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SUMMARY OF THESIS

This thesis forms a report of the work carried out by the author
in the development of a vadial flow viscometer, This was done to
supplement existing measurements made by more conventional methods and
to make use of certain advantages that the method has over other forms
of flow viscometers,

The viscometer, which consists principally of two flat discs
separated by a known distance, the fluid being forced to flow radially
inward and leaving through a hole in the centre of one of the discs, has
the disadvantage that there is a pressure loss due to inertia effects
that cannot be expressed exactly. The author has been mainly concerned
with investigating the various solutions available to determine which
one agrees best with experiment. Within experimental error it was found
that a solution obtained by expressing the pressure and velocities of
the Navier Stokes equations by power series was satisfactory. The author
has obtained an alternative solution which, although not exact, appears
to agreec well with the sbove solution.

A series of measurements of the viscosity of water in the range 0 °c
to 20 °c are given which agree on average to within + 1.5% to * 27 with
recognised values. These measurements were only of a preliminary nature
and it is felt that with more development the accuracy could be improved.

A description of a high pressure viscometer designed by the author
making use of the radial flow method is given which is capable of working
1000 atmospheres pressure and 500°C, This viscometer produces a steady flo
through the plates by a pellet falling down a glass drop tube as is used

in Rankine viscometers. An optical method of timing the fall of the mercu
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pellet has been devised which is an improvement on the method using

platinum contact wires,
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PRETACE.

oo en

This thesis forms a report of the work carried out by the author
in the development of a wadial flov visecometer. This was done to
supplement existing measuremenis made by more counventional methods and
to make uge of cevtain advantages that the method has over other forms
of flow viscometers.

The visgometer, which consists principally of two flat dises
separated by a known distance, the fluid being foreaed to flow radially
invard and leaving through a hole in the centve of one of the disecs, has
the disadvantage that there is a pressuve loss due to ineritia effects
that camiot be expressed exactly., The author has been wainly eoncerned
with investigating the wvarious solutions available to determine which
one agrees best with experiment. Within expevimenial ervor it was found
that a golution obtained by expressing the pressure and veloeities of
the Navier Stokes equations by power sevies was satisfactory. The author
has obtained an alternative soluiion which, although not exact, appears
to agree well with the above solution.

A sewvies of measurements of the viscosity of water in the range O °c
to 90 °¢ are given whiech agree on average to within + 1,5% to + 27 with
recognised values, These measurcuments were only of a preliminavy natuve
and it ig fele that with mowve development the accuvacy could be Improved.

A description of a high pressure viscometer designed by the author
making use of the rvadial flow method is given which is eapable of working at
100C atmospheres pressure and SOOOG. This viscometer produces a steady flow
through the plates by a pellet falling down a plass drop tube as is used

in Rankine vigecometers., An optical method of timing the fall of the mevcury
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pellet has been devised which is an improvement on the meithod using

platinum contaei wirves.,
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LISY OF SYMBOLS

Unless otherwise ddined in the text, the symbols used in this

thesis have the following meanings-

D diameter of drop tube

s function of v

g gravity

2h plate separation

T timed length of drop itube

M mass f£low rate

P pregssure

G volume flow rate

Re Reynolds Numbaer for a pipe of diameter d

.0,z cylindrical coordinates

Ty5¥, inner and ouier vadil at which pressuve tappings are situated
R outside radius of plates

f dengity

Pr density of fluld at plates

o density of fluid at drop tube
i time

o
T temperature €

v, v, w componentt of velocity in ¥, o, and z divectious

u mean velocity

Uo veloedlty at centwve of channel
n viscosity

v kinematic viecosity

W weight of pellet
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The work described in thié thesis was underitaken to investigate
the possibility of constructing a wew type of viscometer which could
produce measvrements compayrable in accuwacy to that of other wethods.
It was fele that measuvrements made with a new type of viscometer were
required to supplement neasurvements done hy morve conventional methods
aad, in addition, would help in making a wider cholce of instrements

available in the futare,

Iatvoduction

Balow is given a brief wvesume of the recopgnised motheods of
vigecometry available and discussion of their advantapes and dig-
advantages. A wore extensive survey can be obtained from refevences (1),
2), (3), and (&),

For the past sinty yeays oy so the most common type of viscometar
used has been the capillary viscometexr. Dgsentially this entails passing
the fluid through a capillary tube of known radius and measuring the
prepsoure drop acvoss ite ends corrasponding ko a certain masgs TLlow vate.

Theve ave several good yeasons why this method should appeal to
ezpevimenters investigating the viscosity of flyids:-

{2) The Navier Stokes equations foxr fully developed laminar £low in

a pipe can be solved exactly and thus no dubiety exists ag to how well the
aquation degevibes the flow wagime.

{(b) Much vesearch has been conducted into the stability of flov through

a tube which gives the experimenter precise knowledge of the limitations
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to which measurewents can be conducted, It is well known that although
the woughnoss of the tube could have a possible effect, from the results
of Reynolde (5) ond Nikuradse (6), to name but two, laminar flow can be
agasumed to exlst for a Reynolde Nunber less than 2000 vhere Re m~£§ﬁ

(e)  The precision with which it is possible to obtain capillaries

of aceurately vniform bore has been mech improved egpecially of glass
and quartz~ﬁubesn

() The wealth of knowledge that exists concerning capillavy visco-
meters Q.. desoription of preciglon monometers, flommeters and other
ancillary measuring cqulpment and in addition, the experiences of
numerous enperimentevs which give Eattex understanding of the diffiecuvlties
ancountered and how beskt thay cav he avoided.

However eeviain difficuliies have be overcome before meaguvements
can be regavdad as reliable.

By far the greatest diffieulty that hag presented itself has been
the develoomont of a sultable covweecwvion to account for the additional
pressuvae dvop ay the entzy of tie caplllavy avising fyom the veloeity
profiile changing from an assumed vniform distribution at the emtrance
to the fully developed pawsbolic distvibution fuvther downstream. A
furthaer covvection to the pressure drop must be made to allow for the
viseous forces between the converging and diverging streamlines at the
entrance and exit of the eapilliavy. These covrections eould be veduced
to a negligible amount in comparison with the total prassure dyop across
the tube if the eaplllary weve made long enough. However the manu-
factueving difficuliy of producing long eapiliaries with a bore of the

3

nocessary precision is gyeat. Iu addition such capillavies would
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nacessivate the added difficuliy of maintaining o vniform tempervature
over a long distance.

Swindells, Coe, and Codfrey (7) in thely accurvate detexminacion
of the viscosity of water ab 20 009 vhich 19 now accepted ag a primavy
refarence polnt, vendered the ond effects negligible by simultencously
tyeating dota obtained with paive of capillavies having the same inside
dinmeter but different in longth,

< o

Another method of eliminating end effects la to use a viscometer
with wo capillavies fo series ac Latto(25) ond Shifrin(le) did fox

theiy measurements on steam. This provides two simultaneous equations
which can be solved asosuming, of couwvse, that the eod effects ave the
same for both capillavies,

in any ohsolute measurament which must be vegarded as more valusbie
han one found by secondany mothods, the bhore of the capillavy must be
known ¢o a high accuvacy sinee 1t appears to the fourth power in the
worleing equation, A compromise has to be made on how layge the diameter

can be in relation to the length of the capillaxy since a tube of large
dlameter necessitates a long capillavy to nininise eud effecis.

