  Ser = O(L).

then _‘__ |
5 4 G




For the transverse (Hasimoto) layers, however,

¥ 4 H ) _
bjﬁ - d x ?&t. = ©
N SR T |
kN _%t,uﬁr, %%"52 ot g;ﬂmmma = O q/éE:‘>.

So for H>| , the Hartmann leyer is thinner than the Hasimolto layer.
This fact can be illustrated by an order of magnitude argument based

on current flowi—

In the Hasimoto layer, current flows in the Xx andy directions\
and obeys dw} O , whereas in the Hartmann layer, } J3 only (see
Figure 3.2,1.(b)) and ijx 'vo'Lb .

For case (ii), Figure 3b, the total current in the Hartmann layer
can be equated to that in the Hasimeto layer. In the Hasimoto leyer, 3_

is predominantly y. and the 4 component (which produces the body force
b s

j':) Bx. ) is only the diffusing component of the current; so the body
force jj Bxo 18 weaker in this layer than in the Hartmann layer where

Jﬁ is the predominant current component. Consequently, »2 b is smaller
Jl
in the Hasimoto layer than 'Vz aa Uz in the Hartmann layer, and thus the
xl-

Hasimoto layer is broader than the Hartmann layer.

For Case (i) The total current in the plate can be found -from MB=/A3, :

thus J= AB where A signifies the difference from the centre line of
the plate to the boundary.
Thus J = .L pdom. Vo = ooy Vo .

Thus the current density in the Hasimoto layer is Jx ~ per

HASNeTO
unit dista.nce in the Z-dlrection, if \7:‘ >> Jy « But since we also have

Jl__ ~ _.i in this layer, ( d.uré— C ). JS .V,J :] end since
J,on % ~l§_; in the layer, 8, . = O (a(z) as before.
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Tor Case (ii) The total current content of the Hartmann layer (no

current flows in the plate in this case) is given by J =L AS there
| M
A\ signifies now the difference fﬁ‘om the edge of the plate to zone F.
Thus J = _L_}LJOW{ \10_ , md S0 J'J in the Hartmann layer is
. 2
given by Jﬂ Byo ~ 41}, Ve .
ox
Thus /r,,l \/o ~ Yo, ] i.ee Sy = o(_é_)
L on H

and since the total curren't‘ content of the Easimoto layer is equal also

t0 A om Vo , again using ohiré_: o
2

j.:j N ,J?ﬁ Vo 5 and since Jb o N /vz 251

2
c gMSINﬂo = O(A’ qx‘>

These physical arguments agree with the deductions made earlier from the

form of the equations, as would be expected.

3.2.2, Boundary Conditions Jor determining constants in Fguation

3.1.10.,
13
(i) Perfectly Conducting plate
'X,/-—u-+oo 5 U OII , B> O
X/—l"‘w , vi— 11, g > | (since uvsb' = const)
f
(ii) Insulating plate

'X,—r--!—-oo s v 0, B’—v o -
Xm0y \J"—--!E. ) B’—""i (since V’J—B’=const
‘ for Hasimoto layer)
on plate vl ) B'— O (since U”—-%/ = const
(x—+0) ‘

' for Hartmann layer).

B3 Solutions to flows with semi-infinite plates in an infinite fluid

Equetion 2.1.10. cen be rewritten in the form (for §6__ )

55/ = Cy_ Ufé(@?ﬁ.) + Co_ AR

where u{c (g) = Lf L’“ - see Figure 3.3.1.
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For Case (1) A'svxl—v +0 , P =0 el efe X' 0
| (vhere X = J— X'y . Ch =0
as X/ —» - 5z$->+2 B erfeX " e 42 . Cal=al
But ¢+ =C,, »zxp +H 'X")o{x + Cay
S0 as ')(,—>+oo) B, -0 Q\f“”‘i’(*”x")d?(—-ro c2+=ov.-

and as '76._:--00 qS.,..—.o & " " W o=, . Cy4=0O

¢+ = O & sﬁ_ = Ufc_ XI/ 000030.302\0

For Case (11) As 'X - {00 , again <?+ - O and ufc x"-,o

|
A

Co-. = O, as before.

.

As 7(—/-'-;@, 7§+—>O,¢_-’+I ze,rfc'x’”_,_q.a

C4_ = 12—.
As before Cap =0 , R Ciy =0

/ 7

¢+ - O g ¢_, 4 ,._; .‘t"fcfx,’ ..0.3.3030
o:;in terms of y/ and B"-"‘
y/ !/ ”
Case (i) v’ =Jé_“f°x,; and B = —Jiu;fc'x .
e,

A | ” : R | i

Case (ii) v -Zu—fc'x , and & = aergc?(,

Typical examples of these solutions are shovm in Figure 3.3.2 in the form
of isovels (lines of constant velocity). The axes are chose_n to ve Hx'

and u;\) » 80 that a solution for all H can be displayed.
¥
This follows since, if :j Y “ & x*= x. H ’X /J %

and 'solutions are all of the ‘i’orm ¢ = f(ﬂ%')’—‘ J[('X ) So this

‘sinple transformation produces a unique solution for ell H in the case
of a semi-infinite plate. This was also found by Hasimoto for his exact

solutions, which are also shown on Figure 3.3.2,for comparison.
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3.3.1. Conclusions

The results displayed in Figure 3.3.1 give :an indicatién of the
qualitative behaviour of Hasimoto effects and demonstrate the usefulness
of the boundary leyer approach. '

Thé diffusive character of the wakes'is at once evident, and
likewlise the large area adjacent to the plates in which there is a major
flow disturbance, although the solution is not valid near the tip of the
" plate, vwh‘ere Bt/)y" ~ )‘/bx" « (cf. Hasimoto's exact solution).

. However, for a complete study of the flow, for regions in which
the boﬁndarj layer approach is not possible and for moderate Hartmann
Number flow; either Hasimoto's approach must be used, or a numerical
solution attempted. The latter has the advantage that it is more

flexible and will allow the study of situations with finite dimensions of

the plate and fluid.
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NUMERICAL.SOLUTICN OF SOME M.H.D. FLOW SITUATIONS

4.1 Description of problem and necessity for numerical work

In order to meke a theoretical invesﬁigation of M.H.D, flows in
more complex configurations, e.g. flows ﬁast plates which are bounded by
ducts, a numerical method must be adopted, Similarity solutions and
asymptotic methods are usually only useful for high Hartmann Number

situations and analytical solutions can only be found for the simplest

Numgrical methods based on the finite-difference technique are
useful for moderate Hartmann numbers. (e.g. within the range O~ 10 ).
The size‘of the finite-difference mesh and the computer storage capacif&
will decide the maximum Hartmann Number. |

To incorporate all the physical pheﬁomeﬁa, which will be encountered
in the experiments described later, into tﬁe numerical solution would be
most difficult. The experiments inﬁqlvedtﬁé use of-a fluid with non-
uniform electrical éonductivi£y (which is highly dependent on temperaturs)
and with non-scalar electrical conductivity'(ﬁail Effect). These two
effects have been ignored in order to réduce the complexity of the numerical
solution and so that the particular effects under examinatiog, viz. magneto~
viscous interactions, will be clearly visidble in the §3}utions. The
qualitative effects of non-uniform and non-scalar electrical conductivity
and ;ompressibility on the numerical solutions can be suggested by referring
to the availaeble information on these effects in simpler flow situations.

| For example, Cramer (19€5) and Kieffer (1965) studied the effect

of spatially non-uniform electrical conductivity in M.H.D. Couette gnd
Duct Flows, geywood (1965) studied the temperature dependence of electrical
conductivity on M.HE.D. duct flows. Fay (1959) studied the effect of non-

scalar conductivity on M.H.D. boundary layers. Sato (1961) and Tani (1962)



have studied the Hall effect in M.H.D. duct flows. Yen (1964) used a
system of complex parameters to study Hall current flows in M.H.D.
chennel flows, Kerrebrock (1961) and Hale and Kerrebrock (1964)
investigated the boundary layers on the electrodes and insulator walls
of M.H.Df accelerators, making allowence for temperature dependent
conductivity and in the latter case, non-scalar conductivity. COliver

and Mitchner (1967) studied various effects caused by non-uniformity

" 4in cases with non-scalar conductivity. Finally, Bleviss (1960) studied -

some effect§ of introducing compressibility into a simple M.H.D.
configuratién.

Thelnumerical work‘which is described in this chapter provides.
solutions for steady state, fully developed,rectangular duct flows.
The two dimensional variation of the flow parameters will be studied
in the plane perpendicular to the flow direction. Ordinary viscous
hydrodynamic solutions (0.H.D.) and magnetohydrodynamic solutions (Ii.E.D.)

will be found for
(a) rectangular ducts with no obstacles

(v) rectangular ducts with thin plates
immersed in the flow. (The plates are long in the flow dire?tion).
As before, only transverse magnetic fields will be cénsidered.
In common with the approach in sections 2 and 3 the flow parameters
Lrﬁi and B:’ will be used in these numerical solutions.
Two classes of flow excitation will be examined,
(a) Excitation by moving a‘duct wall or an immersed plate.
(b) Pressure gradient excitation.
Only (b) is comparable with experiment, but (a) provides useful comparisons

with other analytical solutions and shows many of the same general
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characteristics as (b).

4.2, Computational Method (See Appendix A for fuller details of

computer program).
The .equation which has to be satisfie.d at every node on the finite-
differencé mesh is (from section 2.2 and equation 2.2,12)
ARSI otz
o’ oz
.. In order to solve ‘this equation over any finite region, it must always be
possib'le to define Sé;(:/ or B _tl at all points on the boundary of the regio
(This limitation also occurrzgs.' in Chapter 3, when it restricted the use of |
the perfec;:'ly conducting plate boundary conditions, 'U”:'—I, _3_§,= o ).
Although it may seem more economical to cover onlyzt;;e quadrant of
a rectangular duct with the finite-difference mesh (i.e. using two axes of
symmetry - see Figure 4.1 (a)), the symmetric nature of the v/ varieble and
the antisymmetric nature of E>’ would produce a boundary condition %t\_f”:. o,
B’}O on the X =0 axis, Hence the finite-difference mesh must be used to
cover the upper half of the rectangular duct (above the 3:0 axis - see
Figure 4.1 (b)). )
However, the symmetry conditions about the X=0 axis can be used to
reduce the amount of numerical work. Instead of solving equ;ation 4.2.1

(which is really two equations) the following symmetry condition can be

epplied. (Shercliff 1953).
14
}754/- (x,9) = 75- (-x9) coeedi2.2.

/ /
(where ¢:t =U+ B, ) as long as the boundary conditions also have

symmetry about the ¥=0 axis. And then the prodblem is reduced to

satlsfying

vty H_Ba_ ]¢+/= %&’ ceesda2.3,
X
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at each node on the mesh, and applying a suitable substitution to find
52‘: and hence V' and 5,.
Eqpation (4.2.3) can be represented in finite difference form
(with ¢+/: ?Q ) using the notation of Figure.4.l (e):=
' ¢',° - 2 ?So"’ + ¢"’)° - ¢o,l - 2¢O,o -+ ¢o,-f
A_’-/d'z . kz/dz

/

if - /= | db” . &.". ! ) = | \
or H | H% ) _S.{? =5 %j% & S —Z&: >

\ !
,¢|,6\:<, 4",_2',) + ¢_|,o(' --g,) -+ ?Ao:l —é—z -+ ?go,-v --é-z

— 2, (1+ —‘51> = %’%” veeeha2.5.

Equation 4.2,5 defines the coefficients of the nodal velues of }ZS

then

for use in the numerical solution. The equation can be written for each

nodal point on the mesh and then a matrix equation of the form

E‘,.ié = b. eeeedi2.6.

can be written; where A is the matrix of coefficients of the nodal values,
¢ is the vector of nodal values, and b is the vector containing the

pressure gradient term and the boundary conditions.

The matrix is actually of band form and the equation is suitable
for solution using the C.E.G.B. Library program 'BAND'. (See Appendix A for
further details). The size of the finite-difference mesh is determined by’
the core-storage capacity of the computer used; with the I.B.l. 360 system
in the C;E.G.ﬁ. computing center‘, the program BAND limits the mesh to
approximately 16 x 16 nodes. (An alternative program using tape and disk

storage would permit larger meshes, but the execution time would be

excessively 1ong) .
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A 16 x 16 mesh is acceptable for.Hartmann Numbers up to about
10 (based on the duct ¥+ width), when the mesh size will be of the seme
order as the Hartmann boundary layer thickness.

As in section 3, the numerical Solutions are limited to non-
conducting walls. However, the program accommodates a large variety of
spatial distributions of the boundary value of velocity. For the open
rectangular duct (no obstacles in the flow), the boundary is divided into
- five regions as shown in Figure 4.1 (c¢) and with the immersed piate option,
there are two extra regions ‘on the plate, (Figure 4.1 (d)).

| Thglsolution to the flow situations is completely defined by
specifyingvthe parameters (a) Hartmann Number
(b) Pregssure Gradient
(¢)  Shape Factor,
and the boundary conditions on all regions. (An initial specification is
made to éhoosé between the open duct and the immersed plate configurations).

An additional facility is incorporated into the program to replace
" the bottom line symmetry condition by the same bbundary condition as the
upper wall, This is useful for investigating the case of an immersed plate
attached to the bottom wall, rather than suspended acrosé th?:j=?0 exis,
which is more easily achieved in practice. '

Flows which are excited by pressure gradients msy be solved with
or without non-zero velocities on the boundary regions, although because

the equation is linear, solutions are additive.

The time taken to produce one solution on the computer is 0.25 min,
Computer time can be saved if more than one set of boundary conditions and

pressure gradient parameter values are required for one set of Hartmann
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Number and Shape Faector. In these céses, the program arranges for one
reduction of the matrix A to be uséd with the required number of right-
hand side vectors b, corresponding to the different combinations of
bouﬁdary coﬁéitions and/or pressufe gradient.

4.3, Testing of Program; comvarison with analytical solutions

4.3.1. Finite Difference Approximations

The error involved by teking oﬁly the pivotal values in the finite
differénce equations (4.2.5)was estimated using the finite difference -
correction terms, (See Goodwin (1960)). For the case of 0.H.D. pressure
driven flqﬁ down a rectangular duct (Figure 4.4.1), the error was estimated
to be AlO.i% for points greater than two mesh spacings from a mall and.all%
for points adjacent to the wall. This accuracy is quite acceptable, although
a somewhat larger error is produced in the case of M.H.D. flows vhich exhibit
large changes in velocity gradient near the walls.

4,3.2. Comparison with Analytical Solution to Eydrodynamic

Rectangular Duct Flow

The solution to viscous hydrodynamié'fléw in rectangular ducts
presented by Langlois (1964), was used to check the .equivalent numerical
solution (displeyed fully in Figure 4.4.1). Langlois transformed the

degenerate (ordinary hydrodynamic) form of equation 4.2.1:=

'L / /
Vivl= b ceecd 3.1,
vz ‘
into a Laplace equation and produced an infinite series solution:-

U-I= —l -_k —j ~+ 32AL Z(" nELs[‘{(M’) } C°5£&""')2d;

24 3 (2n eV eosl [ DEd: ]

-

oo'|40302.
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where (f and d, are the f-widthscf the duct in the X end Y directions
resﬁectively. (See Figure4.1.1(a)). Figure 4.7.1 shows the excellent
agreement found between this solution (the first 3 terms only were needed
to give an accuracy of + 0. lp since the serles converged quickly) and the
numerical solution, on the centre line y = 0 and on the line x = 0.5 (mesh

line nearest to X =0).

4.3.5. Comperison with Analytical Solutions to N.H,D. Rectangular

Duct Flow .
Two analytical solutions of M.H.D. Rectanguler Duct Flows given by
Shercliff (i953) were used to check the numericel solution (displayed in
Figure 4.4:5), at the Hartmann Number of 10 (based on duct half—width,'d,).

The first (exact) solution to equation 4.2.1 ie:-

ghal= 163 ”bz de C-f)" (u‘, M.x)w\km_,,d,-[ubm”)s'ul\mm(} Cos (zu.u)'rrgj

d"'](} Cah““)‘ sk CM:-Mz)dl
.l..4.3.3.
where m, and ML are the roots of the quadratic equation:-
z :
m e B Q) o O
-a—' 4d;- ' 0.004-3040

It wes found that 6 terms were required to produce + 2% accuracy in the
solution, and U'was found using the symmetry conditlons described in
section 4.2. (A computer program would be required to produqe an 'exact'
solu?ion by teking a large number of terms - thies was not considered
necessafy since the numerical results are only to be used to provide
graphical contour plots in order to produce semi-quantitative results).

The second (approximate) solution, valid for H>>| y ist=

' _‘:\*_{l -Z- ?-P“?[‘”(“"?f)}} vered 3.5,

vy 8’2 b
(33
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which gives a solt'xtion at large distances from the top and bottom walls of
the duct. |

Again, the numerical solutivon was compared with the enalytical
solutions ;)n the lines x=20:5 andj—— o, Fié:ure 4.3.2 shows all three
solutions. The only place where any discrepancy occurs in the\tj—’-oprofile
is at the maximum valué of ;i‘_"’ » Which mdy be expected; however this

dxt :
discrepancy is only ~ 1% and is tolerable..

4.3.4. Comparisén with Analxjical.Soluticn for flow with moving .
; boundaries |
Elliptic.functions wifh complex afguments are useful in checking
cexrtain ca;es of hydrodynamic flows.which are excited by moving perts of
the duct walls. A particular case whicﬂ can be handled is that of moving
top and bottom duct walls.
Consider a complex elliptic function

Jz) = v iy R

where z w4+ v
Then }iﬁé v LM £/(=)

)lé + L%_y - 4,; CE) - 0000403;70
end also Ej _} & %} = - _é . oo-o4-3-8.
dw

Elliptic Func‘cn.on tables (Henderson 1960) givex and y as functions of
W andv, for }’Cz) = Sn(z), tn(2) & dn(z)

n

n

where. x, = %__é- = ?#U--

and . 3 = -M = oooo4-3090
Vv

end x + 4, :F (z)

It is required to find + L’\}/ ‘J‘:F/('Z )dz J.(x-my)df from vhich

either ¢ or '\){l' may be determined.
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Consider the CM function;

This has the following properties:-

x=0 = Kz (3¢-0) *_ .0
_ N
- = 3.
v ° . Leo é:h L ° or Ye Kk
(?é:O) y:')
[ 4 S
y=o %W =0 ‘ Y=k,
o ' (* Singularity).
(a) Real and imag. (b) Real part affk%)' (¢c) Imag. part oﬁ;?(*)\
parts of CW . - Re{fc"(%)d*} - J {jc;\,(z)dz}

The function 47 (Real part of 3‘(1-3) cen be matched to U’ in the
, numerical sblution if the region in (b) above is used to cover a quedrant
-0of the rectangular duct and it is arranged that the arbitrary constents

Ki and K are 0 and 1 respectively.

The integration of Ch mey be carried out anelytically since

Jcm(-a)o(a = 4 A | dn(z) - iksn(e)
- K

95 - QL{ ij(%)d,z}
= SLeg[se-dea]

where kis the modulus of the function and corresponds to thé shape factor

eesel 3.10.

of the rectangular region. (For this case k - Sml2°),

Figure 4.3.3. shows the velocity profiles obtained by the numerical
solution with superimposed point values calculated using the'com'plex
elliptic functions. It can be seen that again, excellent agreement was
obtained between the numerical and analytical solutiorns, both along the

%=0 line end along the X = 0.3 and 0.5 lines.

x
dy
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444, Results for Pressure Driven Flows

4,4.1s Rectaneuler Duct Flow

The classical case of flow through a rectangular duct with no
obstructions in the flow and with stationary, non-conducting walls was
solved first. The O.H.D. case is shown in Figure 4.4.1 end the M,E.D.
case at the Hartmann Number of 10 (based on the duct half-width) is shown
in Figure 4.4.2.

In\these two Figures and in all subsequent 2-D solutions presented
in this Chagter,'fland 5,are shown as contours over the 2-D fully
developed cross—section of the flow. For economy, the contours are only
drawn for oﬁe quadrant of the duct cross-section and in all cases, the '
\)"—-contours take the left-hand upper quadrant, arnd the G’-contours the

right-hand upper quadrant.

The solutions to all the pressure driven flows are presented for
é&@,—‘ and so the mean velocity decreases with increasing Harimann Number.
{;ze Shercliff (1953)). The contours are plotted in eny one case with equal
interva%s, although the size of interval varies from case to czse. Initially
the mesh is used with the grid shape factor, S = 1, .

The Hartmann Number of 10 was chosen as the standarq value for most
M.H.D. cases which are &isplayed in this Chapter, since it represented the
approximate value expected in practice (see éection 5.2) and since this
wa.s éhe highest value which the numerical mefhod could hendle with proven
accuracy. Some solutions were obtained for H = 20 and H = 50; at B = 20,
there was an overshoot on the mesh points adjacent to the wall of ~ 10%, dbut
this error did not propagate into the core‘of the flow. At ﬁ = 50, there
was a serious overshoot which did propagate into the core and which

invalidated the solution, If the overshoot was ignored for I = 20, a
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sufficiently accurate solution waé obtained to obtain a contour plot and
this was done for somse iater cases,

Figure 4.4.1 shows a contour patiern which is reminiscent of
the classical Poiseuille flow, with modifications to suit the rectangular
cross-section of the duct. The M.H.D. version (Figure 4.4.2) shows quite
clearly the Hartmann boundary layer (thipkness<>(%¥>) on the walls
perpendicular to the applied magnetic field ( Bx,) and the thicker layer
(O (%)> on the parallel walls. The general shape of the velocity profile
is flattened in the core. The countours of B,are also current steamlines,
(since OM*L§=fﬁ} ) and show the diffuse flow of current in the core flow
(along the gﬁ(ﬁ direction) and the current return within the Hertmann
Layer. The 9%ﬂ1 layer contains the dispersing transverse current flow.

4.,4,2, Rectangular Duct Flow with immersed non-conducting nlate

The flow in a duct with an immersed non-conducting thin plate, of
half duct height (apprbx.) and symmetrically placed across the Y=0 axis is
considered in this section. Figure 4.4.3 shows the O.H.D. version of this
case. The boundary layer on the immersed plate forces the peak velocity
into the region above the tip of the plate.

When the magnetic field is applied, (see Figure 4.4.4) the region
adjacent to the plate has a flatter profile - the velocity v;riation being
limited to two Hartmenn layers, one on the plate and one on the wall. The
'peak.of velocity still occurs above the tip of the plate and there is a
tendency for ; greater proportion of the flow to occur in this region.

Thus in the M.H.D., flow, the plate is displeying the téQAency to lock the
flow 1o itself. Since the plate is non-conducting, as we héve already seen
in Chapter 3, the limiting locking power of the plate is to %3§uce the mean

core velocity adjacent to the plate to a half of the main sq%am core

velocity ~ this limit is attained for a semi-infinite plate in an infinite

fluid.
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For Figure 4.4.4. (H= |0) : U-Coge, ~ 061

V eore2

and for Figure 4.4.5 (W= 20) Veoter o 0-502
‘ U CokEn

where corel is the core edjacent to the plate and core 2 is the 'main-
streém'core above the tip of the plate, Therefore the limiting value of
this mean velocité is almost achieved at H = 20 with this configuration.
The currentstreamlinepatterns (see Figures 4.4.4 and 4.4.5) for
this case show again a diffuse current flow through the core which returné
both down the Hartmann layer on the immersed plate end also dowm the
Hartmaonn layer on the wall. This division of return current flow causes
a transverse current flow adjecent to the tip of the immersed plate, which
coincides with a 'wake' in the velocity profiles between the two core regions.
In TFigures 4.4.6 and 4.4.7, the same case is repeated, but with the
solid bottom wall condition (non-conducting and stationary). The result is
qualitatively very similar, but the locking effect of the plate is
attenuated by the existence of the boundary lqye; on the bottom’wall, which
effectively reduces the héight of the platé. A1l the current now has to
return above the base line of the mesh, and the distribution of current is
approximately half flowing left and half right. .

4.4.3. Ducts and immersed plates with verying shape fector

A gqualitative investigation was made of the effect of varying the
shape factor of rectangulaer ducts with irmmersed non~conducting plates -
maintaining the same geometrical relationship between the plate and the duct.
The shape factor was varied by a factor 4 and 4 and the results for C.Z.D.
flow and ILH.D. flow (E = 10) are shown in Figﬁres £.4.8, 4,4.9 and 4.4.10,

4.4.11 respectively. (H is based on the actual duct half-widilh in each case).i
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It is interesting to compare Figures 4.4.9 end 4.4.11, (i.e. the
two M.H.D. flows at x4 end x4 shape factor). The first notable featuré
is the marked difference in current flow pattern. In the case of a duct
vhich is long perpendicular to the applied field (Figure 4.4.9), the
transverse‘current flow adjacent to the tip of the plate is more marked
and for a duct which is long parallei to the applied field (Figure 4.4.11)
this effect is not detectable. 1In fact, this latter case behaves very mnuch
like a duct with a continuous partition along the whole of the x=Oaxis (i.e.
two seﬁarate'ducts). .

‘Looking now at the velocity profiles, it can be seen that the effect
of the magnéfic field in modifying the shape of the contours is much mofe
pronounced in Figure 4.4.9, then in Figure 4.4.11. In Figure 4.4.S, the
transverse 'weke',separating the two core regions,is more pronounced than
in Figures 4.4.4 and 4.4.5, and does not appear at all in Figure 4.4.11,
which just displays a general flattening of the velocity profile compared
with the 0.H.D. case (Figure 4.4.10).

Increasing the chape factor (increaéiﬁé the length of the duct
perpendicular to the applied fiéld) is secn to give a marked increase in
the effect of the immersed plate in M.H.D. interactions on th? shape of the

profiles,with this particular configuration.

4.4.4. Variation of Normalised Pressure Cradient/Mean Velocity

with Hartmarn Number

For the Hartmann Number varied over the range 0 = 20, the ratio of
Normulised Pressure Gradient/llean Velocity was evaluated for both a

rectangular duct with no obstructions and for a rectanguler duct with an

immersed plate.
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For comparison with the exact values presented by Shercliff (1953%),
the values corresponding to a squere duct were also evalvated. Figure 4.4.1
shows the excellent arreement obtained between Shercliff's result and the
values‘obtained by numerical analysis.

Fcr'the rectangular duct results, the shape factor of the duct was
%i==0'53f,corresponding to a mesh shepe factor of 1.0. The result for the
unobstructed rectangular duct lies below thet for the square duct i.e. a
greater mean velocity is obtained for a given value of %b' ,since for constant
%E: , ond cpnstant d) , the change in shape factor froz 1 to 0.531 implies

a greater duct cross—-section and hence a greater velocity. The effect of

introducing the immersed plete is to reduce the meon velocity for the sare

ob
R
the extra drag introduced by the immersed plate.

!
, even beyond the value for a sguare duct; this reduction is caused by

4.5, Results for Ceses with 'oving Boundaries and no Pressure Gradients

4.5.1 Half-Side 7alls Moving

The first case to be studied is of little practical importence, but
it illustrates the phenomenon of the transverse wake. Consider a rectangular
duct with all non-conducting walls, with a discontinuity in the walls
perpendicular to the applied field direction (side walls) (sece Figures 4.5.1
and 4.5.2). The centre portion of the side walls is then m§ved with V'é-’ ’
by external excifation.

. The resulting O.H.D. flow is shovn in Figure 4.5.1 and displeys a
gradual decreacse in velocity when rotating around the discontinuity. However,
in the M.H.D. case with H = 10 (see Figure 4.5.2), the variation in velocity
is limited to a transverse wcke which is symmetricasl about the y = const line

et the discontinuity in wall velocity, and is of total thickness O 521).
H,
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It separates two core regions = the upper }egion being approximately s;agnant

and the lower region moving at approximately the same velocity as the excited

portions of the walls. This should be contrasted with the pressure driven

flows which have semi-infinite inserted plates.. Here, the locking effect

produced a felocity. in the core adjacent to the plate,equal to half the

exciting velocity. . The.effect of locking the lower core region to the

wall velocity in this case is produced by superimposed effects of two

moving portions of the walls, one on each side. .
fhe ﬁgrrent distribution, as well as the velocity distribution,show

the tranéversé wake effect -~ especially in Figure 4.5.3 (H = 20 for this c¢ase)

Considering'one Auadrant, it can bé seen that the current flow is in opposing

‘ directions along Hartmann layers on the stationary and moving portions of

the side walls. At the discontinuity, the two current streams merge and flow

inwards towards tﬁe core of the flow within the transverse wake, and contin-
uously feed the core flow with a diffuse current distribution in the VxB
direction on either sidé of the wake, Thus a total of three currént
distribution loops are formed in each half of the duct - one adjacent to

the moving part of the side wall and one each to the stationary portionms,
although a large proportion of the current in the loop adjacent to the

moving portion does return before crossing the U‘:O axis, so forming two

sub-lodps.

4.5.2 Non-conducting Moving Immersed Plate

The secbnd dynamically eicited case could more easily be achieved
in practice, although its main interest is in its comparison with the non-
conducting semi-infinite plate case investigated by Hasimoto (1960), and

an investigation of the effect of imposing finite limits to the plate and

to the volume of fluid., (cf. Figure 2.2.1).
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Figures 4.5.4. and 4.5.5 show thé C.H.D. and L.E,D, versions of this
flow. The shape of velocity contours in the O.H.D. case (Figure 4.5.4) show
great similarity to those of preésure driven duct flow with the incerted plate
absent (Figure 4.4.1), but vwhen the magnetic field is applied (Figure 4.5.5),
there is a striking chenge in the contour pattern even 2ot II = 10; The flow
in each quadrant is now divided into 2 Hartmenn layers, on the plate and
on the side walls, with a trensverse wake emanating from the tip of the
plate which diverges as it leaves the plate. This weke divides the core
flow into twg regions, the one above the wezke being stagnant, and the one
below the wake moving with a mean velocity equal to half the plate velocity.
The current fl?w is limited to the region adjacent to the plate (i.e. if
does not fill the whole duet), and is further limited to the two Ilartmann
layers and the transverse wake. Very little current flows in the core of
the flow adjacent to the plate, and the current forms a closed loop up one
Hartmann layer, acrose the diverging weke and back down the other Nertmonn
loyer.

If this result is compared with Hasimoto's exact solution, great
similarity can be secn. The effect of placing a limit on the length of
the immersed plate and of imposing the upper wall of the duct mckes very
little difference to the solution. The side walls (perpendicular to the
megnetic field) do have a marked effect,since they introduce the larimann.

loyers vhich termninate the developing wakes end provide current return paths.

4,5.3 Top and Pottom Walls Noving

The third dynemically excited case was primerily investigated since
the 0.H.D. version of the flow could be compared with an aralytical solution
(see section 4.3.4), but it does also provide an interesting I.H.D. situation

(see Figures 4.5.6 and 4.5.7). The O.H.D. velocity distribution diepleys a
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gradual decrease sbout the apex at the discontinuity in.wall velocity,
(cf.Figure 4.5.1), but when the magnetic field is applied, the fluid
velocity is limited to a boundary layer on tﬁe moving wall of thicimess
C)(é?l) . The current is also limited to this layer qn& flows diffusely
in tﬁl cofe of the layer returning through én abbreviated Hertmann Layer
on the side walls; the transverse current flow along the moving wall
feeding the core flow. In the limit as ’4-900, the plate would tecome

completely ineffective in exciting any flow in the duct, as the boundary -~

leyer thickness tends to zero.

4.5.4.. Variation of lMean Velocity with Hartmenn Number for

Dynamically Ixcited Cases —

Figure 4,5.8 shows the variation of mean velocity with Harimenn
Number for the three cases investigated in this Chapter.

(a) Half Side Walls llovine

The mean velocity rises initially with increasing llartmann Kumter,
but quickly asymptotes to the theoretical H-ww limit, which correcsponds
to the situation when all the fluid adjacent to the moving portion of the
walls is moving with the moving Qall velocity. The reason for the swift
approach to this limit is the symmetry of the transverse boundary layer
about the y = const.linc, (at the level of the discontinuity in wall

velocity).

(b) Immersed Plate Moving

In this case, the mean velocity decreases with increésing Hartmann
Number to the limiting value at H-wee , which corresponds to all the fluid
adjacent to the plate moving with half the plate velocity. This trend,
which is contrary to that experienced in case (a) may be explained by

considering that the plate in case (b) initially influences a large portion
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of the central part of the duct cross éection and has its effect reduced
to the adjacent portions by the application of the magnetié field, vhereas
in case (a). the O.H.D..flow only shows a smal} influence on the central
portion of'the cross section, and this is increased with increasing .H.D.
interaction, e.g. consider the area enclosed between the 0.5 contour and
the 1.0 contour for each case and the change that occurs in moving from
0.H.D. to lM.H.D. flow. Case (a) shows an increase in area, and case (b)

a deérease. The slower approach to theH-»@1limit in this case cf. case (a)

is caused byithe asymmetry of the profiles about the same y = const. lines.

(c) Top and Bottom Walls MNoving

As élready stated, the effect of increasing the N.,H.D. interaction

is to reduce the influence of the moving plate on the flow and this is
reflected in the decrease of mean velocity with increasing Hartmann Number;
in the 1limit as H -—~e , the mean velocity will tend to zero (see Figure
4.5.8). The rate of approach to the asymptote after Il = 10 is doubtful,
since the inaccuracy of the finite diffcrence mesh is particularly
pronounced in this situstion. The flow is limited to the moving wall
boundary layer and so the mean velocity only has contributions from this
region, where the accuracy of the finite-differcnce method is‘worst.
Because of the lower accuracy at H = 20, it is likely that this value of

(} given in Pigure 4.5.8 is slightly inaccurate and the extrapolation is

dubious. The general trend is, however, .as expected,
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EXPERIMENTAL INVESTIGATION OF COMBUSTION PLASMA M.H,D. FLOWS

51 ~ Description of the Problem and the Necessity for an Experimental

Approach

The méin investigation in this thesis is concerned with magneto-
vigcous interactions in combustion plasma flows under the influence of
transverse magnetic fields. The high Hartmann Numbers which will be
produced in M.H.D. generators of any appreciable size suggest that such
interactions will be of considerable importance in their design, (e.g.
a 25 wa(ele?trical output) generator will have a Hartmann Number A/103),

The;jheoretical approach which was pursued in the preceding chapters
gives only.;\limited understanding of the phenomena experienced in genegators
which employ combustion plasma for the working fluid, since the variation
in properties with temperature and the non-scalar conductivity were not
included. A complete theoretica} treatment would be extremely difficult
and in any case the quality of the results may well be masked by the
enormous analyfical effort required to solve the complete problem.

Earlier experimental work has 1imitédv£elévance to this particular
situation. The 1arge'bu1k of.isothermal experiments in mercury flows have
given a clear understanding of meny of the basic magneto-viscgus inter;
actions (e;g. Alty (1966), Hunt and Malcolm (1968), Alpher et al (19G0))
in which tronsverse wakes appear under the action of transverse fields.
Althodgh they cannot give any indication of the magnitude of the effects

when they are transposed into the combustion plasma medium, these

experiments have demonstrated the validity of the theoretical work and in

gsome cases extended it beyond the bounds of the present analytical solutions.
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In the field of combustion plasma M.H.D. flows, most of the
expefiments carried out so far have been involved with BPulk effects in
éenerators‘e.g. the induced voltage. The experiments of the Stonford
Institute for Plasma Research (0lin (1966 ),Sonju (1968)) were an attempt to
open the field of detailed fluid-mechanic investigations of lM.E.D. flows
in hot gases. 01lin actually used internal probes to investigate the
turbulence damping effect of a transverse magnetic field, whereas Sonju
made agcurate skin friction measurements to investigate the effect of .
variab%e waﬁl température on M.H.D. interactions in duct flow.

The experiments described in this thesis extend the present
knowledge of combustion plasma M.lI.D. flows in the specific case of
pressuré'driven flows past thin plates which are inserted into rectangular
ducts. The particular advantages of using this configuration for

experimentation were two-fold:-

(a) it permitted high surface temperatures to be achieved on the surface
of the plate (which minimisedthe effects of a cold boundary layer on
the U.H.D. interaction).

(b) it enabled transverse boundary layers to be produced under !\.H.D.
conditions which enabled investigations of M.H.D., interactions to
be carried out by velocity profile measurements in the core of the
flow - s0 eliminating the difficulties of wall boundary layer probing.

Although high Hartmann Numbers can only be achieved in combustion
plasma flows by utilising large ducts and extremely high gas temperatures

"to produce high electrical conductivity , these experiments at moderate

Hartmann Number aimed to demonstrate the quality of effects which would be

produced with greater mcgnitude in M.H.D. Generators.
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The situations in which magneté-viscous interactions may occur

in M.H.D. generators are likely to be three-dimensional and not closely

comparable to the 2-D cases investigatéd here.. However, several classes

of possible ihteractions can be suggested:-

(a) In Faraday generators, tpere could be interactions between the main
(generated) ctrrent flow,as it enters the collection electrodes, &and
the component of the applied field which is normal to these electrodes
(produced by 'barrelling' of field lines). For modular electrodes; a’
cogfiguﬂation resembling that of Hunt and Malcolm (1968) would be
achieved, with a resulting cross-flow. |

(b) If a créss—connected generating duct is to be employed, with looped
electrodes, (inclined to the axis of the duct) the flow adjacent to
the 'insulator' wall (perpendicular to the applied field) will have a
component of velocity parallel to a discontinuity in wall conductivity
between the electrode loops and intermediate insulatoré. Thus, transverse
wakes, analogous to those produced by a discontinuity in the velocity

boundary condition on such a wall, will Bé péoduced; providing that the

walls are hot,

(c) 1In Hall generators,in theregion in which the longitudinal (induced)
current flow enters the collection electrodes, (which envelop the whole
cross-section of the duct) there will be a rezion of current flow into

the wall experiencing a normal applied magnetic field,and a situation

somevhat analogous to (a) will ensue.

.

A further complication is that the 0,H,D. flow in large generators
would be highly turbulent and the magnetic interactions may or may not remove

the turbulence from the flow,



.

5¢2e Ixperimental Conditions Required and Possible

The conditions of flow required in the experiment were;-

‘ (a) H > 1
(/b) N~ 1
(¢) Ny <1

(@ . R < 10°,

(e) M << 1
These conditions ensured that M.H.D, effecfe develop;d in an acceptably short
distanc; (a few widths of the duct), that the Hall Effect did not predominate
(see seétion 8.2 for further discussion) and that turbulence phenomena did

N

not mask theilaminar K.H.D. interactions caused by the boundary layer on’
the inserted plate. They also ensured that éompressibility effects were
negligiblé and that mégneto—viscous interactions were significant,

In M.H.D, generators, high gas velocities are desirable since the
power density isc{ G'E;Kft. For these experiments, which did not involve
net power extraction, much lower velocities were used, which also involved
lower flowrates and pressures (and greater ease of experimeﬁtation).

Lower velocities also assisted in‘satisfying conditions (b), (d) and (e)
above, The critical parameter was H, and the principal variable in the
parameter was the electrical conductivity of the gas. This i; critically
dependent on gas temperature and so a low heat loss gas duct had to be used,
together with a combustion chamber with the maximum outlet temperature
compatible with containment materials. ‘

The scale of the experiment, which directly affected conditions (a),
(b) and (d) was determined solely by economic restraints, and the magnetic

field strength (B) was limited to ~ 1 weber/m2 » 8ince highly sophisticated

magnets could not be employed, (e.g. superconducting magnets or very high

power air-core electromagnets).