The bore of the tube can be measuved by passing a bead off mereury
of known mass along the tvbe in a sevies of gteps and ohserving its
change in length. This wmethod, in addivion to giving the size of the
bore at voarious positions, gives information concerning the vaviation
of diamefer.

Another method of determining the diameter of the ecapillavy is to
£111 4iv with wercury and measure the electiical resistance of the

mercury and, from the vesistivity of the mercury, the mean diometey of



the capillary can bea deduced,

These methods only apply to transparent capillavles as at present
metal caplllavies cannot be measuved with sufficient accuracy. Hany
workereg have used capillary viscometersag secondary instrumenis, the
usual calibrating fluids being water ov nifrogen., This dispenses with
the difficulty mentioned above of having a large enough bove to minimise
Inaceuracies in bove determinations and vet small enough to keep the
length of the capillary tube weamonable,

Typileal viscometers using calibrated capiliaries are the Rankine
viscometers of Kjelland-Fosterud (8), Whitelaw (9), Ray (10} and Tinmwot
and Ehlopkina (11) fow measurements with steam at high pregsures and
temperatures. Although it is felt that the primavy measurement is the
move valuable, highly seproducible rvesulits caun be obtained from secondary
instrumencs and in some cases ig the only pracitical choice depending on
the nature of the test fluid.

Thus it would appear that if sufficient time and rvesources are
available capillary viscometers can be made to give very aceurate
vesults c.g. Swindells, Coe and Godfxey (7) although ervors can still
be incurved in the measuring of the capillary bore, accounting for end
efifects and if the bore is conical or elliptical. Theee lakber effects
cannot be sccounted for theovetically and no method is available for
vemoving o improving them., Nevertheless it is felt that the measurements
reported with capillary viscometers are sufficiently accurate and that
in the light of these measurements it was necessary to produce a new
form of viscometer by which their results could be compared.

It night be avgued that the ogeillating bedy viscometers offer a



auitable alternative o capillavy viscometers. However cgcillating
body viscometers have been thoroughly investipgated at Brown University
by Restin et al (vefeveuces (12, (13), (14), (15) and (iL6)) and con~
gequently to make a viscometer of this type would only lead o
duplication of effort. Home of their theovetical and practleal
difficulides are discussed below,

At present three types of oselllating body viseometers are useds-
(a) & dise oscillating between fixed plates:

(b) =2 sphere oseillating in a fluid of infinite extont:
(c) a2 spherve Filled with a Fluid oscillating in 2 vacuum,

As secondavy lustrumenis these methods can be used to give highly
reproducible vesults but as iustruments ecapable of producing absolute
measugements of a high accuvacy some doubts enist melnly due to in-
eompleteness of the theory desceribing the motion. TYor example, an
exact solution of the diffevential equation desgribing the wotion of
an oscillating dise can only be obtained for a dise of infinite vadius
vhere the end effecis ave vegligible. However in practiee this is not
the cage and consequently the end effects hove to he ascounted for by
an approximate theoxy whileh ooly permits an ovaluation to the necessary
acenracy by calibyation with a Fluld of known wiscosity.

The solution to the eguation of motlon for the oscillating sphere

L]
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is exact for many applications, although fov the case of a sphere
ogeillating in a £luld of infinite extent a corrvection of a semi~
aempivical natuwe hag to be added %o account fov the drag on fhe
sugpension gystem which holds the wmirver. This correction can be made

negligible fowr the dise oscillating betweon fixed plates,



For the spheve osecillating in a vacvum an equation has been
obtained numericelly by Keapsley (17} and by Roscoe mud Bainbridge (18)
U o o & w e O
ithe latter using this method in thelr determination of watew at 20
L]

From o wanufacturiog point of view the disc is muceh casier to make and

hence less errors should occuy due to small lrrvegularvities of shape,

--,

fculiies can arise.

b.h

Although mechanically gsimple several dif

o U] . o ) s T
One of the main difficuliies would appeay to be in the alipbment and &\
egpacially its maintensnce throughout the expeximents. This problem %
appears o be more eritical in the pase of the disc oseillating betwean

two fixed pavallel plates sivce a constant gap needs to be maintained
over the range of towmperatuves of the measuvrements. Carve must also
be ¢aken as to how hest to attach the wive o the suspeuded body s
that it hanpgs properily. If, for cwample, a gmall chuck is used it
should be engured that the wive is not wmoving in the chuck.
Usually quite a large volume has o be waintained ai a constant
temperatuve so that cave must be taken when designing a suitable furnace.
Several factors axise which thyow some doubi on the accuvacy Lo
which the tovsiowal constant of the wire is koown, It is not kuown
conclusively to what extent the change of tensile siwvess has on the
torsional constant of the wire although iy would appear to be small,
or, for that watter, the eficct of bLemperature cyeling, It is also
necessary to determine the intewnal fvictlon of the wixe throughout
the range of temperatures at which the expeviments awve o be conducted,
Thus from the woxk at Brown University it would appear that high

vaproducibility can be obtained Ffor oseillating body viscometewrs alchough

absolute measurements ave not as accurate, In fact, vavicus investigations
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give values of viscosity slightly higher than foxr the same £luid using
capillary methods, this effect tending to Incvease at higher témperaturas,
Tt would appear that comparison should thus be wade with some other form
of viscometen,

The author has uot considered the possibility of constructing a
rotating cylinder viscometer since this project has been undertaken hy
a colleague in this labovatoxy {wef. (19)).

¢ would appear that this form of viscometer has distine:
possibilivies of producing aceuvate weasurements alithough some of the
difficuliies chavacteristic of the oscillating body viscometers have
to be ovevcone,

The equations of motion for a rotating cylinder viscometer can
be solved exactly and much work has been done, especilally by Taylor (20)
ont the stability of the fluid between conceniric cylinders whether it
be the inner or outer cylinder thet is wvotating with the other cylinder
gtationary, He showed that for the outer cylinder rotating laminar
flow existed up Lo & Reynolds number of at least iGég this being the
limi of his apparatus, but for the inner cylinder votating, above =z
Reyuolds neabee of 5 % 104 he found that instability set in due to the
centrifagal forces setting uwp a secondary flow in the annulus between
the eylindevs. Howaver for viscometyy it ig customary. to rotate the
ouier cylinder which is the move stable vagime,

As stated above some of the difflculties encountered with
oscillating hody viscometers have to bhe overcome for a rotating cylindew

viscometer, Some uvncevitalnty arises in the value of Cthe torsional

constant of the sugpension wirve due to intemsel frictlion and the effecs
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of tensile stress., Thus the wirve needs to be calibwated over the
range of tomperatures of the viscosipy neasuremenis,

As with ovsgcillating body viscometers a velatively large volume
has to be maintained at a constant temperature otherwise secondary
£lows can be set up due to conveetion. This con present quite a
problem gsince a means must be devised to obgerve the mivror attached
to the suspended cylindex, This is uwsually accomplished by some form
of window which, unless cawve is teken, can give wise to a large heat
loss,. The temperaituve stabiliity ean also be affaected by the heat
genervated from the votating seal on the shaft which dyives the outer
eylinder, although this can be overcome by using a magnetic drive which
removes the need for a votating seal,

As foumd with oseillating dige viscometevs great care must be taken
to ensure thot the inner eylindev hangs properly othevwise fouling of
the eylinder with the guavd eyvlinders can cccur, T iz also essential
to maintain a constant gap hetween the iuumer and outer ecylinders since
any eccentryiceity can affect the accuracy of the viscometer,

The guard eylindevs meniloned above are used o extend the f£low
patiern beyond the ends of the suspended cylinder end thus minimise
the end effects, Howaver secondary flows can be sei up between the
rotating cylinder and the ends of the pressure vessel which musi be
taken into consideration.

It ig felt that the rotaving cylinder viscometer although
complicated in nature, is capable of wendering accuwate absoluie

measurenents over a wide vange of conditions comparable with any
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meagurewents made with eapillavy viscomeiers,
At fivet it wag thought that on annwluesg bype viscomeier as used
by Jackoon (21}, {22) offered an scceptablie altervnative to capillavy

visconeters, Since it is

Z"J

a flow through viscometer capable of plving

absolute meagurvaenents the difficulties of measuving the flow rate and
g

;..:.,

pregsure drop ave simdla;

f’a

to the caplllany viscomeier. However several
distinct advantages axist with avaunlus flow viscometerse-
{a) Sinece pressvre tappings ean be easily drilled in the wall of the
eylinder without distoxvting the flow, the end effecis which can only
be estimated on a semi-ompivical basis with capillary viscometers, can
he eliminated by placing the pressure tappings far enough dovastream,
{b)} The siza of the eyiindars caun be obtained with modern gaugiong
equiprent o a very high accuracy and probably equally impoviant the
eylindexs ean be ecasily ingpected for ovt of moundness. Oue difficuliy
howaver would appear to be in aligning the ianer cyiinder to be con-
centyic with the outey gylinder and walntaining the aunulay gap constont
over the tempervature range of the expeviments,

Apapt fyvom this difflevley it was found that the resulis of Jackson
for steam compared unfavourably with those obtained by capillary and
osclllativg hody viscometaervs, the vesulis being anything wp to 107

»

loyew, A mowe exact sevies of experimenis was conducted in av athempt
to discoven the discvepancy but lititle improvement in the wesulis was
obtained, No cxplanation could be found for the consistently low values
and on the suggestion of Jackson iu his paper that another form of flow

viseometer be developed to verify op dispwrove his nesults, the authowr

was prompited to investlgate the type of viscometer described balow,
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Tt was thus decided to make 2 vadial flow viscometer as fivst
outlinaed by Gumbel (23) in Barrs ™Monograph of Viscametxy“, This
viscometer consists principally of two f£lat discs fimed a known
distance apart, the test fluld being foreced radially iaward ox
outward and leaving or entering the viscometer through a hole in the
centre of one of the dises, Being an opewn ciyeult viscometer, the
sane care must be taken with measuwiag pressure drops and mass flow
rates as with capillary or anmulus viscometens.

The zome advantases as ave present with the annulus viscometer

th g radial flow insirwments—

f=le

ovey the capillary viscometer ave possessed w
(a) The plates can be made flat co a high accuraey and ingpected vasdily.
(b) Since pressuve tappiugs are easily drilled in Flat plates and
blemishes etc readily detectable, the pressure tappings can be placed

a sufficient digtance downstremm of the plate entrance o avold end
effects., This is not possible with capillary viscometers due to the
fine bores used,

An added attvaction over both capillary and amnulus viscometers

{~o

s the faect that the plate separation is vaisced in the working formula
ouly to the thivd power as compared with the fourth power for the radius
of a capillary ox the outer and immer diameters of the cylinders of an
annulus viscometer, Admittedly in the latter case the lengths to be
measuved ave larger and readily gauged to a high precision with the

modern methods available, Thus the accuracy to which the plate

separation needs to be known is not as essential as for capillazy
vigcometers, However in the aurhor's ezperieace this measunement

accounted for the largest single errer so that to obtain good abrolute

t

“For further comment see Appendixz (1). .
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measurement an accuraite method of measuring the plakte sepavation

e}

needs to be deviged. Of course, iff the instrument were £o be usad

Bl

as a secoudary apparatus thils difficulty would be avoided.

The main disadvantage of this type of viscometer lies in the
inexactuess of the theory descvibing radial flow between plates
Gowbel (23) in his measurements uwsed the simple crseping flov sclucion
which does not take into gccount the loss of pressure (ox ilts recoveny
for diverging flow) due to inentia effects., The author has been primarily
concarned with investigating the varvious solutions availsble that accouvnt
for dnertia cffects and concludes that this potential source of evror
cait be adequately accounted for. This is discussed morve fully elsewhewe
in this thesis

In iks application to high pressure viscometry, the wmadial flow
viscometer designed by the author usges the prineciples involved in a
Rankine viscometer. The flov between the plates is produced by a
mereury pellei falling undey pravity down a glass tube connected to
the plates by a hovizmontal comnecting tube. Uafortunztely this design
necessitates that the apparatus be calibrated with a £luid of known
viscosity since due to the small flows involved the plaie separation
is koo small o be measured with any accuracy.

Other corwections that must be made in this type of viscometer
are for the small pressure losses in the connecting tubes and the loss
in head due to the drag on the merecury pellet caused by the unegual
cuvvatures of the ends of the pellet. An added disadvantage of adopting

the principle of a Rankizevigscometar is that a semi~empiriecal expresgion
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for the loss of pregsure in the inlet length of the plates musi he

Advantagaes of the system aveiw
(a} the pressure dvop due to inertla effects is small due to the
small flow vates involved - the creeping flow solution vas estimated
to incuw only a slighit erzors
{(h) the test volume is constant and relacively emall so that the
temperature can be maintained constant with relative ese.

It 1s felt that the princinle of radirl flow could bast be
utilised for high pressure viscometyy by developing a flow through
viscometer in which the difficulties of high pressures wonld be over-
come with suitable control and yredueing valves. The main problem which
ia envigagad by the author is the development of a high prossuve
differential monometer which although difficali to wmake is not lmpossible
as has beeun shown by sueh exporimenters as Jackson (22) an&'Schmidt
and Mayinger (24) to name bui a few.

The flow could be produced in vavious waye, the wmost comnon method
being with the use 0f a constant speed pump. In this way the advantages

listed above of a vadial flow viscometer could best he ugsed and a

suitable alternative to capillary viscometers consequently found,
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CHAPTER TX

A 8 Y ket

Review of Anglyses of Radial Tlow

The substance of this problem ig contvained within the Novier
Stokes equations, which themselves incorporvate vagious assumptions,
the main one belng the velationship between the stwess and stvain
of the Lliquid. This velationship can only be givea empirvically
and for liquids 4% is given by Stokes' law of frictlon whiech
states that the fovces opposing defoxmation of the body ave
proporiional to the rate of strxain, Vow water, the flow can be
asgumed incompressible l.e. the density is coustant, aond singe the
temperature variations in the test section ave wvevy small, the
vigeosity can be agsumed constant.