- 49 -
It was decided to adopt an opén;cycle configuration for the
experimgntal M.H.D, duct, which was very similar to the layout of an open
cycle M.H.D. generator, and to use the combustion products of propane and
oxygen at atmdspheric pressure, as a working fluid., The choice of a
gaseous fuei was based on its convenience in contral and handling (Propane -
- was preferred to acetylene because of the much lower weight of cylinders/1b

of gas and its somewhat safer.operational characteristics -~ even though the

~

flame temperature is 10% lower).

‘In orFer to obtain design data on the properties of this working
fluid, a computer program,(Grayston(1966))wri¥feﬁ to proviaé information
for thé C.E.d.B. M.H.D. Generatbr,was used té provide data for the condiéions
employed in these experiments. | |

The date corresponds to a stoichiometric mixture of oxygen and
propane at one atmosphere pressure; the effect of varying the amount of
Yseed' material in the flow was investiga%ed. The purpose of introducing
seed was to enhance the electrical conductivity of the gas with an easily
ionised element. An element with low ionisation ﬁotentig} was required,

and in common with most open cycle M.H.D. generation experiments potassium

was selected and injected in the form of solid K2804 (Cesium would have been

.
LY

better, but it is extremely expensive. Ionisation Potentials:- Cs = 3.87 volt,
K = 4,32 volt). The seed concentration was varied between 0.5 and 1.0 mol %
in the'gas,since previous calculations for M,H.D., generators suggested that
this seeding level produced the optimum enhancement of conductivity.

) Figure 5.2.1 shows the variation of gas conductivity with temperature
for varying seed flows and Figure 5.2.2. shows how the optimum seed flowrate

can be determined. 1In this Figure, the adiabatic flame temperature and gas
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conductivity'are displayed for different heat loss levels (expresced as
a percentage of the calorific value of the fuel).' As expected, the flame
temperature is seen to drop as the seed flowrate increases, because energy
is required to~vaporise, dissociate‘and ionise the seed and to br;ng it
into thermel equilibrium with the gas. There are thus two opposing factors;
increasing the seed’ flow gives extra conduction electrons to the gas and it
reduces the conductivity of the gas itself by reducing its temperature.
- It was eetimated from Figure 5.2.2 that there was anoptimum secd level,at a-
heat lose of ?O%,of 0.73 mol % K.

The Qell parameter was also calculated for the same ranges of seed
flow and temperature and the variation is shown in Figure 5.2.3. The parEmeter
lies in the range 0.3 - 0.7 for all the considered variation of properties,

. and so Hall effects were not likely to be significent in the experiments.
|

(The transverse conductivity of the gas is reduced by a factor ‘v———7
I +(o)

i.,6. ~ 0.8 at 2300%),
| The viscosity of the combustion products was calculated using data
by Green (1957) and is presented in Figure 5;2;4Q“

From the computer results for conductirity and. the data for viscosity,
it was possible to calculate the Hartmann Number and Interaction Parameter
which could be achieved in practice. A possible configuration was selected
as a 6" x 2" rectangular channel, which experienced a transverse field of '

"1 weber/n2, (the duct was 2" wide in the direction of the magetic field),
and calculations were made for an assumed thermal input of 110 KW (gas
velocity N30 ft/s) with a stoichiometric ‘mixturs of propane and oxygen,
(these flowrates could conveniently be produced from bottled gas). The
results are preeented in Figures 5.2.5 and 5.2,6,which show that if a gas

—

temperature of 2200°C could be achieved, then a Hartmann Number of ~ 7 and
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an interaction parameter ofw0.05 could ensue, (based on the duét width ;f 1").
This implies that there would be a sighificant interaction within a distaﬁce
equal to 20 times the width of the duct i.e. 20 in.
‘ The Mach Number in thetest duct was estiQated to be A~ 0.01 for a
- thermal input.of 110 KW; this eliminated the necessity to consider any
possibility of'significant compressibility effects.

The Reynoldé Number (based on the duct half width) was also estimated
for the test duct and was found to be~) 103, at 2200°C and 110 K¥ thermal Input.

This suggested rhat although the flow was not indisputably laminar, turbulence _

i

phenomena would not be predominant,

Since an adiabatic flame temperature of 2700°C is produced at the

" optimum seed flowrate (0.73 mol % K), 2200°C was a reasonable assumption for
an achievable temperature in the'M.H.D. duct. Later calculations and measure-
ments substantiated this assumption and showed that it was probably exceeded
lin practice.

These calculations showed that if a 12" long magnetic field was
employed, then the magneto ~viscous interaction would be substantially
developed within the length of the'M.H.D. duct. .

The selection of materials for containment of the high tempera ture
gas stream also provided severelimitations on the scope of the experiment.
The best refractory materials to withstand a high temperature gas stream
which contain an alkali metal are the high purity oxide refractories.
Dickson, Sanders and Tseung (1964) showed that a'magnesite brick which has»
low iron oxide content and a high calcia té.silica ratio proved to be most
resistant to alkali attack over lGOOOCﬂ The melting point of pure magnesia
is 2800°C and high purity magnesite is somewhat lower. Although the melting

" point of zirconia is comparable (2715°C) end its resistance to alkali att
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is also good.yit was not favoured for uéé in combustion chamber and duct

linings'becéuse of its unfortunate behaviour during thermal cycling. (It

suffers a structural change in the érystal'lattice at about lOOOOC).

Stabilised zircénias (e.g. with magnesia or calcia) can be used however,

and these have reasonable life under cycling conditions,although they do

not compare well with magnesia in this mode of_operation.

ZirFonia is however one of the few refractory materials which can be

. used as a‘high temperature electrical conductor, under these conditions of N

alkali me?al v?pour attack, The electrical conductivity of magnesia and

zirconia (datg.from Ryshkewitch (1960)) is shown in Figure 5.2.7, from

which it can bg seen that zirconia has a conductivity which is three orderé

of magnitude greater than magneéia over a large temperature range. Assuming

that the gas conductivity is A 10 mho/m, then assuming a refractory temperature

of 1800°C, Sz o, IO & OmMo A, 002
0" 9as T 4as

Thus a duct lining of magnesia would effectively be an electrically insulating
duct and zirconia could be considered to be a good conductor with respect to

the gas conductivity (although its performance would not match tre equivalent
Sew & 50 ).

C-ﬁj

For the combustion chamber, where an adiabatic wall condition would be

performance of copper in mercury flows, when

| desirable, the maximum wall surface tcmperature had to be adopted. If magnesia
had been used as a hot face material, then temperatures well in excess of
2000°C éould have been allowed. But since the thernal conductivity of ma;nesite
brick is relatively high (~ 20 CHU/ftzhrOC/in) compared with a good insulation
refractory such as silica fibre (~1 CHU/ftzhrOC/in), and its use would
necessitate an excessively thick wall to redﬁce the external temperature to
'<IOO°C, a composite wall lining had to be adopted, using intermediate insulating

refractory materials up to their limiting operating temperature,
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In the M.H.D. duct, where the fﬁiékness of insulation was limited
by the size of the magnet gap, a completely :insulated duct would not heve
been feasible, (this would in any case héve wasted a very large proportion
of the WOrkinghvolume within the magnet gap). Consequently, a water-cooled
duct was adopted, even though this increased the heat losses from’the duct.
A compromise which &mployed some refractory insulation within a water-cooled

duct was the most satisfactory solution.

A 6" x 2" duct was used as suggested earlier and 131" of insulation °

together with{%" for a water-cooling passage was allowed on each side of

the duct) thus a 6" gap magnet was required,with a pole face 6" high and

.

12" long and flq; density 1 weber/m2 across the gap.

Thé importent design feature which needed vérification was the
. ability to produce a mean gas terperature of 2200°C or more in the
experimental M.H.D. duct. Discussion of this muct wait until a more
detailed deSign of the cogbustion chamber and duct has been.presented.
Estimates of heat losses are included in the déscription of the desiemn of
the apparatus in the next chapter.

A wall temperature as near as possible to the gas temperature,was
required in order to provide a hot (electrically conducting) boundary layer
on the walls of the M.,H.D. test section. The low temperature of the duct
walls produced by water-cooling and limited insulation in the test-section
wouldn;t have been satisfactory in this respect, and the only method of
achieving a higher.surface temperature was to immerse a refractory plate
into the gas stream where it was able to take up a temperature which was

intermediate between the gas temperature and the duct wall temperature.
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This implied'that any M.H.,D. interaction which would be produced by the
boundary layers of the duct walls would be small, and the only hope of
producing a significant interaction would be to use inserted plates.

) The estimates.of the temperature of the duct wall of the M.H.D., test section
are prgsented in section 6.1. |

Sele Experimental Measurements Required and Possible

5¢3.1 Measurement of Gas Velocity

In order to investigate the interactions of a transverse magnetic .
fieldlon the flow of high temperature gases, a device capable of measuring
velocity brofiies within the test duct was required. The instrumeﬁt had to
be capable of\iroducing 2-D velocity profiles while withstanding extreme
conditions of temperature and deposition from the gas atream; The two
instruments’considered were (a) water-cooled pitot-static probes and
'(b) water-cooled hot-film anemometers. Because of the unproven reliability
and extreme cost of (b), the pitot static probe was selected for these
experiments (see section 6.2 for full description of probve).

Pitot probes have been uscd before in M.H.D. flows, (East (1964), Hunt
(1967), Hunt and Malcolm (1968), 0lin (1966)), both in hot gas flows and in
mercury flows, and discussion has taken place regarding the corrections which
should be applied to the readings of total pressure in M.H.D. fiowg.

The general result is that a correction factor of (1 + X. N) must
be applied to the velocity heaa measured in constant property flows,
Experimentally, the value of K was found by East (1964) and Hunt (1967) to
be ~ 0.4.

In these experiments the interaction parameter hﬁsed on the duct
% width d; was ~ 0.1 and so the interaction parameter based on a probe

diemeter d* given by d*/d. ~s 0.1, (i.e. the maximum tolerable size of

probe) would be 0,01 and therefore the correction to the velocity head was A 1%.



In practice. the use of a water-booied probe in a hot gas flow
produced_non-uniform conductivity effects around the probe and the simple
theory was not strictly applicable. However, because of the tendency of -

a cold boundar& layer to exclude the possibility of induced current flow,
it was most likely that the effect of water cooling the probe would be to
lessen the M.H.D. cdérrection factor even mo?e.

Two further correction terms had to be considered, viz. the viscous
term andltha density variation .term. The former is important when the N
Reynolds‘Numbﬂr (vased on the probe diameter) is small. Schowalter and
Blaker (1961) showed that for flow over a cylinder this term is small (<5%)
for Ke* >20..“ For a probe of 1/8"A diameter, (cf. 2" wide duct) fe*~7o i
and the viscous correction would be very small. .

If absolute measurements of velocity wereto be madg, however, this
correction term would have been needed for the actual probe design being used.
This calibration woald normally be carried out at the same Reynolds Number in
cold air in a uniform-velocity calidbrated nozzle., However, in order to achieve
the Reynolds Number, . which was experienced in the hot gas duct, in the cold
air flow, an extremely low velocity would have to be used and this would
result in a velocity head which would be too small to be measuréd by
available instruments. (The low velocity is caused by the inc;eased density
and lower viscosity of cold air cf. hot gas).

. The velocity head encountered in the hot gas flow was a 0.03 in.w.g.,
"which was measurable using commercially available equipment, but a cold air
flow at the same Reynolds.Number would produce only A 0,0004 in.w.g.

The only way té have overcome this imﬁasse would have been to use a

more viscous fluid; in fact the parameter which determines the size of

velocity head produced by a fluid at a fixed Reynolds Number is /u;4é
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(- v&% at constant Re and constant geometry and velocity head o eu" pE
This parameter was calculated for water at 16°C and 4°C and air at 16°C.
Compared with‘ aivr, water produced velocity heads 5 x and 9x greater at 16
and 4°C. Thus one way of overcoming the calibrz;tion difficulty w.'ould have
been to use Eold. water, which would have brought the velocity head to within
the range of the niost sensitive micro-menometers; even so, the boundary
layer adjacent to the probe would not be allowed for.
However, the density correction term posed altogether a more serious
problem. | It a(rose because the etfg{_ term in the incompresvs_ible equation of
motion c;nnoﬁgbe integrated along the stagnatién streamline simply to give the
traditional -}_{Vi expression for velocity head. If a fluid with vﬁrying )
density is being considered (in the thermal boundary layer on the probe
surface, the gas temperature varied from the free stiream temperature of
~2400°C to a surface temperature of '\J200°C), a correction term of the form

- _({_.l%% Az must be applied to the measured differential pressure, (total-
static) to determine the true value of the so-called velocity head écw" .
Because of the gxtreme difficulty in measuring, or ‘even predicting theoretically,
the value of V& %% along the stagnation streamline in order to estimate this
term, and because for small M.H.D. interactions the value of the term would not
differ appreciably from its value in ordinary hydrodynamic flow., it was decided
to make only comparative measurements between 0.,H.D. and M.H.D, flows and not
to attehpt absolute measurements of velocity.

| Variation in density distributions between equivalent O,H.D. and M.H.D,
flows could be caused by changes in local temperature which ﬁxay, in turn, be
caused by
(a) Joule heating effects.

(b) Changes in velocity profiles,a.nd turbulence levels, which

may affect the convecti_ve transfer of heat,
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The joule heating effect is discussed further in section 8.1, but it
was assumed that for the low M.H.D. interactions expected in these experiments,
changes in dqnsity distribution producéd by Jjoule heating and differences in

convection mechanisms would not be appreciable; since the temperature
distributioﬁ was dominated by radiation to the duct walls,

The decision to make only comparative measurements between 0.H.D. and
M.H,D. flsws (the only experimental parameter which was varied between 0.H.D.
and M,H,D. f10w§ was the magnetic field - which in turn affected the overall
pressurelgrad%ent along the duct and the velocity distribution -~ the total mass
flowrate\remg?ned constant) eliminated the need for the celibration of the
probe to determine the viscous effect.

It‘was decided to use a pitot-static probe, rather than a simple pitot
_ probe with wall static tappings, to eliminate. the possibility of transverse
pressure gradients disturbing the measurements bf differential pressure,
Transverse pressure gradients woﬁld occur in regions of developing flow and
in the presence of Hall currents, but the effect of the induced (E&) field in
producing transverse pressure gradients would be negligible,

In isothermal measurements using pitot-static probes, the differential
pressure between total and static tappings is equated to the velocity head,
IL‘ J—c}f , and a knowledge of the fluid density enables the local velocity
to be deduced. Because of the difficulty of estimating the local fluid
densité»in this case (no temperature profiles could be measured - see section
3.3.2), it was decided to present the profile measurements as profiles ofA/K,,
which in the case of isothermal flows would be simply the velocity multiplied by
a constant factor. In hot gas flows, with;cooled walls, some variation in
density is to be expected near the walls, and so the.ﬂiprofiles are not similar

to the true velocity profiles in these regions. But for reasons describded
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earlier, changes in'density distribution between M.H.D. andIO.H.D. flows
were not expected to be dominant compared with the changes in velocity caused
by the magneto-viscous interaction,

5¢3.2 Measurement of Gas Temperature -

The.range of gas temperaturés which had to be measured in the
experiment (2000 - 2600°C) we;e in the accepted working range of the
Sodium D-line Rever;al Techniéue (see Appendix C for full description) with
a tungsten strip lamp used as a light source. Measurements of gas temperature

were useful for optimising flow conditions to give the maximum gas temperature

(and hence maximum electrical conductivity) in the test duct. The temperature

measurement ;ﬁs much simpler than the direct measurement of electrical

conductivity and was more suitable'for routine measurement during experiments.
The method only produced bulk gas temperatures, however, and no

| experimentel measurements of temperature profilesAwere obtained.

5.3.3 Measurement of Gas Conductivity

A simple method of measuring gas conductivity is to set up a small
" conduction cell by immersing two electrodes into-the gas flow. If the
current-voltage characteristics of the cell are then measured, it is
possible to estimate the bulk electrical conductivity of the gases.
(Brogan (1962), for example), The effect of the boundary layer on the
electrodes is to produce a non-linear I-V curve, but if the slope of the
curve is taken in the middle region, i.e. between the low voltage region
where the boundary layer is predominant and the high voltage region where
current saturation is experienced, then a representative value of bulk
conductivity is obtained. This method is useful for approximate
measurements of electrical conductivity, and has been applied to
measurements in a variety of M.H.D. duct arrangemenfs, e.g. Inglish and

Rantell (1968) used the method with a coal-oxygen M.H,D. Combustor.
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Olsbn and Lary (1962) used an R;F. probe technique fér measurements
of electrical conductivity of high temperature gases, and the method was
further developed by Taylor (1967) for measurements in an M.H.D.‘experiment.

The méthod is based on measurements of the dissipation of R.F.
energy in tﬁe medium surrounding a coil which is fed with an R,F. signal
from an oscillator/monitor unit. The level of dissipation is dependent on
the electrical conductivity of the medium and the resistance of the coil
(which may vary if the temperature of the medium varies). .

-‘Taylog found that thermal drift was so pronounced when using a
sheathedvcoi},that changes in dissipation caused by the presence of a
conducting médium could only be measured if the transient response of thé
R.F. circuit was measured when the gas flow was shut off.

Both Olson and Lary, and Taylor used gascooled, refractory sheathed
coils in ducts with cool walls. Such probes would not withstand the high
heat flux conditions which would be produced by a refractory lined duct
and so a water.cooled copper tube had to be used to make the coil for these
experiments., This necessitated the use of demineralised water, to remove
the possibility of a leakage path across the coil. Because the water cooled
coil produced a region of cool non-conducting gas in its own immediate
vicinity, there was no possibility of providing an external short circuit
to the coil and no sheath was required,

The probe did not give a direct measurement of electrical conductivity
and had.to be calibrated with fluids of known conductivity (with a sheath over
the c0il to simulate the cold (non-conducting) boundary layer), Electrolytes
(e.g. KC1) have been commonly‘used for this purpose in the past and the

details of the calibration which was carried out with this coil are described

in Aﬁpendix E. A possible objection to the use of electrolytes is their
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iastly différent dielectric constant céipared:with the dielectric constent

of gases, which may affect the dissipation 1ével, However, provided that
o“>>ew,where W is the frequency of the“:imp'osed R.F. signal, and &

is the permittivity of the medium, then dieiectric effects can be neglected,

(This condition can be derived by considering the equation governing the

induced magnetic field in the case of a steady sinusoidal response).

In fact this condition is satisfied both in the case of electrolytes and

gas flow; for an R.F. signal of ~10 mc/s in the range 1~ 10 mho/m, al though

in the cgée of electrolytes ( %w’\’ 20 at 1 nho/m), some slight dielectric ‘

effect is present and if the conductivity is any lower, the effect will no

longer be negligible.



6.

DESIGN_AND CONSTRUCTION OF APPARATUS

6.1 Test Rig
6+s1.1. Overall Thermal Design and Specification of Refractories

i

The rié needed to provide containment for the working fluid with the
lowest possible heat losses compatible with safety and protection of ancillary
equipment. The combustion chamber also acted as a seed evaporation chamber
and delivered fully combusted gases laden with dissociated seed to the

experimental M.H.D. duct and its dimensions were governed by seed evaporation

rather than c?mbustion.

(a) - . Combgption Chamber Heat Losses

It waé required to reduce the combustion chamber heat losses as much

as possiﬁle and so it was advantageous to havesan extremely high thermal

. resistance across the wall. Since the rig was not to be rin continuously,

but only for relatively short test runs, a thérmal design based on steady
state conduction through the wall was not idéal.' This would hgve necessitated
a very large thicknesé of the hét-face magnésite refractory (high thermal
conductivity) to reduce the interface temperature between the hot-face brick
and the insulating brick to an acceptableylevel for the application of low
conductivity a}uminosilicate refractories. The maximum temperature which
could be tolerated was ~a1600°C, and for an adiabatic flame temperature of
2900°C, the hot-face temporature would have been well in excess of 2000°C.

. Only the transient period was considered, when heat wﬁs diffusing
into the wall, and so a smaller thickness of magnesite brick could be
selected, which would experience a temperature of 1600°C at its backface
after the time taken to pre-heat the chamber and to complete a test-run.

A supplementary advantage of using a reduced thickness of hot-face brick

was that the surface_temperature rose more rapidly during thepre-heating
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period, since the greater proximity of the inéulating refra;£ory restricted
the diffusion of heat away from the surface.;fThQ critical thickness required
was estimated.to be 3", by assuming that if é'hours were allowed for the
diffusion of heat into the walls and the inﬁer wall was maintained at

1600°C, then‘the charaéteristic distance to which this temperature level
would have diffused - would be .J:Zﬁfr (where, ot is the thermal diffusivity
of magnesite ('Q 0.03 ft?/hr) and T is the characteristic time). Since the

~

inner temperature would in fact rise from zero to over 206690. during a
test run,;this(estimate of penetration thickness was high, and taking the ..
warm-up periqg into account, a total test time of ~ 3 hours seemed feasible.

Becauée of the uncertainfy involved in this calculation, and the .
complexity involved in undertaking a complete transient temperature study

~of the system, it was decided to build a trial combustion chamber. This
exercise also provided useful experlence in the construction and operation

of high temperature combustion chambers and was used as a preliminary facility
for electrical conductivity measurements. (See section 7.1),

The internal dimensions of the combustion chamber were determined by
considering the residence time fequired to evaporate and dissociate the seed
material, Assuming plug flow through the chamber with 110 XW t?ermal input,
and agsuming that a 6" x 6" cross-section was used, then for a 9" long
combustion chamber, the residence time was calculated to be 60 ms. Experiments
by Nettleton & Raask (1965) indicated that this would be sufficient for the
dissociation K 904 seed of mean size 60,» at a flame temperature of 2600°C.
(Their experiments indicated evaporation times ~ 10 ms).

The cross-sectional dimensions of the chamber were phosen to give a
shape which would easily match the required test duct shape and would give an

acceptably low velocity in this high temperature region, which would reduce the
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attack on fhé refractories to acceptablé‘rates..(ln fact, the rate of attack
experienced ih practice in this combustion chamber was quite acceptable and

was limited to inter-granular attack and a glaz;ng of the surface of the bricks)
The results_of‘the preliminary combustion chamber trials which are relevant

to the present exercise are dispiayed in Figure 6.1.1, which shows the transient
temperatur es at different depths in the refractory lining. (Thermocouples
were placed at #" and 3" from the inner wall of the chamber). For these
experiments the 3" magnesite hot face brick was surrounded by a lining of °
aluminos?licate insulating brick (also 3" thick) and a 2" layer of compressed.
low temperature and low conductivity insulation. (See Figure 6.1.3.). This
composite wali\produced an overall thermallresistance which was sufficiené

to maintain th9 outside wali temperature less than 100°C.

It can be seen from Figure 6.1.1 that the critical time, i.e. when the
aluminosilicate refractory reached its maximum operating temperature of 1600°C,
ocgurred glpr.ZO min, after light-up. This would have allowed about 1} hours
for measurements to be made on the rig after allowing for an initial pre-
heating period. In actual fact, the complete'fi; ;asvdesigned to run under
slight suction, whereas this trial combustion chamber was slightly pressurised,
since the exhaust ran to atmosphere. Lower .rates of temperature‘rise than those
experienced in these trials were experisnced in the refractory insulation of
the rig and a longer period for experimentation was achieved.

'ihe estimates of the required thermal resistance were made by
congidering the steady state heat flux from the combustion gases to the wall
by forced convection and by ra@iation. for a variable inner wall temperature,
and also by éonsidering‘the-heat flux'by conduction through the
wall,again with variable inner wall temperature (calculated by assuming linear

heat flow). The inner wall temperature, and hence the actual heat flux, was
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N

found by equating these two expressions~(see Figure 6.1.2). The radiative
and convective'components of the heat flux were determined as follows:-

(i) . Radiative Heat Flux from Gases

The_gas emissivity was estimated by calculating the non-luminous
emissivity of the 002 and H20 in the flame. The inérease in emissivity
.caused by the visible line emission of the seed méterial was neglected.
The method of McAdams (1954) was used and indicated that a total emissivity
of 0.008 would be achieved at 2500°C. This rather low value was attributed ~
to the lgw be%m length of the gas (6") and thqfabsence of any particulate ...
matter in thq:flame. To allow for possible lﬁminéua radiafibn an emissivity

of 0,01 was assumed for the gas. Data for tﬁe emissivity of refractory b;icks

is unreliable, and a figure of 0.5 was assumed,

The radiative component of the heat flux was then calculated using

the equafion
e = CE(E)(HT-T) L

where the subscripts w and g refer to the conditions at the wall and in the

-

core of the gas reapectively.

(41) Convective Heat Flux from Gases .

An empirical relationship was developed by Bohm (see Schofield et al
(1963)) for combustion gas flow in the refractory lined passages of brick
regenerators and this was used to give an estimate of the convective

- component of the heat flux,

The heat transfer coefficient given by Bohm is:=-
018

‘ ' o's
kc : C‘ : w° .T : ....6.1.2.
d_o-ws |

where Wq = S.T.P. gas velocity and C; is a constant,
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(b) M.H.D. Test Duct

The cross-sectional dimensions éf this water-cooled duct were
determined by considerations of the values of'the ﬁartmann Number and
Interaction Nuﬁber, (see Chapter 5) ‘and considerations of the maximum
size of magnet which could be obtained. (see section 6.1.5). A 6" x 2"°
‘duct was considered’to be the optimum design, which allowed for 14" of
insulation at each side of the gas passage. It was found that if any
thicknes? of magnesite less than 1" was used for the duct side walls, it
was liab}e to{collapse after a few runs because of cracks produced by
thermal shock, Consequently, the side walls were made of 1" magnesite
brick, with %; of compressible low conductivity silica fibre between the .
water-cooled external wall and the back of the brick. (See Figure 6.1.3).
A bn the top and bottom walls, where there was no restriction on the thickness
of insulation, 13" thick magnesite was used, together with 13" alumino-
silicate insulating brick, to give a reduced heat loss from the duct
compared with the side walls.

With these designs of combustion chéﬁﬁéiréhd duct, the heat losses
'from the gas flow were estimated in order to estimate the gas temperature
(and hence electrical conductivity) which would be obtained in.the test
duct, The surface temperature at the hot faces of the combustion -chamber
and duct linings was estimated\from Figure 6,1.2 to be 2200°C and 1550°C
(for side walls) respectively - this'assumed mean gas temperatures of 2500°C
in the combustion chamber and 2200°C in the duct. (Ideally, the calculations

of duct gas temperature should have been done iteratively - but this

approximate method was sufficient for our purposes).
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The heat lost to the refractbr&‘walls in the combusti§n chamber was
estimated fo be~1l,6 KW and in the test duct up to the end of thq experimental
section (assumed to'be 2 ft long) ~ 3.9 KW. In.addition, there were radiative
losses through-port-holes and‘along'the exhaust duct (see Figure 6.1.3). o
Thus for.a thermal input of 110 KW,which was assumed in Chapter 5, the total
heat loss to the refractory walls was estimated to be 5% of the input.
Assuming that the adisbatic flame femperature is 2780°C as predicted in
- Figure 5:2.2, then an approximafe estimate of the gas temperature at a
position;2 ft‘along the duct (assuming Cp is ponstant) gave Tg = 264000. S
This was a hgghly optimistic estimatej; with random radiation losses included,
fogether withxcombustion inefficiency and entrainment of air (since for .
practical purposes it is usualxto run atmospheric ducts at pressures
. slightly less than atmospheric), then a rather lower exit temperature was
expected.

The thermal performance of the compiete rig was investigated during

the commissioning trials and the results of gas temperature measurements made

on the rig are presented in section 7.1,
/

6.1.2. Design and Construction of Combustion Chamber and Duct Work

(see Figures 6.1.3 and 6.1l.4 and 6.1.,5 and Plates 1 an& 2)
Since no cooling was required for the combustion chamber, the refractory
insulation was merelyheld in a rigid box, which gave access for the burner,
Two po;t-holes at the exit end of the chambe;;were provided aé a sight-path
for optical measurements of gas temperature.f
The flange plate at the junction betﬁeenlthe combustion chamber and
duct was'provided with water-cooling since it was not fully iﬁsulated (see

Figure 6,1.3) and similarly the test section and the exhaust section werse

provided with water-cooled walls.,
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The cooling eystém was a doublé;skiﬁ wall with water flowing around
baffles, ﬁhich also acted as spacers between the two skins,

Non-magnetic stainless steel was used for the test duct which was
situated within'the magnetic field and mild steél was used elsewhere.

The.water flowed longitudinally along the test section and exhaust
section and was divided into séparate flows for each panel of the ductwork,
The test section was designed so that the top and bottom covers could be

removed easily for inspection and access to the test duct,for the installation

1

of refractories., ' .
‘ “.

1

The goof of the test duct was provided with 7 probe holes (1" diameter)
for the inseftion of traversing probes, and two further port-holes were ﬁrovided
at the end of the test section for the measurement of the gas exit temperature.
The entry lengtﬁ of the test duct was determined by the size of the magnet
coils, but it was large enough to suggest that the flow at entry to the Il.H.D.

| section (i.e. the section within the magnet poleS) was free from any large

scale turbulence proauced by mixing and swirl in the combustion chamber.

The acceleration through the contraction at entry to the nozzle was beneficial

in this respect. No measurements of turbulence levels in the duct were,

bowever, attempted.,

6.1.3; Burner System and Seed-Feeder

The burner which was selected for use in the combustion chamber was
a B.O.b. "Saprhire" Burner which was adapted by attaching a water-cooling
cqil around its nozzle, together with an injection pipe for the seed material,
A mixing valve was incorporated upstream of the control valves in the
burner unit and this fed premixed fuel and oxygen to the stabilising nozzle,

The individual flows of oxygenand propane were produced by manifolds of gas

bottles and reached the burner via a solenoid valve, flowmeter and non-return

valve (see Figure 6.1.5).
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The seed-feeder'(see Pigure 6.1;6), which supplied seea along a
pneumatiq line to the cémbustion chamber, consisted of a 6" diameter fluidised
colum of seed (KZSOA) which enabled the granular material (n'6qﬂ.) to be
transported and.metered as a fluid. From the column,the seed fell under
gravity down a feed pipe (at 45 °to the vertical) 1nto a star-feeder, which
consisted of a rotating star-wheel within a cylindrical chamber, This

transferred the seed to the carrier air line and thence to the combustion

chamber,

i

It wasifound necessary to dry the fluidising air flow to prevent the .

1

colum of seeQ from clogging. Also, following;the recommendation of

i :
Cranfield (1966), 1% "Aerosil" by weight was added to the K SO4 in order to
improve its flow properties. (Aerosil is flnely div1ded = sub-micron - silica,

.and reduces the inter-granular friction)

The calibration of the seed-feeder in terms of mass flow rate of seed

1

is described fully in Appendix B.

6.1.4. Exhaust qystem (See Figure 6.1.5)

The flow of gas at exit from the test section entered an exhaust section

——

which was water cooled with no additional insulation. This section contained
an air ejector which provided sufficient dilution to reduce the temperature
of the final gas flow to~200°% and also provided # 1" w,g, suc;ion. The
ejector was designed using the principles described by Kastner and Spooner
(1950).. The diluted exhaust then passed through a damper, which was used to
‘.give fine control of the differential pressure between the test section and

atmosphere, and finally through a diffuser and an exhauster fan to atmosphere.
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6.1,5. Control Instrumentation for Combustion Chamber‘and Ducts

(See Plate 2.) —_—

Figure 6.1.5 is a flow diagram for the whole rig except for the magnet
and probing instrumentation. The instrumentation.shown on this diagram was
necessary forfthe safe operation of the rig and the production of reproducible
running canditions. .

The flowrates of the oxygen and propane supplies were metered with
conventional rotameters, and rotameters were also used for the monitoring of .

water flows to the various sections of the water cooled duct work., Chromel-

Alumel thermocouples were used to monitor the water exit temperatures from
~ :
these water cooled sections, and platinum/platinum 13 Rhodium thermocouples

were installed to monitor the tehperature in the refractory lining of the

pombustion chamber and test duct,

Pressures were monitored in the oxygen and propane delivery lines and
also in the exhaust duct above and below the ejector. The gas temperature at
egit from the rig was also monitored, but measurements of gas temperature in
the hot zone were only undertaken intermittently using a manually operated
sodium D-line technique (see Appendix C for a full descgiption of this

technique).
6.1.6, Magmet Specification

The electiromagnet, which was designed and constructed b& Lintott
Engineering limited, satisfied the specificétion that it must produce(wi&hin 54%)
magnetic flux density of 1 weber/m2 over a pole-face which was 12" x 6", with
a.pole gap of 6", using an available power supply, (motor.generator set)
producing 500A_at 80V. Appendix D describes the calibration of the magnet and
a determination of the flux distribution. The Lintott design incorporated

288 turns (i.e. 144,000 AT at 500A) in 4 double pancakes in each of two coils,



AERIAL VIEW OF RIGr, SHOWING
ANCILLARY EQUIPMENT.

PLATE 2.
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It required a water supply of~3 gall/min at 80 p.s.i. (An interesting
feature of the magnet was discovered:~ although the stored energy was<v4.105
Joules (and inxany case one would'normally expect that it would be inadviséble
to open circﬁit on an apparently inductive load), it was found possible to
employ a simple D.C. switch in‘the power circuit for emeréency shut-down

since the effective magnet inductance was found to be negligible. This

was caused by the use of a large aluminium clamping plate to }etain the coils

againgst the il?n-yoke. The currents induced in this plate during any change = _

of current'flgw in the coils were sufficient to dissipate the stored . energy

" 3
\

safely). -
6.1.7.v Magnet ' Supplies and Control Instiumentation

Figure 6.1.7 shows the arrangement of the supplies and instrumentation

which were installed for the mégnet.
An 80 p.s.i. pump, operating in a closéd circuit, was used to provide
a water supply of guaranteed pressure, (Mainafpréssure varied from 50 p.s.i.

to 100 p.s.i.) The cooling flow for the magnet came from this circuit and

passed through a filter. f ' .

The generator of the powér supply had variable field excitation which

gave a range of delivery current from 400 -~ S00A. (400A was the minimum level .

1

of self-excitation).

'The cooling water flowrate was not metered, but a low flow alarm switch
| wasg ingprporated‘into the circuit., Again, the exit water temperature was not

‘ measu;ed continuously, but a high temperature switch was ;;;talled at the exit
from each double pancake. The alarms for low flow and high cboling water

temperature were all monitored in a relay operated alarm circuit which

incorporated an alarm bell and indicator lights, The details of the circuitry

are shown in Figure 6.1.7.
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6.2 Probes and Associated Instrumenfaiion

6.2.1 Water-Cooled Pitot-Static Probe (See Figure €.2.1 and Plates

3 and 4)
~ 0Olin (1966) used a miniature water-cooled pitot-static probe to
investigate fﬁrbﬁlence damping effects in high temperature M.H.D. gas floﬁs.

. The design which was‘adopted for use in these experiments was originally

based on Olin's probe, (which was designed and supplied by Thermo-Systems Inc.)

although a different configuration for the water-cooling tubes was adopted for

convenience in Fanufacture.

1

The p{?be design incorporated awater-cooled main stem in which water
flowed in conc;ntric annuli (cold water being fed down the inner annulus to
the tip of the probe) and a tip section which was separately cooled. Because
of the difficulties of incorporating pressure tappings, the tip section was
constructed by winding a helical coil of hypodermic tube arouhd the pressure
' tapping tubes and then silver-soldering the whole cluster of tubes together, '
Details of the final design of the 1/8" 0.D. probe are shown in Figure 6.2,1 =
this design was evolved during a series of developmént trials.

The initial design was found to be susceptible to blockage of the
total head pressure tapping with both'freezing seed and refractory vapour,

(an analysis of the deposii formed on the probe without seed fl;w indicated
that its metal composition was maihly magnesium) and so a solid copper tip
was manufactured which had a bore which was much larger than the bore of the
hypodermic tube itself, The copper tip was coole@ simply by conduction into -
the water jJacket. Whereas the initial hypodermic tube blgcked in only a few
seconds, the copper tip enabled measurements to be faken fér over 2 minutes

without blockage, even when the probe was experiéncing the full seed flowrate,
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4

The cooling water supply for the"main.stem of the proﬁe was mains
water at mains pressure, and the supply for the tip (500 PeS.ie) wgs
provided by a pressurised blowdown tank. Initially, mains water.was
used to fill uf thig tank, and on two occasions,.after at least an hour's
continuous iﬁser;ion in the gas stream, sudden failure of the water jacket
was experienced. Since the water was carefully filtered, these incidents
were attributed to the deposition of the mineral content of the water in
the passage. Deé-mineralised water was used thereafter for the tip-section, .
and no furtherlfailures were experienced. | .
Ogly ene static pressure tapping was pfovided,and although this did
not suffer frsm blockage by déposits, it was susceptible to blockaée by
condensation which was formed on the outside of the cool probe when it was
“inserted into the gas steam., Fortunately, it was found that condensation was
not formed when the rig had been fully preheated; radiation from the hot walls
in the test section was able to raise the surface temperature of the probe

above the dew point,

A second probe was made which had an offset tip for traversing in a

plane 3/8" off the duct centre line. “
6.2.2. Services for Pitot-Static Probe (See Figure 6.2.2. and Plate 4)

As mentioned in section 6.2.1, a source of high pressure water was

required to supply a sufficient flowrate to the tip section of the probe.
Instead of using a multi-stage high pressure pump, the small flowrates required
for the probe were more conveniently produced by a pressurised blowdown tank

with sufficient capacity to produce the required flowrate for a complete test.

Tun.
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VERTICAL & HORIZONTAL TKAVERSIQQ-_
UNITS, WITH PITOT-STATIC PROBES.

PLATE 4.

(NoTE : DURNG OPERATION OF THE HORIZONTAL TRAVERSIN G UNIT ( LEFT)
THE PROBE WOULD BE ROTATED THROUGH qo’ FRoM THE PoSiTioN
SWOWN (N TWS PLATE.)
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The flowrate through the tip section of the probé was.not metered
continuously, but a'flowrate-pressure calibration was carried out. Since
the exit temperature from the tip section could not be measured, (the exhaust
flow is ejected‘into the main stem of the probe).an estimate of the required
flow was mad; by assuming a uniform heat flux density to the probe and
calculating the heat flux to the stem. This indicated that for a water
temperature rise of 15°C, a water flow of w2 ml/sec was required through the
tip and this required an inlet pressure of 500 p.s.i. (a 15°C rise was very .
cautious; but rllowed for thevpossibility of partial blockage by deposits etc),
Figure 6.5.2 Ehows the arrangeﬁent of the high'pressure water system, and also
the purge-syséem and pressure meésuring equipmeﬁt. '

Thg probe was equipped with a multi-port rotary valve; so that an
,intermitfent nitrogen purge could be applied to both pressure tappings, in
order to clear any deposits or condensation from the tappings. The three
positions of the valve (a) produced a purgé, (b) vented all the lines to
atmosphere and (c) connected the probe to a differential manometer. The
purge was applied before all measurements of differential pressure and the

pressure equalising valve was always open until the purge and vent operations

had been completed,

An I.R.D. Micromanometer (capacitance transducer and bridge circuit)
was used to measure the differential pressure (and hence velocity head),
The ranée of the manometer was 0 - 1" w.g.!with an accuracy of better than 3%,
for readings mv 0.1" w.g. It was found advantageous to feed the micromanometér
through a constant voltage transformer to minimise drift.