In vector notation the Navier Stokes equations bacome

2_«)‘__ . { -,'—/MVELJ‘ ,
=2 = = g ceora(D)

ot Lt
2~ . o -t
where V denotes the Laplace operator Jx? ag 351» »

and %%ifd@noﬁes the gubstantive aceelervation. For the study of steady
lowinay vadial fleow of an {ncompressible fluld, the Naviev Stokes
equationg are eupressed in the eyliandeical cooxdinates v , @ 92% 5

the eorresponding velociiies in these divections belng ¢ , V7,

and W, (see fig D).

Tor steady vadisl flow, the following terms ave zero
Y v Y
")“. o Dw a(«( P aw‘ « =

v, D?,?)’ Wt 00 176 J '5’/53" ae* , 36*

Thig veduces the Navier Stokes Lquatmona Lo

/) 3(:r .) Eﬁl

i
4“;} /ﬂ{ Tr oovas(?)
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The countinuity oquaticn bacomes

L) e
A DI 7}’},

An exact solution to these equaiions has naver been found and

oonee{"{')

although it appears impossible o solve analytically o numerical
approach might yield a solution. Consequently all avtempts at
solving the problem have ewmbodied some approzimations. Numerous
avthovs have investigated the above eguations and fyrom a study of
their solutions they have solved the problem by eue of Lwo methods.

The fizst method amployed assumes thab the axial veloeliy
component. v can be iguoved and involves integration of the resultlng
sgquations of molion acvoss the £ilm thiechkuness st any vadiuvs x. This
ig the method adopted by Karman in his momentum equation solutions
to the boundary layexr probloem.

The other mevhod requives the veloeitles and pressuves to be
axpressed as pover sewvies and by putiing these expressions into
the equations of motdon (2), (3) and (4) and identifying like terms

/ / . :
(in this case terus *1,/ o 4 s 43 ote) the veloeities and pressures

can he evaluated.
As stated ghove, the fivst method makes the assuwmption that

the axial velocity componont is zero lee. w = 0 This reduces

aguatcions {2), (3) and (&)

‘*(\7‘1:(,\ b 4\ oeo;e(S)
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A= 0
LA

aud

A\

Combiniog equations (5) and ()
g
o _ AL P
/puu 5+ ;’f +/L( 5}’1

fhe adwpleost solution o eguonion (8) is

goluiion vhich assumes the incriia
Bauasion (8) then vadouges Lo

dp - ol
Jfﬂ,.

If equution () is integrated tulos w.2. 8.
hovndaxy condivions uw = 0 at @ = &

shitainad

% (%3

AL =

Tor converping flow

S ax ol
?j, 202774* j

Substitnting for u in equation (A1) and intogy:

nnaam,

SMP fﬁi%

4?%3

tha pragsure deop fov the woll ] Popaeping

(f=+) =

¥rom aquakions (R0) and {11) ths veloeity can be

w= 3L

a4

(1 -C¢))

Bguation (8) has baon golved by such authors

Moller {p0), and Jackson zud Syomon

they had o ossume w. the zadizl veloecity,

in o coviain foin.

the Yopas

9
NANE Welats

Loy

i@u#nn(ﬁ)

e-aor{?)

6Q00'(S)

iy flow®

forn to ha nogligible.

ﬁnuow(g)

= oand with the

« gt 4 .,* o
h the veloeity profile ig

lpeooitﬂ'})

the everall contiomity eguution s

ova@o(ll)

et f

aoiupion,

ﬁonvi(ig}

expyessed ag

eaoos {13}
as Cowolet (5,
s {303. Howevar o

eridd ba oxpraessed
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Comnlel assumed a porsbolic distribution of the form
= |1 -2 )"’"
'[} k/ﬁ' nnaaé(lz})

whera U is the velocity midway between the plates.

Livesey assumed the parabolic veloelty distribution of the
Yoreeping flow" solution given by equation (iS).

These expressions for w are pubt into equavion (8) which is
then integrated acveoss the film thickness to obtain an expression

for the pressure drop bhetween ihe radli ¥, and ¥ vy (v, » v.), Tor

2 By g 7 %y

converging £low this is

(/1’ -h) = 3/&@ 4 -fé’ﬁgf (;j’;éy) venno(l5)

T i Footh "

Comoletts exprassion for the vadial velocity (eq'n (14) is
identical. to the eupression given by equation (13).

The above authors have obtained radial pressure distzibutions
for divewging flow. Since the author has been concerxned with the
study of converging £low, the various solublous have been altered
o oxpress the presgsuve distwibution for converging flow. To obtain
pregsure ahd veloeity distributions for diverging flow equation (11)
is changed in sign. This results in the pressure dvop for diverging

flow being expressed as

(/J"_/?") i ﬁg) 0% "%1 /ff,ﬁ ’Z’/;) eeroe(16)

Moller also solved the problem by the momentum integral method,
He stated that a general ewpression, for the radial wveloelty was
A4 = F(’f)z/(j) eeeas(17)
This could be put into equation (&), the continuiiy equation

for two dimensional f£low, to give the axial velocity
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e AR ]f’/é) % o

From the boundary coanditions that w= 0 at 2 = + h it follows

that ¥F(z) is consant, Thues from equation (L7)

A= Z( /% and 4= 0 everyihere.

Howevaer, that this cannot be so, can be explained From the
statement that equation (17) is a gemeral expression fov the radial
velocity. In fact, it is a partlenlar soluiion of u,

The veloceity profile that Moller uses dn his solution makes
allowvances for the profile belng not ¢uite parvabolic,

Taledug the botiwom plate ag the r~axis and the plate separation

as h, the radial veloeity profile fox half the plate separation is

agsumed o be

N

A _ 5% / -2 /J
3 “Z(—%)+ 1% venee(19)
vhere Uo is the velocity at the centre of the chamnel and E is a
Function of n
This expression only repwesents the velocity prefile betwoen
the bottom plate & = 0 and 2 = hl:& the centre Lline between the
plates, The profile bheiween z = h/.53 and the top plate z = h ig
caken to be a mirvwor dmage of the profile between g = 0 and 2 = h/ 2o
That: equation (19) does not vepresent the veloelty profile from
v h/z to 7 = h can be seon from the fack that ak 2 = h ;;a R f
whereas ihe boundarvy counditions at the wall (ot least for no slip)

state that %ﬁ should equal zero. Althouph eguation (19) sacisfiles
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- - du 11 [ 3 »
the conditions of v = 0 ai g = 0 and*g; = Qat g = f2, it is not a
very satisfactory expression for the veloeity profiile.
HMoller proceeds in his analysis with the overall contivuity

equation to obtain an expression fovr Uo for diverging flow

U, = - q; N venes(20)
177412[3 + /Mj

Using the compatibility condition at the wall that

Pk
fﬁé :;ZC)X éz?JZo eesos(21)

ane equatioﬂ (19) then
P !‘+
= //
[ ?/u J -00--(22)

Moller {gnoves the ;Qoterm in equation (20) since it must be

small for viscous flow so that

= KX¢
Us %7,41& cerns(23)

He further assumes that the,{ term can be ignored when dealing with
the inertia term in equation (38).