The output from the micromanometer was recorded on a strip chart
recorder so that a record of signal fluétuations with time was obtained.
It was found that fluctuations were experienced as seed deposits built up on

the outside surface of the probe and changed its geometry,
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Two probe carriages were constructed to support and trﬁverse the
probe across the duct in the vertical plane and the horizontal plane. (See
Plate 3). Vertical positioning could be achieved to within ~ 0,030", and hori-

zontal positioning to within ~ 0.005"%,

_ 6.2.5. R.,F. Conductivity Probe and Associated Instrumentation

The circuitry for the R.F. generator and dissipation level monitor was

a replica of that described and used by Tgylor (1957). The coil was similar
'  to his in electrical design, but differed in thermal and mechanical aspects _
since it %as a water cooled, non~sheathed design. The probe is shown in detail
iﬁ Figure‘6.2.3; the coil was wound by hand from 1/8" 0.D. copper tube and was
supported in ;{plug of 'Qutostik' ceramic cement, It was found that if water
spillage or leakage was allowed to penetrate this cement then the short circuit
'to the R.F.‘signal caused the generator to become overloaded, so a layer of
‘araldite® was placed over the ceramic plug. The probe was fed from the same
demineralised water supply as the’pitot-static probes ~ which limited the
operation of the probe to a thermal input to the rig of 85 KW, at which the
outlet temperature of the probe was 70°C. (500 pis.i. inlet pressure)., The

calibration of the probe is described in Appendix E.
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EXPERIMENTAL RESULTS

7.1 Measurements of Electrical Conductivity and Gas Temperature

T.1.1 Initial Measurements of Electrical Conductivity and Cas

1 Temperature. (See Figures 7.l.1 and 7.1.2).

The trial combustion chamber (see section 6.1) was used to.obtain
initial measurements of the electrical conductivity of the gas at exit from
the combus£ion chamber, when loaded with approximately 1 mol % K. In these
experiments the gases issued as a free jet from the exit porf of the combustion
chamber énd tWo carbon electrodes were placed within the jet. A small D.C.

supply was used to drive current across the electrode gap at voltages up to

\

40 V.,

The.gas temperature was measured by the Na D-line technique (see
;Appendixlc) through a port-hole in the exhaust tube of the combustion cheamber,
(See Figure 7.1.1). Since the gas temperature was measured a considerable
distance upstream of the conductivity cell, heat losses to the refractory
walls of the exhaust tube of the chamber, and entrainment oflambient air into
the exhaust jet,reduced the actual gas temperature in the cell several
hundred degrees below the measured value., However, this measurement served

as a means ofstandardising conditions and gave a measure of the performance

of the combustion chamber,

At a thermal input of 100 KW, the gas temperature was measured to be
2500°Ccand a typical I-V characteristic is displayed in Figure 7.1.2. This
showa a non-lingar region at low applied voltages, and a linear portion at
‘voltages sbove about 10V. Following the accepted practice (e.g. Brogan (1962)),
the slope of the linear portion of the characteristic was measured in order to
give the resistance of the conductivity cell. The intercept of the straight

line at zero current gave a measure of the voltage drop across the boundary
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layer on»the'eleqtrodes. This‘vpltgge diop (~16v) was lower £han that
eiperienéed in wate:—c?oled conduction celis, wﬁere ~ 80V Arop was often
. recorded. |
' The coﬁductivity of the gas, calculated.assuming parallel flow of ”
electrons aé&oss'the gap, was 17.6 mho/m. If an allowance is made for fringing
of the current path, eétimating a correction factor of ~ 3 for resistance from
the électrolyte tests of Gray and Smith, (1967) this estimate of conductivity

is reduced to~6 mho/m. : .

If this value of conductivity is compared with the computed values in

Figure 5.2.¥: it is seen to correspond there fo a gas temperature of 2200°C.
The exact gas:temperature at fhé position of the electrical éonduétivity )
heasurement was not measured accurateiy, but it would be approximately in
~the range 2200 - 2300°C for a combustion-éhamber-temperature of 2500°C and S0
the agreement with theory is quite good. One can,at least, be assured that
the seed had been substantially evaporated,and contributed, as expected, to
enhance the electrical conductivity of the gas stream. '

One difficulty which was experienced in thése experiments was the |
oxidation of the graphite electrodes - even in slightly rich flames. The gap
between the electrodes had to be measured before and after the I-V character-

istic had been determined, and in fact, the graphite electrodes were only

inserted fdr the limited period during which I-V measurements were actually
}

being mﬁde.

Tele2, Gas Temperature Measurements during the Main Experimental

Programme on Test Rig. (See Plate 5).
Gas temperatures were measured during eiperiments on the complete test
rig (see Figure 6.1.3) both at exit from the éomb;stion chamber and at exit
from the test section, so that an estimate coﬁld be made of the mean gas

temperature in the M.H.D. test section (and hence an estimate made of the gas

electrical conductivity and Hartmann Number),
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At ali flowrates above 85 KW (Tﬁe}mal Input), the gas temperature
at exit from the combustion chamber was near.the upper limit of the available
range of operation of the Na D-line apparatus, '

‘ At a ﬁhérmal input of 100 KW the gas.temperature at exit from the
,combustion chamber was 2650°C (corrected according to Figure A.7) and at exit
from the test section was 2020°C, These temperatures were measured after
14 hours of operation,when the refractory thermocouples showed that all the
refractories in the test section had reached thermal equilibrium,

Tpus iq was estimated that at 100 KW (Thermal.Input) the mean gas SR
temperature ingthe test section was 235000. corresponding to a predicted
electrical conéuctivity of 10 mho/m and a Hartmann Number (based oﬁ the duét
4 width) of 9.5 and Interaction Parameter of 0.11. '

At 85 KW (Thermal Input), the exit temperature from the test section
dropped to 1800°C and so the mean gas temperature in the test section would
have fallen to 2225°C, indicating an electricél conductivity of 5.3 mho/m, a
Hartmann Number of 7 and Interaction Parameter of 0.0i.

7.1.3. Gas Conductivity Measurements with R.F. Probe

The h.F. prob§ technique (for description of calibration see Appendix E)
was used to measure the electrical conductivity of the gas streQm in the test
section., The probe was inserted through the central probe hole (No. 4)and
measurements were ﬁade of the dissipation from the coil under transient
’ conditions when the gas flow was éwitched off. The output signal from the‘

R.F. generator-monitor circuit( which indicated the power delivered to the coil)
was displayed on a storage oscilloscope which enabled a detailed investigation
of the transient behaviour of the probe to be made. Several phenomena were
identified; firstly the transient behaviour was found to consist of two regions,
a fast transient which lasted between 0.5 and 1.0 seconds and a slow transient

lasting up to a minute. The fast transient was attributed to fast thermal
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effects (i.e. diffusion through the copbér:time constant ~:0.1‘second) and
electrical éffects caused by the removal of the conducting medium. The shut-
down was not instantaneous since the contents ;f the combustion chamber took
a short time to\be exhausted. The slow transient was caused by the slow ”
thermal effect of the cooling of the water inside the probe as new water was.
fed from the res?rvoir. (See Figure 7.1.3 for sketches of typical transients),
The form of the transient was studied for a raﬁge of water temperatures at
exit fromlthe probe (this was achieved by having "shots" of combustion gas -
of varying 1en§th between 1 second and several minutes) in order to distinguish‘
between fast Ehermal effects and electrical effects in the initial fast
transient, Itxwas found that an‘increase in the probe cooling water
temperature changed the form of the transients significantly (again see
Figure 7.1.3). The magnitude of the first transient was reduced and the
magnitude of the secpnd transient increased,although the overall change in
dissipation level, between the probe in the steady state gas flow and the
probe in the duct with no gas stream, remained constant. The initial fast
transient could, however, be further subdividédnib;give an almost
instantaneous (~ 0.0l seconds) transient which could be.attributed to the
electrical effect of removing the conducting medium from the vicinity of the
probe, and the magnitude of this transient was found to be insensitive to
changes in the probe cooling water temperaturs,

‘This may be explained as followss

When the gas flow was interrupted, the temperature in the gas
surrounding the coil fell from Fhe initial steady state temperature to the
relatively low temperature éf the terﬁinal slug of gas, This fall of
temperature resulted in a much more rapid fall of gas conductivity to a

level which was equivalent to negligible conductivity because of the

exponential nature of the conductivity-temperature relationship.
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Consequently, although a non-instantaneous shut-down was experienced. this
only affectéd the thermal behaviour of the probe. 'The electrical performance
of the probe (i.e., its sensitivity to the conductivity of the surrounding
medium) was onlj affected at the instant of shut;dcwn.

- The Qagnitude of the initial transient was found to be 3 volts

(i 4+ volt), with a thermal inpuf of 85 KW, Using the electrolyte calibration
this would indicate a mean gas conductivity ih the test section of 2 = 5 mho/m.
Vhen compgred with the temperature measurements of section 7.}.2 and the N
theoreticgl pr?dictions of eiectricai conductivity of section 5.2., reasonable
agreement can be shown to exist. (At the measured steady state mean tempera-
ture of 2225003 the predicted conductivity is 5 mho/m).

Anéther interesting point emerged from the examination of the time
,Qariation of dissipation. If no seed was injected, then a fluctuating level
of dissipation was observed, (ﬁagnitude of fluctuation-'l volt), but when the
seed flow was introduced,.the dissipation levellbecame steady at the upper
level of the fluctuations, Since some seed waé still present in the gas
stream even when the main feed flow was not opéiéting, (this was produced
by seed which had been absorbed into the ref;éctory lining of the chambcr)
an intermittently conducting gasistream was ﬁroduced. This facf could be
appreciated by visual inspection of the gas stream through one ;f the windows
of the combustion chamber. When the seed flow was switched off, a lilac
coloura;ion was seen (ch;racteristic of potassium), which fluctuated in
| intensity, wheregs with the full seed flow, a continuous strong lilac
colouration was visible, The magnitude of the fluctuatiogﬂbf dissipation

with no imposed seed flow gave an approximate indication of the increase in

conductivity gained by adding seed flow,viz. 3 mho/m.
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Although these measurements of conductivity have unceftain accuracy,

because of difficulties encountered both (a) in the calibration of the device
and (b) in its operation at high temperatures, they do give results which agree
approximately (within a factor of 2) with the tﬂeoratical predictions and
measurement‘ﬁsing I-V characteristics. This method could not, however, be
used for standarqising M.H.D. experimental conditions, because of the uncertain
accuracy and difficulty of operation, and measurements of gas temperature were

used for this purpose (since conductivity is highly dependent on temperature

and fairly iniensitive to seed flow),

7.2 Results for Rectangular Duct Flows with no obstructions

A S

The first internal ihvestigation of the character of flows of

combustion plasma in rectangular ducts with transverse magnetic fields was
& simple measurement of the interaction of .the field with the shape of the
velocity profile in the duct, (measured perpendicularly to the direction of
the applied fiold),

The miniature water-cooled pitot-static probe (see section 6;2). was
used in conjunction with a vertically traversing carriage which allowed the
probe to move along the vertical centre-line of the duct from the top to the
bottom walls, The central probe hole (No. 4) was used for these traverses
(see Figure 7.2.1). The probe operating procedure was developéﬁ during the
initial attempts to make these measurements, which provided a basis for

experiménts with more complex situations,(section 7.3) when plates were

inserted into the rectangular duct.
7.2.1 Probe Operating Procedure (See Plates 5 and 6)

The operating procedure which was adopted for the water-cooled pitot-
probe was to apply the nitrogen purge at all times other than the short time
taken to obtain a differential pressure measurement and to insert the probe

only when the duct walls had been pre-heated (qu were able to offer radiant
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heating to the outside of the probe) - this eliminated problems cauced by
deposition of solids and condensation on the pressure tappings. The
differential pressure (~ 0.1 in. w.g.) was recorded at intervals of 1"
across the duct and the time-mean reading (after the manometer had reached
equilibrium) was noted for each position of the probe (in section 7.3, more
Betailed traverses-intervals of }"-were made). On a few occasions, stray
readings were obtained when large deposits became attached to the body of
the probe -~ this t;ouble was usually cleared by removing the probe from the
duct for a tﬁ;£6ﬁgh'qleaning.

T7.2.2. Measurements of Velocity Profiles

The duct had a 6™ x 2" cross-section, with an inner lining of magnesite

refractory (essentially non—condﬁcting). A sequence of traverses were made
fwith a thermal input of 100 K# to measure hj; firstly.wifh no seed flow, then
with 1 mol % K seed flow and a nominal magnetic field strength of 1 weber/mz.
Finaliy, the 0.H.D. condition was repeated. As dk@cussed in section 5.3.1, the
velocity profiles were presented as profiles of JT-. 1

| The O.H.D. profiles measured after the M.H.D. profiles were

essentially the same as the original 0.H.D. profiles within the experimental

error. Slight variations in total flowrate and temperature occurred, (caused

.

by émall changes in the supply pressure of oxygen and propane) and small changes
in pressure gradient occurred between M.H.D. and O.H.D. flows; for these
reasons it was decided to ﬁormalise all«profiles"oft(i with respect to the
mean value of sh over the traverse. <’ ;M_ )

Figure 7.2.2 shows a graphical summary of 6 traverses in the form of
normalised valués of ;E‘(Jﬁﬂﬁi ) - the 0O.H.D. traverses (2 before and 2 after

the M:ﬁ.D. traverses) and the M.,H.D. traverses were averaged separately.

¢



e~

There is seen to be very little‘change in the shape of the M.H.D.
and O,H.D. profiles, and all that can be said is that there was a slight
flattening of the profile when the M.H.D, interaction was introduced. This

effect could have been caused by either:-

-~ (a) The Hartmann effect

_or (v) The’ circulating currents in the region of changing magnetic

field, at the leading edge of the pole-faces. (See Shercliff

~

‘ (1965)).
Both (a) and ‘b) could act to produce flattening of the velocity profiles in .

the directioQ transverse to the applied magnet1c field.
In uniform conductivity M.H.D. duct flow (rectangular), the Hartmann

Effect (a) would produce boundary layers on the walls parallel to the magnetic

. field of thickness 0(.:/‘%‘.) - see Figures 4.4.1 and 4.,4.2 for the fully

developed solution to this case., The streamwise component of the
circulating currents would react with the streamwise varying transverse field
to alter the vorticity of the flow, with the net effect of accelerating the
flow in the'regions near to the top and bottom walls - effect (b).

It is not clear from this result which of these effects is causing

the small M.H.D., interaction, but a negative conclusion can be'drawn i.e.

that the Hartmann Effect was not appreciable, This is attributable to the

low duct wall temperature ('0160000), which resulted in very low gas
electrieal conductivity in the thermal boundary layer adjacent to these walls,
(From Figure 5.2.1 it can be seen that the conductivity falls by two orders
of maénitude in reducing the gas témperature from the core value of av2300°c
to the wall value of#1600°C).

Thus the boundary layer on the duct walls would have a complex
atructuré, comprising a hydrodynamic sub-layer adjacent to the walls with

an electrically conducting ( M.H.D.) outer layer. Because of the exponential
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conductivity-temperature relationship, fﬁe division between these two
parts of thé boundary layer would be quite distinct and a step-function
for the conductivity profile would be a good first approximation (see
Cramer (1967)); The situation is also similar to a pressure driven
M.H.D. flow in which slip occurs at the non-conducting walls - this analogy .
is discussed further in Chapter 8.

‘The qualitative effect of M.H.D. turbulence damping would be to
make thelprofiles appear more iike the fully laminar profiles i.e. with ..
more pronPuncgg peaks, The fact that the opposite trend was notice& ‘ e
suggests thatgturbulence damping did not predominate the M.H.D. interaction -
although it mgb have slightly attenuated the result of effects (a) and (b), -
mentioned earlier, (In the following section, which deals with a
. configuration which was asymmetric about the y = o axis, an antisymmetric
M.H.D. interaction was discovered, which could only be originated by magneto-
viscous effects, since turbulence effects, Hartmann effects and disturbances

produced by effects at entry to the magnetic field would all produce

symmetric interactions).

T3 Pitot-Static Probe Neasurements in Rectanpgular Ducts with an Immersed

Plate (Long in flow direction and half duct height)

The duct cogfiguration used in this section is shown in Figure 7.2.1.
The internal diménsions of the duct were unchanged from the configuration
used ig section 7.2, but a long plate (3" thick) was inserted into the duct.
The plate was 'long' in the flow direction and extended 3" beyond the edges of
the magnet poles both upstream and downstream, The plate was only 3" high,
however, and so provided adiscontinuous hydrodynamic condition in the vertical

plane, (reminiscent of the semi-infinite plate discussed in Chapter 3 and very

‘similar to the computer solutions of section 4.4.). Because of the limited

width of the duct, it was decided to offset the inserted plate so that the
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plate centre-line was S/Bﬁ from the duct‘cent:;-line. Alth;uéh this

destroyed the symmetry of the situation aﬁout;the X = 0 axis, the results

of section 7.2 indicated that the U.H.D. intéfaction caused by the duct

walls alone was.insignificant and so the M.H;D. interaction caused by

one side of éhe plate was obtained in this'instance -~ the side nearer

the wall being adjacent to a region where no M.H.D. interaction was

possible because.of the low gas temperature. ,
The investigation of this particular configuration,. which aimed

to establish the existence of transverse wakes emanating from the tip of

the immersed glate, with the M.H.D. interaction extending over the bulk of
the core flow ;nd not limited merely to the plate boundary layer, was ’
subdivided into the following self-contained exercises;-
(a) An investigation of the effect of varying the conductivity
of the plate, using magnesia and zirconia plates.
(v) An investigation of the effect.of varying the gas
6onductivity, by varying the thermal input to the rig.
(c) An investigation of the streamwise development process
of the 0O.H.D. and M,H.D, flows,
(d) A detailed investigation of the 2-dimensional variation
of velocity over the cross-section of the duct }or 0.H.D,
end M.H,D, flows.

.The miniature water cooled pitot probe was again uced for these
measurements, and apart from the investigation of the development process,
all profiles were measured at probe hole No. 6 - i,e. the last probe hole
within the uniform magnetic field,which was 11" from the leading edge of
the magnet pole. The M.H.D. interactions for each case were monitored by

again measuring O.H.D, and M,H.D. profiles of Jﬂ along the vertical centre-

line of the duct, and for the 2-D investigation, horizontal traversing

>
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was also introduced, together with a speéial crooked~probe (with an offset

tip) .

7.3.1 The Effect of Plate Conductivity

Althouéh the theoretical studies presented in Chapters 3 and 4 weré
limited to cases which employed non-conducting plates, it is known from the
results of Hasimoto'(1960) that the effect of a perfectly conducting plate
on the M, H.D. flow of uniformly conducting fluids is more severe than a
non-condgcting plate, (for the semi-infinite stationﬁfy plate, the core >

velocity;adjaant to the platelwill be zero for a perfectly conducting plate . .
and half the.{ree—sf}eam velocity for a non-conducting platey both when the
flow is fully‘Heveloped.-See Figure 2.2.1). Two materials were used for.

the plate; magnesia and zirconia, which gave.approximations to the non-
.ccnducting and perfectly conducting cases, (See Section 5.2).