With these approximations the equation of motion is now integrated
across the film thickness and veplacing Uo and [ by the above values

then for a gap of 2h (so as to compare with equations (12), (15) etec.)

Xf—~—ﬂ + 909"

477,,/\ 2 /‘3071‘10 _/3 voaq-(zz{‘)

Integrating w.r.t. 1 between By and ¥, then for diverging flow

""z /
(/g_/;) 4 ‘43 4‘ 20&0&7%1( fjf) cerae(25)

The author has attempted to asceritain the effect of Moller's

approximations in the caleulation of the latter's solution. The



- 203
following analysis for ecnverging flow incorporates several minox
approximations to simplify the algebra. Using the values of u and f

glven in equation (19) and (22) the equation of motion becomes

ML,/FW%*%g% ,,/7577?&1# v s’f’wi;{é LEXPY
11240 1340 usseo (& 3R . ieea(26)

2
The G%%D texm is only about 17 of the other terms and is ignored.

Trom equations (20) and (22) an expression for Uo is obtained
that does not eontnln

U, = 312/4 # /3n»f£] ceeee(27)

2
Substituting for Uo in equation (26) and ignoving terms in (%%)

which ave again small

J{
g9 f
, _ JAAE 4 PP j[ al ]
c;i = 4“777{3"/ 3/0¢T/1£ z'/ ?‘?2-(;,00?7/”4 LN (28)

Integrating w.v.t.r between By and ¥, (r2-> rl) and taking only the
first term of the binomial expansion gives the pressure drop for

converming flow

-8, 3L
(ﬁ /’) ‘h_ M (’,‘;’fé})"' 5‘x/oj{”j)5/f" /é’:%a .-

b ;?3 seonK” R venea(29)

The last toerm of equation (29) can be ignored.

Comparilng equations (25) and (29), Moller®s solution gives the
2 9

ey L] » . 2
coeffreient of fhe pressure drop due to ineviia as Egb 2(Ll.0. 365)
. 24455
vhereas with fever assumptions the coefficient is reduced to R

Az stated above eguation (19) only mepresents the velocity fowx
half the gap and does mnot appear to be a very satisfactory expression
for the wvelocity profile.

The author suggests a more suiltabla expression for the profile

uging Mollexr's wmethod would be



L 1—(% ';]w-f« [’“%ﬂi)"‘]z
Z [ (K)ﬁ / L veves(30)

[

where the cap is 2h and the r-axis ig taken midway between the plates.
Tquation (30) satisfies the boundary conditions of u =0 at z = + h
du . . ] .
and-ag = 0 at z = 0 and hence can be taken to vepresent the velocity
profile across the whole gap. TFrom the contimuity eguation for

* o
eonverging flow

s (—
[o} 4¢774£[-:;‘):.’. LL,f:g?: nuuun(.)l)

and £rom the compatibility condition at the wall

,

LAY eeen (32)

&

5:[7’* v /“ 0 %] veone(33)

The expression foxr the velocity given by equation (30) is used

i1t follows

to solve equation (8), the equation of motion, and integrating across
the film thickness gives the vesulting equation (no terme have been

neglected no far).

| £*
5; /O)M 40?{ 4" g) [20; P 2;/2%; j
jSYK?ﬂtﬂ /87 R* Y7*y$” [ g /ﬁt

2 Joy ot
The bw& term is less than 1% of the term T¥npr o the largest term

-.n-ll(-?’[!‘)

in aquation (34), for water ait atmospheric conditions, and is thus

neglectad,

-1
j6lpgt ], _ tele @R
Hesnece # /—5_4‘ %2304_‘”1{1 3 ,77_570*/7/1,1-41‘ 0-003(3.[3)

Taking only the first term of the hinomial expansion (which for normal
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. 1 . .
est conditions is about ~/30) and integrating w.,v.t. ¥, the pregsure

drop for convexrglug f£low becomaes

(pt) - [mg 4‘7 Mﬁ“é/* - veees(30)

S%Onlﬁ‘

A thizd term on the vight hand side of equation (36) has been
ignored as negligible. This expregsion ig nearly identical to a
galution obtained by Jackson and Symmons.

This method uses the veloecity profile obtained by the Tereeping
£low" solution gilven by eguation (13) o form the inerxtia term of

equation {8),

Ao _ A P(RT3Y
/M ;(_}1 - ’%% bua?l b3 evr e (37)
gy

Sinceiﬁ¥wis independent of y for the assumption of no exial velocity
component, aquatian (37) is integrated twice w.v.it. 2 using the boundary
conditions v = 0 at z = + h to obtain a further expression fov u in the
Lo

g /(,,; —?_20_7:___ Jc,c g%z, //,é]

64”‘7)2/“"/3 ....o(Bu)

%9“

Bauation (38) is now used as a substiturion for u in the continvity

equation for diverging flov

R

@: L\Lﬁnfjﬂ-ﬁa{é .ecca('?lg)
o

and on invegrating W.r.h. ¥ the pressuve drvop between v, and © (EZ >}r1)

2 "1

fow divewging Fflow is obiained

(/é /’) z(,m” cﬂu’? - %:;g;gz /’L ) e vsoe(40)

This is very similar to equation (36) cbtained by Moller's method:
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Fockson and Sysmono have vopeatced the abovh process Lo ebtain a

" . dn
further approximation of the veleeity by elimineting ~;é- in
{ ¥l

equainion (38) with the use of eguation (40). The radial velocity
for diverging flow boecomes
2 _p2 2 7” ¢ LY &
- =39 (5 R¥) _9p9 " |2 LAY/ S’S
3 = ./3 so & 70 /,'f-Z« 0009.(‘1‘51)
Fa- ¥ b4n"RE a
Bguation (41) io now used o form the incrtila tern of aguation (8).
Thao resulting equation for the prossure given by Jackoon and Symmons

£l

io
— > ,L., — 0 004“3//0%)3‘1' "//’«é
(/L p) - lun{s T/ﬂ"‘f 3607‘%1{ = ;/ﬁ ' /’64 ,,3)

— 0:00000 14 ? /’j “/)
M eeaea(H2)

The authow on chacking eguacion (42) disagrees with the cocfficient
of the last ftwoe Corms and found thowm o be 0000181 and 3.0000528
veapeotively.

To find a more necurate cupression for the pressure dyop ig

has to be anoted that the velecity disteibution is not parabolic

but is expressed as 2 polyoomial in 5. The continuity equation (7)
oan be vewsliten as

(}ﬂ AL

L e = =0

o+ ad coeere ("!3)

and the fact that equation (A1) is an approximete expression Fou
_ o du 13
the vadial velecliy con b demonstrated since Y s

e ig elaived that 1f the Lterative method dosoribed above

ke

* - E\?

ware continued, the egpression obtained fovr S8 weuid become wneore
dy

accprate for decveasing v. Howovey the author feels thai, for saall
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nullified

{te

¥, any increased aceursey obtained by toking move tevms
by the fact that the approximations used in obtaining 2 solution
become move pvonounced as y decreases,

The second wethod used to solve equations (2), (3) aund (&) is
by expressing the pressuve, radial and axial veleecities ag power sewles,
Hunt and Torbe (31) have golved the equations by eliminating p from
equations (2) and (3) to give

[
,'9?- ;)L( ¢ ac( W DL( __4\33\]'- _,;)L\ . 6*’\_‘6\}_9{"’ __,DU .-:‘)’w
3:8/; o 93* y-"“(g, A PR S S XS 97 0
' 3

9“-4\ / 9’1{ a - i - ’ — L m—— - /L-L e

sy 1Ty T WP T T T w7

oonou(é‘z})
The wvadial velocity do sssumed to be of the foxm
/ Ap / /? - / i 5 ..

w= 05+ wl(s) () e (5)(/}) T cavao45)

11 ; . .
whaye-uls Ugs Ug, axe functiong of z only and R denotes the cutside

vadius, The separation of the plates is taken as h with the bottom
and top plates being wvespectkively 3 @ 0 and z = h, From the con~

tinuity equation (4) au oxpression for w is deduced
J
AU = %["(’{l(})(fé‘) —(—2#563){%)9;“],/_56(4) 00'.9(&6}

Substituting for uw and w in equation (44) and assuwming squares and
products of Uy and Uy ete ave uegligible a set of equations can he
compiled by cowmparing the coefficients of powers of ¥, Using the
boundary conditions that w = w = 0 at 8 = 0 aad = = h gives the

following expressions

“
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Uy(3)= ©
sy —oE [(%) GG CEEC )J

I
W=~ E) %) ceene (T)
Al (3)= ©

)= ~EE () - 2R |

vhers o has the ddmensions of valooity.

Ag pointed oul by Jadksen and Syumons (32) the expyession for
HSCQ) diffors fyom that given by Hunt and Yovbe, %he xost of thair
papar erxamives the inmovtance of #he ineptis terms mnd coneludes thab
for the oaoe of hydrestatie thrusk bearings tho ineviila temms ave
peglinibla,

From aquation (47) the ewpressions for the wadial ond auilal

valaoition ave

wem ()30 -5 Yol o

ULV R

and
w;a?&g
2100@"

Tl-%)L(th%X‘*%'G%)ﬂJ(%)u PPN L))

Uaing oquations (40} and {49} to subopitute for v and w in cqnation

£2) the radlal pressure dlotribution bocomos

2o 2% L RTELH N LR RS
%Ampw_;ot%)m+,ao%ﬁ_7%{).ﬂ£_ %—*‘%K’Z%)‘( F%"FN%*)*{@?M{@{%@?}? N

] . 2 , s
@R q@/\)‘( _ %)‘?y~u¢ % a1l asellyrurs| ) 734l s i) ooy(%/ o)
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fince the pressure is measured by static tappings the pressure
digtribution at the walls need only be considered iL.e. at

z = 0 or %2 = h, Thus eguation (50) reduces to

-2
cp _ —2ps L 43R0
Zf - ——,’%;—{{f +-T7—£f_3 01100(51)

which is what Jackson and Symmons obtained. They then found an

exprassion for u uysing the overall continuity equation

A

97 :ngv**wh enses(52)

and substituting for v from equation (48) in (52) gives

- 3P
T %ﬁ quq-v(Sg)

Patting the value of u into equation (51), integrating w.rv.t. ©

and making the gap 2h instead of h gives for diverging flow

() =P LT - EZC?L//;%») conen(50)

4k 6o 7R
This of course ig identical to equation (40) obtained by Jackson
and Symmons using a uni~directlonal flow analysis,
Althouph the series method of Hunt and Torbe attempts to
take into consideration the two dimensional nature of the problem,
the radial velecity v is Limited to three terms aund products and

and u, are ignored. There algo seems to be no attempt

A 3
at evaluating the tewm ¢(r) in equation (40),

squares of o

A more complete solution using the pover sevics approach is that

given by Peube (33) and Savage (34) Although Savage did not express
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the radial and axial velocities exactly as Peube (he introduced o
strean funchion to expwess them), as one wonld expeci, the final
results are identical,

Taking Peube’s calculation to illustrate the method the

velocity and pressure terms are expressed as

U = ﬁs/.,biiéj %é(éj+ - ”F@-{— . snane(55)
A= QL—,C}) 4 97;—{;2'#9-3—_}@ - - "L;:[g»}\* N 1),
b po b ()t ) Kele) 4 - Bl e BT

~
The above expressgions are now insevted into equations (2), (3) and
(4), By identifiying terms in v a sevias of equations are obtained
relating £95 i"?,, f3 ete, with g 810 By» By GLC. and hg;, hlg h? ete,
He proved that Bys By and hl are zero and showed that generally ihe
functions £ , h % arve zero whore is an even numben,
ctiong {n” el and B4 3¥E 2O where n is an even numbe:

Using the boundary conditions

PPy S I
jJQ¥):jL(fQ e _tfd%d o

the radial and axial veloecities and pressure ave found to be for

osess(58)

i

converging £low

=g (1)) 2B T )4 ) - Lo
- 20k //d‘ )74////} ‘) /(é} j ) o0

wr i [Cfi¥o T
£31PP zf//g) )+27p¢>3£ &L’“’]ﬁfi& J“’l/é)ﬁ] Z(Z? ][(%l ]
stee 36 ae s S

43:2,077/!4 23 12&777/1—!
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and

hot) = 8 0%+ 28 () 8o e

¢ 2 2
L ; — _.‘2_ {’_&_ -
1 ?ﬁ‘.’ 2006 CR% * 0B {?:]

=t
eoees(GL)

In equations (59) and (61) the author Found a slight error. The
third term of (59) should have 175 and not 179 on the denominatey and
the last term of (G1) contains the torm Q~éWp and nat-§§%§g. The
first two texm of equation (61) are identical &o the expressions
for the pressurae drop obtained by Jackson and Symmons. The authorn
caleulated further terms in the above expansions and Ffound that fowx
large gaps ov very small radii they could become significant.

It is felt therefore that equation (61) is an accurate evaluation
of the pressure drop for larvge v and falrly small wvalues of v, but
camnot be used coanfidently for small r gince {(a) as » ~> 0 the sevies
diverges instead of approaching some limiting value (b) morxe terms
need to be known and this makes the calculation‘samﬂwhat involved (c)
the conditions that exist at the oxtraction hole (i.e. at very gmall i)
are not accounted foi, a%inﬂﬁ%”“%ﬂ%wéﬁ@vmy%%gy%%ﬁ@aida why Jackson

o
found that for small v his experimental results agreed move favourably
with equation (61) reduced to the first two terms than with equation

(61) as presented gbove., The pressure drop given by equation (G1)



is veduced to

-r,, 27 L
d’b) gy A %(:;)ﬁ(f )M?(ﬂ” %wo”/‘)/"’t’ )”“(6?)

when caleulating experimental vesults sinee the pressure is
novmally measuved with static pressurve tappings and equation (62)
gives the pressure drops at the walls i.c. 2z = + h

The radial velocity distribution given by cguation (59) shows
that fovr » => » it reduces to a parabolic profile but fox emallex
v, the profile changes from the parabolic form, the affect causing
the velocity for conveyging flow to be less than that obtained by the

- mead Ta
parabolic distribution midway between the plates and greater at the
walls, The opposite is the case for diverglng flow.