Figure 7.3.1'shows the normalised Jﬁ profileé measured along the
vertical centre-line of the duct,(i.e.i%/B" from the centre-line of the plate)
.for the case with the non;conducting magnesia plate. A thermal input of 100 KW
was used again; and the optimuh seed flowrate'6f~0:73 mol % K was imposed for
the M.H.D. flow, in which the magnetic field strength was nominally 1 weber/ma.
The corresponding results for the flow past a‘éeometrically'idg?ticﬁl zirconia
plate (electrically conducting) are shown in figure 7¢3.2, which also includes
a comparison between O.H.D. flow with and witﬁout'seed. This latter
comparigon ghows that there is no significanf change when the seed flow is
applied to 0.H.D., flow, although it was found that when the seed was flowing,
the scatter of the. results was rather g:ea%er than w;th no seed flow - this
vwas.explained by the disturbance of the aerodynamice.of the flow around the
tip of the pitot;static probe by deposits of seed. The duplicate sets of

rendings obtained fof the M.H.D. and O.H.D. cases indicate the scatter which:

was encountered in the experimental measurement.
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Pigure 7.3.1.,A is included to éﬁ&w the measured profiles of«fg before
normalisation. The lower profile was obtained after some small variation
in total flowrate and although it has the same ghape as the other M.H.D.
profile it ig é confusing presentation of the basic M,H.D. interaction.

This interaction is antisymmetric about the edge of the immersed plate and

so the shape of the M.H.D. profile is distinctly different from the equivalent |
0.H.D. profile - the normalisation in terms of mean values over the cross—
section QOes not obliterate this change of shape. .

?he se&s of results for both the magnesia and zirconiae plates show
the same type.of M.H.D, interactione When the transverse field is applied,
the core regiéh adjacent to the blate is decelerated'(cf. this result witﬂ
Figures 4.4.3, 4.4.4 and 4.5.4, 4.5.5, and see discussion in Chapter 8).

In order to make a comparison between the results for the two plates,
the ratio between the profiles for the M.H.D. ghd 0.H.D. cases was calculated.
This has the effect of eliminating the basic sbape of the O.H.D., profile from
the results and displays the variation of thefméghitude of the M.H.D. inter-
action on the velocity profiie across the trg;éféiﬁg axis, This is somewhat
similar to the M.H,D. profile that would be jroduéed by the plgte in an
originally uniform O.,H.D. flow - and disp}ayé the transverse w%ke effect with '
clarity. Figure 7.3.3. shows this presentation of the results, from which it
can be seen that there is an increased interaction in the case of the zirconia
plate (electrically conducting) compared with the magnesia plate (non-conducting);
The M.H,D, and O.H.D. traverses which were measured successively were used to
calculate these ratios, so eliminating time variations aé—}ar as possible.

The inte¥action is not 8o great as may have been expeéted for a fully
developed flow with either plate under wniform conducting conditions. It is

shown later that we are not dealing with fully developed flows (see section

7.3.3.), and the known non-uniformity of electrical conductivity tends to
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. reduce the ﬁagnitude of the interaction‘éven further as it did in the results

of section 7.2, The conductivity of the gas immediately adjacent to the plate
was less than the conductivity in the core, but gince thé temperature of the
plate was interhediate between the duct wall temperature and the gas temperature,
there was a much thinner layer of low conductivity ges adjacent to the plate-
than on the duct walls, (it was estimated that the plate tempercture was ~
2000°C cf. duct wall temperature of'V1600°C) and so the attenuation of the .
magneto-v?scous interaction was not so great at the plate compared with the *
duct walll. l S

The non-uniform shape of the 0.H.D. profiles of {h cannot be explained
gimply, but it\is likely that the complex variations of density within the‘duct
caused by the inserted ‘'hot' plate and the partially cooled walls are partly
.the cause. The 0.H,D. flow is far from its fully developed state and the
shape of tbe profiles may also be influenced by development effects.

The increase in M.H.D. interaction produced by the girconia plate
compared with the magnesia plate was not as great as may have been expected
from Hasimoto's result. In fact, the differencéwih'position of the plate
b;tween the two cases (the magnesia plate was 3/8" from.the duct centre-line
and the zirconia plate was 5/8") could account for all of the d%fference

between the two results.

The fact that there was so little difference between the performance
of the two plates may be explained by the existence of the cold (poorly

conducting) sub-layer on the plate., The sub-layer acted as a barrier to

the flow of current into the plate and so the conducting girconia plate

behaved almost as a non-conducting plate.
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In the regionsnear the top and bottom walls of the duof, the ratio
of M.H.D./O.H.ﬁ. profiles (Figure 7.3.3) showed a random behaviour. These
regions were cool, conductivity was low and the M.H.D. interaction wes either

weak or non-existent.

. 7.3;?. The Effect of Gas Conductivity

The effect of variations in gas conductivity on the M.H.D. interaction
in this configuration was investigated by varying the total flowrate through
the rig (which also altered the total thermal input). This had two effects;

(e) it altered the mean gas temperature in the test section, and hence the

conductivity, . (b) it altered the mean gas velocity. Effect (a) varied the
\‘I .
Hartmann Number alone, and (b) varied the Hartmann Number and the Interaction

Parameter. Table I shows the conditions which were used for the two sets of

~measurements.
Thermal Input | Mean Gas . Mean Gas ' | Hartmann* |Interaction*
(kw) Tempgrature Conductivity | Number Parameter
(c) (mho/m)

e 007

Case (a) 85 2225 5.3 7.0 €70

Case (b) 100 2350 10.0 .5 0.11

TABLE T

* based on ¥ duct width and Trensverse Magnetic field = 1 weber/n°

o In Figure 7.3.4 the normalised p;ofiles for a thermal input of 85 KW
and a girconia plate are displayed and Figure 7.3.5 shows a comparison between
these results and the results shown in Figure 7.3.?; (zirconia plate at 100 KW
Thermal Input) again the comparison is framed in terms of the.ratio ova.H.D.

and 0.H.D, profiles.  The magnitude of the M.H.D. interaction will depend on

the interaction parameter and the Hartmann Number - end one may postulate that
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the M, H.D. interaction ought to be propdrfional to thg product of the

interaction parameter and the Hartmann Number in a developing M.H.D. flow,

Al

since the depth (measured in the field direction) of the region adjacent to

the plate which is affected by the M.H.D. disturbance based on the plate is

0(144) (Section 3.2 showed that the width of the transvefse wake is
o ld"‘ and thus for‘*the width to be O[d)the value of x must be O(Hd) )e
Ha N
The ratio H__: = O0-47 (usmg values from Table 1), and
Ny

the ratio of the peeks of the interection curves of Figure 7.3.5, (a measure of
the magnltude of the M.H.D. interaction) is 0 48 whlch shows somewhat
fortuitous ag{gement with the theoretical postulata. ‘

7.3.3. ' The Development Process

1

In order to investigate the development of the profiles, traverses
were made at three probe-holes (Nos. 2, 4 and 6 ~ see Figure 7.2.1) along the
length of the test section. Because of variations in temperature distribution
between different positions along the duct and changes in conditions between
the runs during which the various probe-holes were used, (caused by,slight
movements in the refractory lining and variations of flow condifions), it
was impossible to make a direct qomparison between the profiles measured at
each traversing station. Instead, the ratio of the M.H.D. to 0.H.D. profiles
was again calculated and Figure 7.3.6 shows the variation in the shape of
these profiles along the duct. Becéuse the O.H;D. profile is very slow to
develop; (in our case the hydrodynamic entry length is ~80 times the 4+ width
of the channel i,e,~7 ft, and the total-length of the test section is only
1 ft) and the M.H.D. development distance is relatively short,( ~10 times the
4 width of the duct i.e.~ 10 in) the variation in the ratio of the M.H.D.

to O.H.D. profiles along the stream-wise direction will give an indication of

'the development.of the M.H.D. intaractipn. Figure 7.3.6 shows this variation,
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although no oconclusions about the degreé~of approach to the fully developed‘
M.,H.D. flow can be made. (Section 7;4 describes a study -of the development
rrocess of the 0.H.D. and M.H.D. boundary layers on a flat plate).

.All therother measurements of‘velocify profiles which are described‘
in this section were carried out at probe hole No. 6, at which there was the.
maximum M,H.D. interaction before the downstream fringe field began to affect
the flow,

7:3.4. 2=D Profiles over the Cross-section of the Duct .

Ip ord?r to investigate the properties of this flow configuration
more fully, igbwas decided to probe over the 2-D cross-section of the duct
at port hole él Figure 7.3.7 shows a vertical traverse result, for an axis
displaced 3/8" off the centre-line of the duct towards the plate (see Figure
.7.2.1) i.e. only 1/8" from the edge of the plate. These measurements were made
with a crooked probe, with its tip offset 3/8" from the stenm.

The results are presented in the form of the ratio between M.H.D. and
0.H.D., profiles again in Figure 7.3.8, and thé profile measured on éhe

vertical centre-line of the duct is also presented for comparison, It can

be seen that the interaction adjacent to the plate was reduced more than the
interaction above the plate, when moving from the centre-line to the axis which

was only 1/8" from the plate. This may be attributed to.the cooling effect of
the plate on the flow adjacent to the plate.

-Two sets of horizontal traverses were also made, one at 100 K¥ and the
'6ther at 85 KW thermal input. These regults,‘which are shown in Figures 7.3.9
and 7.3.10, were obtained at different heights above the base of the duct, and
by using a combination of the straight probe and the crooked probe it was |

possible to traverse from the edge of the plate to 0.8" into the core and

also above the plate}
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It was possible to complete a‘sef‘of these measurements much more
quickly than the more extensive vertical traverses and generally, no
variation in flow conditions was experienced du;ing the period of
measurement._ ﬁence, there was no need to normalise the profiles as
before -~ in an& case it was found that the transverse (horizontal) M.H.D;
and 0.H.D. profiles 'did not differ significantly in shape at these low
Hartmann Numbers since the transverse wake was not traversed, However,
the actuql values of o/h,measured by the probe,display the same trends as the
verticalltraveres — the velocity above the plate being accelerated and the .
velocity below being decelerated. These traverses enabled the continuity
of the interaétion in the transverse direction (the direction of the applied
field) to‘be verified and the existence of the transverse wake to be
. established. This can be seen from Figure 7.3.10 which shows measurements
adjacent to the edge of the plate and 1" above and below the edge.

The M.H.D. profile is seen to be above the O.H.D. profile at the
position 4" above the base, and below the O.H.D, profile at 2" above the
base. At 3" above the base (sdjacent to the edge of the plate) the M.H.D.
end O,H.D, profiles are almost indistinguishable. These results are shown
in Figure 7.3.11 in the form of ratios of M.H.D, and O.H.D, trgverses for
comparison with the ratio plots for the verticai traverses.

In Figure 7.3.9, the meaQurements which extended over the top of the

plate show that the acceleration of the flow extended into that region from

the central core.
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T4, Pitot-static Probe Measurements in g Rectanpular Duct(with an Immersed

Plate. (Study of Boundary Layer Development).

Figure 7.4.1 shows the configuration of the duct which was édopted for
this series of measurements, The plate configurétion was gimilar to that used
by Dix (1962), except that the flow was confined to a duct of finite dimensions,
The plate was  effectively 'long' in the vertical direction (and perpendicular
to both the flow and the applied magnetic field) end Semi-infinite' in the flow
direction. The purpose of the measurements wes to study the development of
the boundéry layer on the plate downstream from its leading edge (which was -

: l.
blunt), during both 0.H.D. end M.H.D. flow conditions. A zirconia plate was

N

used, although from the experience of 7.3, it was expected that the high

conductivity of the plate would only slightly exaggerate the non-conducting

case.

The water cooled pitot-static probe was ﬁsed agaln to measure profiles
of A h in the transverse direction (i.e. perpendicular to the plate) at a
héight of 3" above the base of the duct (on the horizontal centre-line). ..
With a thermal input of 100 KW, the probe was inserted at probe holes 3, 4,
5 and 6 in turn and Jﬁ.profiles were measured in each case under O0.H.D. and
M.H.D., conditions -~ the latter at a Hartmasnn Number of 9.5 (see Table I -
section 7.3.2). Probe hole No. 3 was 1" upstream of the leadiné edge of the
plate, and the other positions were 1", 3" and 5”vdownstream from the leading
edge., Figure 7.4.2 shows the profiles which were obtained.
Upstream of the leading edge, there was 6n1y a slight modification
in the shape of the 0.H,D. profile when the M.H.D. interaction was introduced,
Both 0.H.D. and M.H.D, profiles are almost flat over the extent of the traverse.

However, downstream of the leading edge, there is a marked difference between

the O,H.D., and M,H.D. profiles. The O.H.D., profile initially shows an increase

int{; near to the plate (this is probably caused by the blockage effect of the
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rlate in the‘duct), but at‘the position éf‘probe hole No. 5, the more
conventional 0.H.D. boundary layer shape can be seen to have appeared,
and the slope of the profile near the plate has fqrther increased at probe
hole No. 6. Tbe‘M.H.D. profiles are generally much flgtter; the initial
increase’in;fi near the plate at No.- 4 probe hole is nof so marked and the
Hartmann type profile develops quite quickly. There is very little difference
in the shape of the M.,H.D. profiles between probe holes 5 and 6, and the
Hartmann layer thickness would appear to be~ 0.1" (i,e. “%’. ), which agreeé .
with the order qf magnitude prediction of the simple isothermal theonj.
~Thus the diffex?nce in temperature between the inserted plate and the gas

\ .
flow cannot be great enough to provide a significant ordinary hydrodynamic

sub-layer as experienced on the duct walls.

Although the traverses did not measure the velocity («fﬁ) distribution
‘across the full width of the duct,and so the mean velocity could not be
determined accurately, the measurements made indicate that there is no
significant change in the mean velocity between O,H.D. and M.H.D. cases at
each station. By comparison, Figure 7.3.9 shdﬁéué‘éﬁange in the mecan velocity
between 0.H.D. and M.H.D. cases in the region adjacent to the plate which is
only half the height of the duct. : .

This comparison gives experimental evidence which complements the
discussion by Hunt and Ludford (1968) on the differences between the solutions
presented by Dix (1963) and Hasimoto (1960), for plates which are semi-infinite

in the stream direction and semi-infinite perpendicular to the strean,

respectively.
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DISCUSSION OF RESULTS

8.1. Joule Heating Effects

In order to confirm that Joule Heating effects were not a predominant
factor in the M.H.D. interaction, a simple’order.of magnitude analysis was
carried'out.l

Power dissipation caused by Jjoule heating = ‘ija‘ per unit volume,
Assuming a gas velocity of 10 m/s and a transverse magnetic field of
1 weber/mz, the open circuit electric field,.assuming uniform flow, would
be Ux B | = 10 volt/m. Assuming a conductivity of 10 mho/m (typical
value for'thqgiore flow), the current density would be ~100 amp/mz.

c Power‘dissipationvvl Kw/m3, as a result of Joule heating.

The energy transferred from the gas to the walls of the duct by convection

“and radiation at the mid-point of the duct is ~ 700 Kw7m3 (i.e. nearly three

orders of magnitude greater than Joule heating). Even allowing for the fact
that Joule heatiﬁg will be greater in regions of lower conductivity near to
the walls, (the conductivity only drops by 2 orders of magnitude and thus
for the seme current density, the joule heating will increase by only two
orders),it is not likely to have a dominant effect on the density or velocity

distributions.,
8.2. Hall Currents - Effect on Velocity Distributions

Fay's work (1¢59) gives a guide to the effect of non-scalar
éonductivity on velocity distributions in our experiments, Fay considered
a simple uniform property Hartmann Layer, and established the existence of a
transverse flow (perpcndiculur to the core flow direction and the imposed
magnetic field), and a thickening of the boundary layer at large values of

the Hall parameter (WY).

The Hall parameter was #0,5 in these experiments , and Fay's analysis
indicates that a transverse velocity of ¥14% of the core velocity would be

induced in the Hartmann layer and the Hartmann layer itself would.be
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broadened by ~10%.
It would be extremely difficult to carry out a complete analysis

of duct flow with inserted plates in the presence of Hall currents, but

this simple consideration of the interaction of éhe Hall Effect on the
Hartmann bousdary layer indicates that although some transv;rse flow in the
Hartmann layers and some broadening of the layers may be-expected, the
overall change in velocity profiles as a result of the Hall Effect (with

WY ~ 0.5) is only likely to be ~10%. Hence, the theoretical solutions -
(Chapter 4) gi%e‘a reasonable approximation to the non-scalar conductivity

case experienggd in practice. However, the omission of non-uniform

conductivity from the theory is more serious.

8.3 Comparison between Velocity Profiles measured in the Experimental

Programme and those predicted by Theory - Flows past long plates

of half the duct height.

The experiments based on flows past long, thin plates,(section 7.3)

which were only half the duct height,produced velocity profiles along a
vertical axic (pafallel to the plate and transverse to the flow direction)
which in general indicated that with the M.H.D, interaction, the flow was
decelerated in the region adjacent to the plate and accelerated in the

core region ebove the plate. This result agrees qualitatively with the
conclusions of Chapter J,which described the similarity solutions for flow
induced-by a stationary semi-infinite plate in an infinite fluid with
uniform velocity at large distances from the plate., Here, it was found
that the M,H.D, solution showed that the velocity in the region adjacent
to the plate was half the free-stream velocity -and so a normalised
profile which traverses the transverse wake (V" = V/\? , where V =

mean value across traverse) produces a curve similar to the sketch shown in



Figure 8.7.1, (ascuming thai the profile doesnot include the Iarimern leyer
on the wall). If the profile is measured far enough away from the plate
in 0.X.D. flow, the effect of the plate oﬁ-the uniform free-sireenm
velocity distridution is not great, and Figuré.é.f.lvalso fepresents the
, .

. ' 'f
form of the profile of \fmwb/ar;wb . This is similar in form fo the

! : ’ '
- profiles of U'“*)/gg“, preduced in section 7.3 ~ see Figure 7.3.3 for

exanple. .
i

Eowever, it was expected that the walls of the duct would interfere
with the 'infinite fluid' solutions of Chaéter 3 and so numerical solutions
(Chepter 4) oftdqct flow with inserted plates were produced. Velocity
profiles of the same form as before (:'1.9. V'm.b /U-'o“ )'vicre proiuced
frqm the pressure driven flows (section 4.4) at the verticeal a;is which
~was midway between the plate end the Lall, end these are presented in
Pigures 8.2.2 ond 8.7.3. Pour duct shape~factors were employed, which
demenstrate that ro einmple relationghip between the LH.D. and 0.I.D. flows

[}
exists,with a Hartmoann Nusber of 10 for the MN.H.D. cases. The interfcrence
between the IM.H.D. effects produced by the plete and the effects produced
by the duect walls thomrelves is hiéhly dependent on theﬁduct chape factor,
and the ratio of IL.U.3. to 0.X.D. normalised velocity profiles shows that
e gimple relationship such as that shéwn in Figure 8,31 cennot be applied to
the cace of flows which are limited bf finite ducts. In fact the same
relatiohship only rolds for caces with S~1. For high values'of g, the
shape of the curve is reversed, and for low velues, the curve displeys the
cheracteristics of a rectangular duct flow in which the centre plate acts
as a cbmplete w2ll,see Figure 8.3%.3. Thus the proximity of both the top

/
and bottom w2lls have a scvere effect on the ratio kr””b/if’“b at this velue
©

of the Hartmenn Number.
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The results of section 7.2 = fléﬁs in a rectangular duct with no
immersed plétes ~ showed that there was negligible M.H.D. interaction when
the duct walls alone were the source of boundaryilayers in the flow. This
was attributed fo the low temperature (~1600°C) of the walls. When the ”
immersed plate experiments were carried out with an identical duct
construction, no Hartmann layer fofmation could therefore be expected to
occur on the duct walls, ‘The immersed plate; which was several hundred
degrees hotter than the walls, would be able to sustaih a Hartmann layer,
however, (the {esults'of section 7.4 demonstrated this) and so the flow in
the duct woulq:behave like an M.H.D. flow throughout the core and near the
immersed plateE but not near the duct walls. The boundary condition on the -
perimeter of the effective M.H.D. region would then approximate to a moving
.insulating wall condition - i.e. the boundary wquld be a layer of non-
conducting, moving gas., Hence the velocity distribution is not likely to
show close similarity to the pressure_driven theore;ical cases, in which a
stationary wall condition was used.