To pradict generally at what value of » the axial va1ocity
component starts to become significant for converging flow is
difficult since it depends on at least three varisbles - flow,
plate separation and kinematic viscesity. Teking only the fivst

terms of equaiions (59) and (60) to give some idea of when the

axial vc]ocity component cannot be ignored, gives
7 ¢, &74:2 [ (%)= 7(%)+ 116z)° - ff}fj
'LL ~ ¥ )
”/u Z/“@{/J ooesa(63)
N X R
,Zfbﬁ
Diffeventiating equat1on (63) weret. /h) o find the maximum

value gives (&{h) ® 0,55, This reduces (63) wo

___«ﬂ__}:__,__ ’“__2_‘_/. f(o Ie :

4L 2(’}077/“"’3 -0001(64)
Take, as an example, eupeviments with water at 20 Oﬂ, a plate

. 3 . e
gaparation of 1 m.m. and a flow of 10 ewm”/see, then o limit the
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tha wadial velecity the walue of v is

vl

axtal vaelogity o 0,1% of

Aled

approxinately 1.7 em. £

thase valuos are wow wead in equations
£59) and (60), the socomd famn of the exprossion fov the padial
veloedty 8 geme 33 of the fivst while the thizd tovn of equation

i * 2 ooa P wgn e . . o o 1.
(G0) is 3 of the fimet term the second tern hedng neglipltle. fWhus
sauation (64) is only a very approwimnte expregsiom Lo use te detexuine
a yalve of v at wvhich w i negligibie, In conslusion, of the two
ﬁmﬂmémumanmm:mawh the Harman ponentwn atagral ov power serics

w

atéey iz the more aolgpant solutiom

]'-6

wethod, it would apposy thet the
although the Iuprovement lo ouly omall for the mojerity of applicationa.

The povar sovies appreseh usaes equations €2), (3) md {4) vhich
deseribe cxsetly laminoy radial flow, theress the othex wmeshod uses
aquations {8), {6) and {7) which de aot exootly desexibe vadial flow
although, gince w is quite small In nost cames, the apvor muss ho
asmall. éhm faet that eguarlons (8Y, (6) and (7) ave not atyietly
coryrect ocan be ansily demomatrated.

Teom aguation (7}

ur = vhove £ &5 a funckion of 2 only

*

and substituting for v in equation {B) glves

,+

¢ 0
’%:(ﬂz}é/jsf/g 5}4; senas {65}

p cannoi ba o funatlon of z by cguation (6) [f&y radial flow it is

af eourse pet A funegion of 8 @itkﬂr]u But by equatdon {(GR) p is a

n

funovion of 7 unleos of course € was @ constant which it connog be
to satlsfy the boundary condicions of sero volocivy at v = 4+ h,

\

-

Howevey the ewvoy incuwrzed is small fow wost practical purposes ns



ghown by the good agreement with the power series solutlions of
Peube and Savage and the solution of Jackson and Sywmons obtained
by the simpler wni-divectional analysis, Thus the expression for
the pressure drop that best describes laminar radial flow would
appear to be

(/A’*%’) :% (% *ﬂfl/}# "//’z”) venss(GB)

{ Seon 3



CHAPTER TIL

e

Analysis of Laminar Radial Flow hetween Parallel Plages

and Discussion of the Solution

The previous chapter reviews some of the golutions to the problem,
soma accounting for the two dimensional nature of the flow and others
using the simpler uwni=directional flow analysis.

Of the former, the power series solution of Peube gives an expreassion
for the axial veloclty compounent which, taking terms up to r49 can be

written

_ %9 (/) (Z*)Y (%) )
i

32.7/(4* 200 Zo 20 vosea(1)

Yhe maximm value of w occurs at (- /h) = 0.446 which reduces equation (1)

to

3p Pk

o
/600 e (D

The experiments which the author conducted were with water at room

A

temperatures., The plate separation {(i.e. 2h) vauged from 0.0194" to

a3

0.0098" and the limit of the Flow rate was 6 om /sec to 7 cmg/sec. Taking
r = §", the radius on which the ionermost tapping is situated, the maximum
axial velocity attained during the scwics of experimente was calculated
from equation (2) to be 0,028 cm/sec compared with a mean radial velocity
at that vadius of 24 am/sec.

The average value of the axial wvelocity was much less and in attempting

a solution to the problem from the Navier Stokes equations, the author felt



justified in ignoviep the axial velocity componment although this will

Incvitably lead to small inconzsistencies from z mathematical point of view

1%

oo as dogeribed on the last poge of Chaptor TI,
w ot dh ey 13 Them ey fvicld 2+ +his moint that the followiape
The asuthor wonld 1ike to fudiento at this peint that the following

solution is not necossavily suparior to the solutions prasented in Chapter I,

o]

put merely oo altornstive solutloen., Uoveven, as will De demomatmated in
Chopter V, it is in geod agrecomant with Peube's sexies solutlown and alap,
within the Waits of oxperimental ervors, wlith observatious.
For laminer radial flow between parallal plates, using cylindrical
cordinates, the G-ozomponent of voloeliy is zewrn. aond the anwial velocity
,

copponent Lo asswmed to be geve, This veduces the Wovier Btokes cquations

to those ziven by eguations (5), (6) and (7)) in Chaptey IT viss

pap = o[ ALE)]

_ =9
'»13’1‘3{ D - Fb‘é serea (‘2) @

The continuiny oguation is given by

y )

B"(— n-c»o(g)e

sreas{3)

The nolution te thasa sguatlions iz given at the end of the thesis on

pages 2, 3 and & of g papor (38) presented by the suther at the Thoimo-

dypamies and Vield Mechanics Copnvontion of the Ingbitution of Mechanical
Engincers at Liverpool. Consequently, only a diescession of the solution
will be given hore,

Reforving to tha papex, the mathomstios invelvad in obtaluing nauation

St
Juda

{28,21) Frowm (28,20) and also agquation (28,28) froem (25.24) is plven idn
Aopondix (2 ). A fowr printing ovvors that oceavred in the teoxt lizve boon

wrracied,
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Owing to the complexity of the eguations a computer programme
was devised in Algol and is given in Appendix (3 ).