The actual situation achieved in the experiments of section 7.3 was
therefore an.addition of an M.H.D. flow excited by a mov?ng wall condition
with a stationary plate and a pressure driven M.H.D. flow within the region
bounded by the limit of the electrically conducting fluid, i.e. a mixture of
Figure 4,5.5 and‘Figure 4.4,.4, Surfounding this region there would be a
region ;f cooler, non=conducting gas which provided slip between the M.H.D.
~ region and the duct walls. It is impossible to make any quantitative conclusion
" from this hypothesis, since the position of the limit of electrical conductivty
is not known and this would affect the resulting situation quite criticall&.

For this reason also, it was decided not to attempt to model the situatioh

using the computer.
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It would also be very difficult fo:apply the method of'Kieffer (1965)
to make even qualitative conclusions about the effect of non-uniform
conductivity, since a precise knowledge of the spatial variation of
conductivity is.required in his method. (Step-func£ions and continuous
functions of conductivity were used). The only way of providing a'complete
solution to the non-uniform conductivity case would be to solve the momentum
equation, electrodynamic equation and the energy equation simultaneously,
i.e. by cpupling the conductivity veriation with temperature variations., N
This pose? a c?nsiderable problem for computation in all but the simplest

cases, and wag beyond the scope of the present project.

The théo?etical work deséribed in Chapter 4 was undertaken before the
results of Any experiments were available and it could be argued that in the
.light of experimental results, it was not the most suitable study for
producing a greater understanding of the experimental results. However, it
was the nearest apfroximation to physical reality which could be modelled by
numerical methods with the available resources; Having accépted its major
limitation of uniform conductivity, it st111 éi§és“an increased unaerstanding.
of uniform property M.E.D. flows in the range of geometries studied and
indicates some of the effects which may be expected to arise in mofé'complex
situations where the conductivity is variable -~ especially if hotter duct

walls could be produced.
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 SUMMARY OF CONCLUSIONS

(a)

()

(o)

Similarity solutions were obtained for the fully developed M.H.D.

flow induced by the movement of a semi-infinite non-conducting flat

plate, moving along its own length with a traneverse magnetic field,

(The plate was semi-infinite in the direction perpendicular to the
field and flow). These results gave a clear indication of the
qualitative nature of transverse wakes which emanate from the edge

pf such plates, although the solution was not so complete as that ™

given{by Hasimoto (1960), S,

'Numerical solutions (by computer) were obtained for ordinary

hydro&ynamic end M.H.D. duct flows, both with andwdthout immersed
rlates. Fully developed flows in rectangular aucts were considered
for fluids of uniform properties and two-dimensional variations of
velocity and current stream-lines across the cross-section of the
duct were produced. Solutions for simple cases were compared with
exact analytical solutions an& showed good agreement,

The effect of inserting a pléfé—(iong in flow direction) of
half duét height (perpendicular to the applied field) was investigated
in the case of pressure driven flow and the transverse.wake phenomenon

was again demonstrated. Several cases of flows excited by moving parts

of the duct wall or an inserted plate were investigated and compared

with the similarity solutions and Hasimoto's solutions.

Experiments were carried out on combustion plasma flows t9 determine
the fbrm of the interéction of a transverse magnetic field on the
velpcity distribution. It was found that a magneto-viscous interaction
coul& be produced using a high temperature, refractory plate which was
immersed in the flow., This interaction was investigated with a water-

cooled pitot-static probe which was used to measure two-dimensional



(a)

(e)

(f)

(g)
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velocity distributions over a cross-section of the ducf near the

end.of the region of tfansverse magnetic field.,

In the case of an inserted plate which was half duct height and

long in the flow direction (and perpendi;ular to the applied field),
the éxperimentally determined interaction was showmm to be qualitatively
the same as the similarity solutions for a semi-infinite plate in an
unbounded flow. It did not; however, éorrespond closely to the
numerical solutions fdr duct flows with inserted plates. fhis .

discrepancy was attributed to the fact that the duct walls were much
a

;601e: than the inserted plate and the gas in the boundary layers on

the dugt walls was not electrically conducting. An attempt to produce
an M.H.D, interaction in the rectangular duct without an inserted

plafe was not successful for the same reason.

Using an inserted plate which was the full duct height and perpendiéular
to the applied field, but semi-infinite in the flow direction, the
development of boun&ary layers was studied for O,H.D. and M.H.D.
conditions. The M.H.D. layer (Hartmann“typg)‘was found to be thinner
and to develop more quickly than the viscous O.H.D. layer,

A miniature water-cooled pitot-static probe and an R.F. conductivity

probe were successfully developed for use under conditions of 230000,

1 atm, seeded combustion gases.

"The magnitude of the magneto-viscous 1ﬁteractions produced in these

experiments at a Hartmann Number of'v;O was sufficiently substantial

to warrant a more detailed study of the configurations to be used in

open cycle M.H.D. Generators where Hartmann Numbers of ~ 103 may well

be experienced.
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RECOMMENDATIONS FOR FUTURE WORK

(a)

(v)

(¢)

(d)

(o)

The technique used.for the computer solutions could bé extended to
deal with electrically‘conducting wall conditions by introducing a
sho;t iterating routine which would enable boundary conditions of fhe
form \)";O, t%_%:a O to be simulated by successive approximations from

an initially guessed solution on the boundary. This extension was not

pursued here because (i) it would have involved too much computer time
and (1i) all the experiments dealt effectively with non-conducting -~

vallsr T

. The possibility of solving non-uniform conductivity situations by a

direct simultaneous solution of the momentum, energy and electrod&hamic

.equations should be explored for some simple boundary layer config-

urations. This exercise would involQe considerable computing effort,
The development process of the transverse wake produced iﬁ Hasimoto's
configuration should be investigated further.® Again, numerical
(computerised) methods may prove useful at moderate Hartmann Numbers.
The experimental programme could best be extended by using a larger
apparatus - particulafly a larger magnet. This would allow higher
wall temperatures to be achieved (by allowing the inclusion of more
effective duct wall insulation within the magnetic field) and higher
Hartmann Numbers (achieved by increasing the scale of the experiment
and/or by decreasing the heat losses by better insulation, so
preserving high gas temperatures and conductivity). Also, if a

longer magnetic fiéld is combined with a low heat loss duct, flows
which are more nearly fully devéloped could be produced.
If very high wall temperatures were achieved (~gas temperature), then
the other ihteresting class of traneverse M.H.D. wake could be invest-

1gafed, viz, that produced by a discqntinuity in wall electrical

conductivity.,



11,

- 102 -

REFERENCES
Alpher R,A. Hurwitz H,, Johnson R.H., and White D.R., 19€0, Rev, lod. Phys.

32, 4. 758,

Alty C.J.N., 1966, 'Magnetohydrodynamic Duct Flow', Ph.D. Thesis, Cambridge
University.
Bleviss Z.0., 1960,"J. Fluid Mech. 9. 49.

Braginskii S.I., 1960, Soviet Physics JETP. 37. (10). 5. 1005.

Brogan T.R,, 1962, in 'Gas Discharges in thefElectricity Supply Industry, -~

kd. Forrest, ?utterworths. p. 571.

Bugden et al; 1964, Proc. 0.E.C.D. Int. Symp. M.H.D. Elect. Power Gen. Paris,
3. 1105. ‘
Butterfield P., Schofield J., and Young P.A., 1963, J. Iron and Steel Inst.Z20l.

' Cramer K.lt,, 1965, 'Variable Conductivity M.H,D. Couette Flow'. Office of

Aerospace ltesearch Report (U.S.A.F.). No. ARL 65 - 13, __

Cranfield R.R., 1966, C.E.G.B., Report No., RD/M/N172.

Dickson D.J., Sanders R.W,.,, and Tseung A.C.C., 1964, Proc. 0.E.C.D. Int,

Symp. M.H.D. Elect. Power Gen. Paris. 3. 127,
Dix D.M., 1963. J. Fluid Mech, 15. 449. .
East D.A,, 1964, 'The Pitot Tube in Magnetohydrodynamics', Ph.D. Thesis,

Mass. Inst. Tech,

English P,E, and Rantell T.D., 1968, 'The Detérmination of the Electrical

Conductivity of the Gases in a Pitot-Scale Coal-Fired M.H.D., Combustor'.

B.C.U.R.A. Research Report M.H.D. 36.
Fay J.,A., 1959, 'Hall Lffect in Laminar Hartmann Boundary Layers'. Avco-

Everett Research Report No. 81,

Gaydon A.G, and VWolfhard H.G., 1960, 'Flames, their Structure, Rediation and

Temperature', Chapmén and Hall,



- 103 -

Goodwin E.T., (Senior Editor), 1960,'Modérn Computing Methods'. 2nd kd.

Notes on Applied Science No. 16. H.N.S.0.

Gray W.,. and Emith J.L., 1967, J. Inst. Fuel, May '€7, 186.

Greyston A.l., 166, 'A Computer Program for the analysis of combustion

products used in ¥.H.D. Generation'. C.E.G.B. Research Report No. RD/L/N52/66.
Green S.W., 1957, 'Viscosity and Thermal Conductivity of Rocket Gas Mixtures®,
R.A.E. Tech. Memo. R.,P.D. 132,

Griegz J.R.,, 1964, 'The Sodium D-line Reversal Method of Temperature lleasurement?,

C.E.G.B. Research Report No. RD/L/R1253,
\

Hale F,J, and Kerrebrock J.L., 1964, J.A.I.A.A., 2. 3. 461,

Hasimoto H., 1960, J. Fluid Mech, 8, 61,

Hartmonn J., and Lazarus F., 1937, Math-fys Medd. 15. 7. 1.

. Henderson F.M,, 1960, 'Elliptic Functions with Complex Arguments', Univ, of

Michigan Press,

HBZWOOd JoBo, 1965, A.IvoAoJo. 2- 9- 17520

Heywood J.B. and Womack G.J. (Lditors), 1969, 'Open Cycle M.H.D. Power

Generation. (Pergamon),

Hunt J.C.R., 1967, ‘Come aspects of Magnetohydrodynamics', Fh,D. Thesis,

Cambridge University.

Hunt J.C,R. and Leibovitch S., 1967, J. Fluid Mech. 28. (2). 241.

Hunt JocuR. and Ludford G.S.S., 1968. Jo Fluid MeChQ 220 (4)- 6930

Hunt J,C.R. and Malcolm D.G., 1968, J. Fluid Mech, 33. (4). 775.

Hunt J,C,R, and Stewartson K., 1966, J. Fluid Mech. 23. (3). 533.

Hunt J.C.R. and Williams W.E., 1968, J, Fluid Mech. 31, (4). 705.




- 104 -

Kastner L.,J. and Spooner J.R., 1950, Proc. Instn. Mech. Engrs. London,

162. 149,
Kerrebrock J.L., 1961, J. Aero, Sci., 28. 8. 631.

Kieffer P.C.,'1965, '*Variable Conductivit& Fully Developed M,H.D. Channel
Flow'. M.S. Thesis. Air Force Institute of Technology, Air University.

Langlois W.E., 1964, 'Slow Viscous Flow', MacMillan,

McAdsms W.H., 1954, 'lHeat Transmission'. McGraw-Hill,'
Moffatt H.K., 1964, Proc. 11th Int. Appl. Mech. Cong. (Munich), p.946.

Moffatt "V.C..l 1964. AOI.A.A.JJ’ _2_0 1495.

Nettleton M.g. and Raask E., 1965, 'Measurements of the Rate of.Evaporation-
of Potassium;Sulphate Droplets'. C.E.G.B. Research Report RD/L/N121/65.

Olin J.G., 1966, 'Turbulence Suppression in Magnetohydrodynamic Flows'.

~ Report No. 85, Stanford University, Insitute for Plasma Research.

oliver DOA. and MitChner Mo’ 1967’ J.A.I.A.l"..’ 2’ 3. 1424..

Olson R.A. and Lary E.C., 1962, Rev, Sci. Insts. 33. 1350,

Ryshkewitch E., 1960, 'Oxide Ceramics - Physical Chemistry and Technology'.

Academic Press.
Sato H., 1961, J. Phys. Soc. Japan. 16. 7. 1427, .

Schowalter W.R. and Blaker G.El. 1961. Je Applo Mech.. Maréh '610 1360

Shercliff J.A.’ 1953' Proc, Ca.mb. Philo SOC. _4__9_. 10 1360

Shercliff J.A., 1956, J. Fluid Mech. 1. 6. 644,

Shercliff J.A., 1965, 'A Text-book of M.H.D.'. Pergamon,

Sonju 0.K., 1968, 'Viscous Magnetohydrodynamic Flows'. Report No. 245.
Stanford University Insitute for Plasma Research,

Tani I., 1962. J. Aero, Sci, _2j_o 3. 297,



- 105 -

Taylor D.S., 1967, 'Gas Conductivity Determinations using Radio Frequency

Energy Dissipation Teciniques'. University of Sheffield, Dept. of Fuel Tech.,

and Chem, Eng., Report No. FTCE/4/DST.

Thomas D.L., 1967, 'Application of the Sodium D-line Reversal Method of

Temperature lieasurements to L.H.D. Flames', C.E.G.B. Research Report No.

RD/L/R1486.

Todd, L., 1967, J. Fluid Mech, 28, (2). 371.

Todd, L.{ 1968, J. Fluid Yech. J1. (2). 321,
Waechter R.T..{1966, 'Acymptotic Methods for Large Hartmann Number in

Magnetohydrodynamics®. - Ph,D, Thesis. Cambridge University.

Waechter R.T., 1968, Proc. Cemb. Phil, Soc. 64. 871.

Yakubenko A.Ye,, 1963, Zh., Prikl, Mekh. Tekh, Fiz. 6. = N.A.S5.A. Trans.

TTF-241, 1964.
Yen JoTo. 1964. Phys. Fluids. lo 50 7230



-Al -

APPENDIX A

DETAILS OF COMPUTER PROGRAM USED IN NUMERICAL ANALYSIS

A.l1 FORMATION OF MATRIX EQUATION FROM FINITE DIFFERENCE MESH

In order to adapt the finite difference technique to a direct method
of solution suitable for compufation, the set of simultaneous linear equations

obtained. by writing‘the governing equation
,z / - [/} ‘." ! - .
[v + H é—'] é-}- = Eb ;‘. esssA,ll,
dx oz |

in terms:of finite differences for each point (#&.) on the mesh,
N ! - H’ .. .'l e
¢l,o (‘ + .,;_ ) + ¢_l,o(| -'-3*_-) + .,¢°,| 'é}. + ¢°;" o
A 1}
*\’ 2 %0,0 (l "——Sl-a = .-a—h 0000A0102:

, -k
is written in the form of a matrix equation,

ﬁé ® _b_ ~ (see saction 4.2 for derivation of the finite difference
equation).

If equationA.l.2is rewritten in the form:-

C,_ ¢|;° ¥ C3 94-!,0 + Cq (¢o,‘| + ¢o,-l)+cl #o,c = P eeeehelede

then the form of the matrix A can be shown b;; éb-xis;:'ldering the points on the
first few rows of the mesh. (See Figure A.l), .

The sige of the matrix will be determined by the size of the mesh;
the side dimension of the matrix will be equal to the total number of points
in the mesh and the matrix will be. square, |

The leading diagonal of the matrix contains the coefficient (Cl)
relating to the nodes of the mesh (fq,) and each row of the matrix contains

the coefficients relating to the neighbouring nodes to that specified in the

pame row of the vectorﬁé. Since the mesh is numbered row-wise, the coefficiente

corresponding to fgl,o and 7‘.“) , occur in the adjacent diagonal rows to the
!

leading diagonal, and the coefficients for #a,\ and é‘.-, are separated from

the leading diagonal by a number of elements equal to the width of the finite
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difference mesh. A total of 5 diagonal rows of coefficients ;:ompletee the
matx;ix; all other locations being zero., |

The right hand side vectors of the equatibn A.l-lhave contributions
firstly from the pressure gradient (source) tern;s, -and secondly from the |
boundary conaition terms whenever a mesh point adjacent to a bou.ridary is
involved. To illustrate the form of the matrix equation, the first few

rows of the equation are shown in Fig!ure A.l. for the case of a 16 x 16 mesh

with boundary regions as sho‘wn‘ in Figure 4.1.1 (c¢).

Itn order to incorporate the symmetry condition on the bottom wall,
the term lC4 (\ 0,1+ #o,—l ) in equation A.1,3is replaced by 2 C4 (750,,, )
for the nodess‘{on the line of symmetry. For the immersed plate case (Figure -
4.1.1 (d)) the leading diagonal coefficient is replaced by 1.6 and all other
coefficien‘és omitted for all nodes which coincide- with the plateg the

boundary condition then appears in the right hand side vector.
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A.2, C.E.G.B. LIBRARY PROGRAM 'BAND'

The Library program BAND is able to solve a band matrix equation
with a set of right hand side vectors of the form
A = b, beybs o RIRY
The proceduz"e first reduces the band matrix A into the product of an upper

triangular matrix (with leading diagonal elements unity) and a lower

triangular matrix.,

i.0. A - L—_- E‘_' . eeeehe2.2,
However, if: g = Y. é eseche2.3,
then,‘ | \ L—_- 5_ - é' ,éz ....... oo..An204o

Equation A.2.1 is then solved by the successive solution of
equation A.2.4 and then equation A.2.3, which is achieved by back-substitution,
since the matrices are both triangular (the inve‘rsion of L and El is avoided).
Thus, for one reduction of the band matrix to triangular form (_I_J_._Ql). any
number of right hand side vectors may be used to provide different solutions.

In order to feed the prbgram with tﬁe matrix of coefficients A, the
coefficients must be rearranged into a vector such that A—I,J becomes
B(1-1)(35-1) + 1 * "here B isthe vector of the L.H.S. matrix and (2L-1) is

the bandwidth of this matrix, i.e. L is the width of the finite difference

mesh,
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FORMULATION OF COMPUTER PROGRAM (HART)‘

The use of the Library program BAND in solving M.H.D. flow problems
involves the writing of a main program which will handle input data in the
form of boundéry conditions, bressure gradient and the other parameters
defining tﬂe problem - Hartmann Number and shape factor- and which will
convert this data into a set of coefficients of the band-matrix A and a set

of vectors Ei' Since the size of the matrix is 256 x 256 and the size of

~

the vector is 256, (actually the matrix only contains 256 x 5 non-zero
coeffic%ents% there is a considerable data mgﬁagement problem.
The\Program HAKT is written with twofoptions which deal with
(a) unobstructed rectangular duct flows and (b) rectangular duct flows with
inserted plates. The selection between cases (é) and (b) is made by setting
the parameter NPLATE equal to 6 or 1l respeéfively. An additional svecification
parameter N SOLN is used to denote the number of R.H.S. vectors Ei to be used
with any one matrix formulation, (i.e. the:number of sets of boundary conditions

and pressure gradient definitions for one definition of Hartmann Number and

shape factor). T .

Two main subroutines are inciuded in each opfion of the program to
formulate the vector of the matrix (MAT 1 and MAT 2) and to formulate the
R.H.S., vectors (VECT 1 and VECT 2). Tables IIand II] summarise the input data
to these two routines, and the flow diagram for the main program is shown in
Figure.A.Z.,alsothe flow diagrams for MAT 1 and VICT 1 are shown in Figure

A.3. (MAT 2 and VECT 2 follow the same pattern, although the ordering of the

coefficients and vector componenté differs),



READ IN — NPLATE , N SoLN

READ IN - HART, SFAC , PGRAD -

PRINT OVUT - HART ,SPARC, POrRAD

DERINE MATRIL COERFICIENTS
cCt — C4.

SeLECT

OPEN DucT OR
IMMERSED
PLaTE

NOATE = O NPLATE =] .

CALL MAT! CALL MAT2

CALL VECLT)Y | . ChLL- VECT2

CALL BAND

CALCULATE U” & &
FRoM 75 & PRNT OUT

CALCULATE MEAN
VELONTY & PENT ouT:

l

SToP.

FLOW DIAGRAM FOoR PROGRAM' HART.
FHGURE A.2.




SET LeadiNg
DinGoNAL. COEFALIENTS

SET ovuTter
DIRGONAL COeFFILIENTS

1

SET INNER
DinGoNA{ COEFFILUENTS

|
RETURN,

SUBROUTINIE,S MaT!l & MAT 2.

RenDd IN - NTH SET OF
Bowdnmz.\/ CONDITIONS

FR vz s’

PRINT OUT N TH SET of
beNbef CoNbiTioN §
FoR v'&2 B’

GET VECToR CoMPoNENTS

N=N+I

IS NO
N > NsoLn /
YES
RE TURN

SUBROUTINES VECT! & VECTL

Fow DIAGRAM FOR SUBROUTINES

"MATI’,"MAT2',VECT I', VECT2'
FIGURE A.3.
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INPUT TO MAT 1 AND VECT 1 FOR 16 x 16 MESH

M/T 1 COEFFICIENTS

J 1I=J-16 1I=2J-1 I=2J I=J+1 I =J+16
1) 0 0 cl c2 o
2-15 ) .0 c3 c1 ce c4
16 ) 0 c3 Cl 0 ca
17 ) C4 c3 c1 c2 c4
18-21 ) c4 c3 c1 0 c4
32 ) c4 0 c1 c2 C4
Repeat to
225 ) |
226-2%9) ~ ditto -
240 )~ \
241 ) 2.C4 0 cl c2 0
242-255) 2.C4 c3 C1 c2 0
256 ) 2.C4 c3 Cl1 0 0
VICT 1 COMPONENTS
(Vvalues of Coefficients of PGRAD and Boundary Conditions)
J1,J2 PGRAD| FIB(1)|FIB(2){FIB(3)|FIB(4)|FIB(5)|FIB(6)|FIB(7)
1,1 ) 1 ]o -C3 |-C4 0 ) ) )
2,1 -15,1 ) 1 0 0 C4 0 0 0 0
16,1 ) 1 0 0 -C4 ~C2 0 0 0
(top)
1,2-1,7 ) 1 |0 -C3 0 0 0 0 0
1,8 - 1,16 ) 1 —C3 0 0 0 0 0 0
(LES) .
16,2 - 16,7 ) 1 0 0 0 ~C2 0 0 0
16,8 - 16,16 ) 1 0 0 0 0 ~C2 0 0
(RHS) .
All other values 1l 0 0 0 0 0 0] 0

(J1,J2)
FIB(n)

Row number of Matrix

Column number of Matrix
Coordinates of mesh point
Value of U’ + B'on region (n) of boundary.

TABLE 11
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INPUT TO MAT 2 AND VICT 2 FOR 16 x 16 MESH

-

VAT 2 COZFFICIENTS

J I =J-16 I= J-1 1=J I=2J+l I = J+16
1 ") 0 0 cl c2 c4
2-15 ) 0 c3 cl c2 c4
16 ) .0 c3 c1 0 c4
17 ) c4 0 Cl c2 c4
18 - 31 ) c4 c3 cl c2 c4
32 ) c4 - C3 cl 0 C4
Repeat to
97 )
98 - 111 )| - ditto -
112 )
113 ). c4 0 cl c2 c4
114 - 119 )¢ c4 c3 cl c2 C4
120,121 ) 0 0 1 0 0
122-127 ) c4 c3 cl c2 c4
128 ) c4 C3 cl 0 c4
Repeat to
225 )
226 - 231 ) - ditto -
232,233 )
234 - 239 )
240 )
241 2.C4 0 cl c2 0
242 - 247 2.C4 c3 c1™ c2 0
248,249 0 0 1 0 0
250 = 255 2.C4 c3 cl c2 0
256 2.C4 c3 cl 0 0
VECT 2 COMPONENTS )
(Values of Coefficients of PGRAD and Boundary Conditions)
J1,J2 PCRAD| FIB(1)! FIB(2)|FIB(3)] FIB(4) |FIB(5){ FIB(6)| FIB(7)
1,1 1 0 -C3 -C4 0 0 0 0
2,1 - 15,1 1 0 0 ~C4 0 0 0 0
16,1 (top) 1 0 0 -C4 ~C2 0 0 0
1,2 - 1,7 1 0 ~C3 0 0 0 0 0
1,8 - 1,16 (LHS) 1 -3 |o 0 0 0 0 0
16,2 - 16,7 1 0 0 0 -C2 0 0 0
16,8 - 16,16 (RHS)| 1 0 0 0 0 -C2 0 0
8,8 - 8,16 0 0 0 0 0 0 0 1
9,8 - 9,16 (PLATE] © 0 0 0 0 0 1 0
All other values 1 0 o} 0 0 0 0 0
PABLE III

(See Table 1I for nomenclature)
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A.4., OPERATION OF THE PROGRAM

A.4.1 Data Input
The data deck is made‘up of the folloﬁing cards

(1) - N PLATE (0 or 1)
(2) N SOIN (Less than 5)
(3) HART, SFAC, PGRAD (Hartmann Number and pressure gradient

based on half duct width),
/
(4) Boundary Conditions for V' and B on all 7 regions.
(4) contains N(=N SOLN) sets of boundary conditions to provide N separate

l

solutioné.

\

The E\an'i format is as follows:-

(1) and (2); Integer O or 1 punched within 1lst f;;e locations.

(3) Each variable punched within a field of ten 1oc§tions each =
in order from L.H.S. of card.,

(4) One card for V', followed by one card for 5, .
Each boundary condition punched within a field of ten locations -
in order from L.H.S. of card. SRR

((3) and (4) both used fixed-point arithmetic).

A.4.2. Output. ~
The printed output gives the parameters and boundary conditions defining

_ , )
the solution, together with a tabulation of values of V and B at every point on

the finite difference mesh. Finally, the mean velocity is printed.

A.4.3, Operation

The program deck is committed to magnetic disk to reduce the
compilation time, and then the time taken to produce each set of solutions
(based on each set of parameters HART and SFAC) is approximately 0.25 min

. with one or two sets of boundary conditions. The program is available in

modified form to produce a bottom wall condition.
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APPENDIX B

CALIBRATION OF SEED PUMP

The construction of the seed pump was described in section 6.1
(see Figure 6.1.8) and here the calibration of the pump, in terms of mass
flowrate of seed, is described,

It was fourld to be most convenient to vary the flowrate of seed by
sdjusting the carricr air flowrate, while the screw feeder speed and
fluidising air flow were both kept constant.

The effect of increasing the carrier air flow is to increase ihe
back-pressure on the screw feeder. The mass flowrate through the feeder
is a functioﬁ\of its speed and the pressure difference across it. So if'
the inlet bressure is held constant, by maintaining the fluidising air
flowrate and the height of the column both constant, then a unique
calibration should be possible of the fornm

mass flowrate = f(carrier air flowrate)

This calibration was attempted, initiilly with some difficulty, since
the physical condition of the seed powder seeméé fo vary from one,run to the
next., Improvements were made by introducing bags of drying crystals (silica
gel) to the inlet air line and to the fluidising column itself and drying
the potassium sulphate seed material before loading it into the column,.

This improved the repeatability, and when aerosil powder (finely divided
silica-sub-micron) was added to the powder as 1% by weight, (suggested

by Cranfield (;966)) the flow properties of the powder were greatly improved
and a satisfactory calibration was obtained.

The seed flow was measured by collecting the delivered seed in porous

glass-fibre bags which allowed the air to pass with negligible carry-over of

seed, The carrier air was measured by a rotameter, and the resulting

"ecalibration curve is shown in Figure A.4. As the carrier air flow was
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increased a little from zero, a very low flowrate, which was highly unstable,
was produced. In this condition, the air flowrate was not sufficiently high
encwel to maintain the seed in suspension in the delivery line (bore = 8 mm)
and much of the seed rotating in thé screw.feeder was not passed into the
delivery liﬁe. As the air flowrate was increased up to about 3 1/min, the
maximum flowrate of seed occurred. Here, the seed was Jjust carried in
suspension by the carrier air (air velocity = 1 m/sec) and there was the
pmaximum differentiel pressure across the feeder. When the air flowrate was
further increased, the seed flowrate was gradually reduced, as the back

{
pressure on the screw feeder increased.
O

The operating range of the pump was actually in this region of well-
behaved .flow, and a carrier air flowrate of 7.5 1/min gave a seed flowrate
corresnonding to 0.73 mol ¢ K for 700 s.c.f./hr of oxygen input or 100 KXW

thernal input.

Two calibration runs were completed consecutively, with the height of
the column starting at 28" and finishing at 24". Within this range, there
was no appreciable change in calibration within the accuracy of the measure-

ments,

Some fluctuation in seed flowrate was experienced because of the
intermittent nature of the delivery from the screw feeder compartments.
Thie was partially eliminated by the provision of a vertical limb in the
delive}y line in which the bore changed three times between 4mm and 6 mm,
The acceleration effect caused by these changes in cross-section, together

with the stabilising effect of upwards vertical flow reduced the fluctuations

considerably and the mixing experienced in the combustion chamber also reduced

the effect.
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APPENDIX C

SODIUM D-LINE TEVPERATURE MEASURENENT

C.1 INTRODUCTION.

The method of gas temperature measuremeﬁt used on the rig was the
line-revers$1 method using Sodium D-line emission., This technique has
become the generally accepted stendard of gas temperature measurement over
the range IOOOOK to 4000°K where its accuracy is claimed to be sbout 1<,

In M.H.D. experiments on hot gas flows, this technique has almost .

invariably been used.
{

C.2 GENIRAL PRINCIPLES

The principle of line reversal techniques have been described by *
many authors (e.g. Gaydon and Wolfhard (1960)) but a summary of the general
principles may usefully be given here. If a source of light emits a
continuous spectrum of radiation at a brightness temperature TB' then at

a wavelength A , the radiant encryy emitted by the source will be f(%,T;) ,
2rhcr/)\*

where jf is the black body radiation function, [5(1,T5)= f /A

exp[ hef~1]

It ’)\ is an emission frequency of the sodium atoms which arc present in the gas
whose temperature is to be measured (one of the D-lines for instance) and dl is

the absorptivity of these atoms at the same frequency) » then the amount of

radiant energy transmitted through the gas will be
0T, ). (1= #»)

If the emissivity of the gau is £A at the same wavelength, the flame will emit

radiant energy equal to 5)‘._{:(%,.’;) » Where TF is the flame temperature, so
that the total energy viewed by the observer will be JC(X;TBX"“l) +f)‘f(75,1'¢>,

If Kirchhoff's Law is applied for the gas (at equilibrium)
Ey = &Ky

and therefore the Radiant energy viewed by an observer

= f(l,Tg)-&- 2 [{-(7«,1}) -f(X,TQ]
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At a wavelength differing very slightly from the D-liﬁe frequency,

the agbsorptivity and emissivity of the sodium atoms will be negligible and
thus the radiant ener:y observed will be purely that from the light source
- (o0, TR) . '

If the qpserver cen view the continuous séectrum in the region of the
sodium D-lines, then a continuous variation of wavelength, with no abrupt
change in intensity, will be observed only if TF = TB. If TFh}ﬂb, then the
lines will appear bright against the background of the continuous emission,i.e.
flame radiation will augment the background radiation at these wavelengths,

1 ‘

If TB)»TF. then dark lines will be seen against the continuous variation of

AN

the background source.

It should be noted that the measurement is independent of gas
emissivity and also that at the reversal point, i.e. when the D=lines are
indistinguishable from the continuous spectrum, the brightness temperature
of the source (i.e. the actual temperature of a black body which would
produce an equivalent intensity of radiation) is equal to the actual
temporature of the gas, assuming thermsl equilibrium between the emitting
sodium atoms and the gas molecules. This makes the measurement of gas
temperature relatively straightforward since the brightness temperature
of the source cun be measured readily with a standa:d optical pyrometer

(disappearing filament type).
APPLICATION TO IONISED GAS TiMPERATURE MEASUREMENT

In partially ionised gases, there is a possibility that the sodium
atoms,which are used to produce the D-line emission, receive their excitation
not from collisions with gas molecules but with electrons, which will have a

temperature different from that of the gas in general. (Te, the electron

temperature). However, Grieg (1964) has showm that for gases with a partial
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pressure of ﬂitrogen of 0,5 atmospheres (or more) or for mixtures of

gases containing gases with an equivalent collision cross-section to

0.5 atmos. of Nitrogen, the molecular collisions dominate over the

electron collisions even when the electron concéntration is enhanced
by the usual seeding methods, and so the radiation emitted by the

sodium atoms during.de-excitation will correspond to the temperature
of the gas molecules. For gases with much lower molecular collision

cross-gections, it may be possible to measure electron temperature in .

the gas. : -

{ ‘
Thomas (1967) has studied the corrections which must be applied

to reversal temperatures measured under the conditions of the Marchwood
25 17 duct, to account for self-absorption effects in the cool boundary

layers adjacent to the port holes., Since the experiments deecribed in

Chapter 7 involve a hoi-walladduct, the effects shouid be ﬁuch less

important (wall temperatures in thé region of the port holes will be
200000, (for the combustion cham?er window) compared with 200°C in the
25 MY Duct) and in fact corrections for this effect are ignored here,
The effcct of particulate matter in the gas stream should have negligible
effect in this case since when a gaseous fuel is being considered, the
seed particles will all ﬁe fully vaporised by the time they reach the

measuring station,

CORRECTIONS FOR WAVELINGTH AND FOR RKFLECTIVE LOSSES

Two important correcti?na must be made to the actual measurements
made by the optical pyrometer before the actual gas temperature can be found.
Firstly, the brightness temperature of the light source (a tungsten strip
lamp is usually used for this purpose) is measured at the red frequency of

of the filter in the optical pyrometer (65503) and the emission and absorption |
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of the sodium atoms in the flame occurs at the D-line frequenéies

(58902 and 58962). 80 that é correction must be made for the variation

of the emissivity of the tungsten strip between these two temperatures,
Secondly, a correction must be made for the fact that the flame is viewed
through Jjust’ one lens, whereas the background source is viewed through two
lenses. (If the flame is enclosed by a chamber with windows on either side,
then the flame will be viewed through ohe lens and one window and the
background source through two lenses and two windows). Thus there will

be a differential loss of radiant energy between the optical paths from

the filament aﬁd from the flame itself, and a correction must be made for

«
the increased filament brightness temperature needed to produce a reversal

under these conditions.

These two corrections are disblayed in Pigures A.5 and A.6, The
'data for Figure A.5 was taken from Gaydon and Wolfhard, and that for the
reflective loss correction in Figure A.6,was determined experimentally.
The limit of accuracy of the pyrometer was : 6°C (manufacturer's claim),
but allowing for other errors, such as variations in mains voltage during
measurement, an accuracy of 2 10% could reascnably be claimed for these
measuremente. This accuracy is displayed on the graph; and a straight line
relationship which falls within the accuracy limits is superimposed for the
purpose of the calibration. A combined correctibnicurve is.plotted in Figure
A.7. This is to be subtracted from the measured values of brightness
temperature - (The negative correction necessary for reflective losses is

greater than the positive correction for wavelength change).
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EXPERIMINTAL ARRANGEMENT (See Figure A.8)

The optical arrangement was assembled on two l-metre optical benches
on either side of the combustion chamber and the gases leaving the chamber

were viewed through 1" port holes through the refractory lining. The port

holes were covered at each side with silica windows which were continuously -

purged with a small flow of air to keep them free from condensation and seed.
The layout of the lenses was the familiar equal magnification system where object
to leﬁs gnd lens to image distances are all 2f (f = focal length of lenses =
20 cm, +‘5 di?ptres). An iris diaphragm was inserted into the optical path

so that any stray radiation would not be inci&ept on the monochromator i.e. all

the incident radiation came from the background source, with interference along

the optical path by the flame., A standard Mezda projector lamp with a vertical

. tungsten strip filament was used for the background source, and the actual

brightness température of the filament was not in fact measured. Only the
effec%ive brightness temperafure as measured by the optical pyrometer through
the glass of the bulb was measured, but since this temperature was the effective
temperature which was seen by the flume also;-(ﬁﬁéh the known corrections for

reflective losses at the lens and window had been applied) the actual brightness

temperature of the filament was immaterial. . .

The optical pyrometer used was a Leeds and Northrup self-balancing
pyrometer which was equipped with a special close-up objective lens assembly
and thé monochromator was the Hilger and Watts Model D292, which was modified
slightly to enable both D-lines and the adjacent bands of the spectrum to be
viewed at the same time - this greatly improved the ease with which the
reversal point could be detected.

The benches were aligned carefully with the axis of the port holes and
then a check was made to ensure that no extraneous losses were incurred in the

\

transmission of the background source through the chamber. A brightness
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temperature of 1920°C, measured adjacent to the tungsten strip lamp,

produced an effective brightness temperature at the site of the monochromator
slit of 1800°C, i.e. a loss of 12000; this compared with a ioss of 100°%
predicted from the correction curve (X2 since é lenses and 2 windows are
involved). .To within the accuracy of : 10°C, this confirmed that the
alignment was satisfactory, although a regular check had to be made to

ensure that all lenses and windows and the gléss of the projector lamps

were kept clean, so that the correction curves could be applied with .

certainty.
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APPENDIX D

MAGNET CALIBRATION

The magnet was calibrated using both a conventional Cambridge
Fluxmeter and also a Hall Probe. Figure A,9 ;h;ws the transverse magnetic
field strenéth (B,,) measured at,the'centre of the magnet gap, using both
instruments. The range of current was limited to 400 - S00A, since the
D.C. geﬂerator of the motor-generator set which was used to drive the
magnet was not self-exciting below 4004 (and 500A was the maximum rating .
of the magnet{and the M-G set). Good agreement between the two instruments -
was found ang no saturation of the core was noticeable up to 500A.

Figures A.10 and All show the magnetic field distribution
measurerents which were obtained using the Hall Probe with the current at
- 500A, The magnetic field was assumed to be. symmetrical about the 25O

end X #9Q planes, since the coils and core both ha\)e symmetry about these

plenes., However, there was asymmetry of the core about the y = 0 plane and

this was reflected in the symmetry in the magnetic field measured by the
probe. The contours in the Z-g plane were measured at X=0 (centre line)

and x= | (edge of gas duct) and thus cover the range of By, over the

whole of the 12" test section of the 6" x 2" duct,

Apart from the 1" border region around the pole pieces, there is a
very satisfactory uniformity of magnetic field strength. Thus all the
probiné for velocity perturbations was carried out in the middle 10" length
of the pole pieces, and in any case the top and bottom regions of the duct
(within 1" of the top and bottom walls) are relatively cold and the M.H.D.

interaction is greatly reduced by the consequent fall in electricel

conductivity.
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APPENDIX E

CALIERATION OF R.F. CONDUCTIVITY PROBE

Solutions of KC1 between £/100 and N were found to give a suitable
renge of conductivity (data of conductivity of standard solutions is well
documented) for calibration (0.1 - 10 mho/m ). The datum level of dissipation
wns measured using a 1l beasker containing 800 ml of de-mineralised water,

The coil was covered with a thin glass sheath and immersed into the liquid

~

80 that it was covered by 1" of liguid. The KC1 solutions were then used in
turn to meashre the variations in dissipation from the coil. The results
of three aeﬁgrute attempts at these measurementsare shown in Figure A.12,
The ubsence of any electrolyte from the inside of the coil and from
the region outside the coil which was occupied by the sheath was fuirly
representative bf the conditions in the hot gas flow, when the thermel

boundary layer around the water cooled coil produced a vg;y similar effect.
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