In the analysis, the boundary conditions at y = + h have been
used while no consideration has been given as to what happens at ¢ = 0

and ¥ = «, Tho solution is thus only walid between the wadii ¥y and Ty

!—h

At inite radius equation (3) reduces to

;:%ﬁ/‘ éfb U0 \

which is the equation for "aveeping flow" and hence at infiniiy the
velocity profile is pavabolic,

However at finite © due to the presence of small axial velocity
components the profile is not parabolic and the pu~%§ torm of equation
(3) is not negligible,

Thus, if an attempt to solve the problem is made with * M‘SwMMFQﬁ&JJL

*

enoriinThad the author has Weed, between the finite vadii

there will be some loss of accuracy and inconsistencies will

x&20c41%5 ..... bbﬂ~P¢nmud:hA w. In addition

the gsolution will not necessarily describe the flow at infinite or zero

arige in ignoring the

radius since the initial equation of motion differs from equation (6) by
. ﬂl‘ * 2 . o a *
the term pu e However it is felt that the solution descwibes the motion
better than the creeping flow solution,
xamining the author's solution it can be seen that as r, v p/q

-~ o whare -

ﬁ, _ sead R p bp
A=y

seesoel7)

\
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For x, + //5/ = 327 f(a 'b/é’/' reoee(B)
) 7, e

However the pressure dywop between 1 and © e ig itself infinite, thus

P
“lg o for T, > o,

Z
Tigure 3.1 shows loz (p/q) plotted against B which is the dimen-
sionless value of the velocity midway between the plates and is given

by

- B4
5’@%—' ceess(D)

Reavvanging (9) to give the radial velocity

fgjz‘ eaees(10)

ME ke

How the velocity of the creeping flow solution, which is valid at

infinite radius, midway between the plates is

wc= 2P veaoo(1l)

gL
Comparing (10) and (11) it can be seen that, for the author's solution,
at T, =@ B should equal 1.5,

Tt is interesting io note that as p/q increases, as shown in
figure 3.1, the cuvrve has a point of inflexion at B8 = 1.5, whereas one
would expact it to appreach the value of B = 1.5 asyvmptetically. From
figure 3.1 it is seen that the curve starts o vise more qulckly after
the point of inflexion but due to the complexity of equation (23.27) it
is difficult to investigate the velationship between P/q and B by any
than a numerical wmethed, Although it would appear thoat B <+ « as p/q >
the author can only conclude that if this is so it proceeds to infinity

at a much slover rate since at p/q = 1010 it was found that B = 1.748, this

being the limit of the author's caleulations.
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At v, = 0 p/_ = 0 which results in equation (28.27) containing
1 q 2
negative square roots. Thus it would appeax that the solution is
imaginary at v, = 0.

L] - + - - L - n:}
The condition of validity of the equaition is that “/q > B2, At

P/q = B2 equation (28.27) reduces to
-~ - 7’ s 2 t
8-/ _ E(%,%) —t(&, Su M) -0
—_ —, 2 I
38 F(;CIL,-’}L)"'/’(?’-L/S“ ("“‘)

eneed(12)
Since F(%72) is infinite and the other elliptic integrals finite, it
can be seen tThat B = 1, Thus the limit of wvalidity of the equation ig
when p/q = 1, This limit can help to deduce approximate design parvameters
for which the solution is valid since in equation (7) if Ap is substituted
with the pressuvre drop obtained from the creepinpg flow sclution, the

rasvlting eguation containg only the terms T
b3S y

A

b, p and M,

9o Tyo
A sketeh of p/q plotted against B (Figure 3.2) shows the relationship
for values of B < L.5. Tt can be seen that the curve ends at B = 1,31 where
P/q = 1.806 since it was found that for smaller values of p/q the time
requived by the computer was unduly long. The curve is shown dotied

from thereon to the point B = 1 P/q = 1,

)

From equation (206.10) ur is independent of v and since

— LT p\,
K = tmekien e

it must be independent of v,

At x = 0 the value ofjﬁfis B which is eonsequently also independent
of ». The computer programe was so devised that for ecach experimental
rasult it also gave a value of B, and, for a set of values, e.g. Tables

i, 2, 3, and & of Chapter V, at a certain mass flow temperature and plate
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separvation, it can be seen that D is not independent of v, However
the vaviation in B could be parrially due to axperimental ervor and
to determine the extent of the vapiation it iz necessary to eliminate
all experimental exrors by choosinrg the tempevature and mass of water
flowing throunh a known plate separation, This fixes the values of

h, M, p and p and for a certain value of v (rl remaining constant) the

2
value of g (equation 28.29) can be determined.

The term P/q contains the pressure drop which has not been specified ~
the other usnknown being B, so that it is necessary to solve equations
28.27 and 28,28 simultaneously to obtain the values of P/q and B, Thig
was done using as an example 2h = 0,0098", Q = 1,799 cmgls at 5.93 °c.

In addition to obtaining the variation in B with respect to Yoo

the theoretical pressure drop is obtained.

TABLE 1

Variation éf B Wer.t r, at Q@ = 1,799 cm3/s,
Temperature 5,93 °c. Plate Separation 0,0098"
| jf.?!/rl Plq B q
Y75 82,2779 1.498030 0.,037158
153 7714489 1.497888 0,029681
Y3 71.38764 1.497714 0.042952
s 6484034 1,497478 0,047394
°/3 57.27583 1.497138 0.053826
I3 48,34740 1.496596 0.064092
53 37.53257 1.495583 0.083349

From the table it can be seen that although the vaviation is small -




. . T 17,. ¥ 5,4 .
the change {rom 2/3:1 = 14 to erl = /3 being only 0.17%, B ig not
independent of r. This 2zain illustrates the slight departures from

®

exacitness that exist by neglecting axial velocity components,
As stated above the theorelical pressure drops have also been
obtained for the expevimental values used sl are tabulated below with
the theoretical pressuwe drops obtained by Livesay's, Peube's 3 term,
and Peube's 5 term solutions. A plot of the pressure drop against radius
is not given here as examples of the ghape of the curve arve given in figures

1, 2, 3 and 4 of Chaptex V,

WABLE 2
Theoretical Pressure Drops at Q = 1,799 amgls? -
Temperature 5.93 °C  Plate Sepavation 0.0098"
R‘“2/3:1 Anthoyr Livesey Peube®s 3 term| Peube's 5 term
Y13 5,9222 5.8876 5,9222 5.,9220
15/3 53,5013 5,4775 5.5019 5.5016
Y 5.0205 4,9969 5.,0210 5,0207
s 54583 b, 4353 b, 4589 44586
9/3 3.7819 3. 759? 3.7824 3.7821
1 2.9317 2,9113 - 2,9321 2.9319
WE 1,7843 1.7630 1. 7842 _1.7839

Although the inertia term is only some 3% of the total pressure drop
and consequently good agreement hetween the various solutions would be
expected, Table 2 shows that the solutiones of the author and Peube vary

by less than 0,017 whereas Livesey's solution vavies by 0.6%7 approximately.
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In the paper (33) at the back of the thesis, an evror has been
found in figure 28.2 which shows the velocity profile for a given
plate separvation and flow vate. This has been reviged and is shown
in figure 3.3. Toe coordinates have been made dimensionless, X being
given by equation (13) and » mZ?/hp and the curve shown is for a flow
of 5.187 cmais, a plate sepavation of 0.,0194" and ¥ = ", In the
diagvan are shown the velocilty profiles obtained by Peube’s 3 tewm,
the authox's and the creeping €flow solutions. Whereas]ﬁvﬂll always
equal 1.5 fow the creeping filow solution, this will not be so fow

Peube's solution, which accounts for the two dimensional nature of the

va

low. For the author's solutionﬂ%ishould be indepandent of r, but as
demonstrated above this was found to be not so.

It can be seen from figure 3.3 that enly a small variation between
Peube’s and the author's solutions exists this being most noticcable
at the centre~-iine, Taking the creeping flow profile as reference, both
solutions indicate that for converging flow the effect of the acceleration
force Is to decrease the veloecity at the centve of the gap and iuncrease

it in the neighbourhood of the walls.
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CHAPTER 1V

Deseription of Apparvatus for Preliminarvy

Resulis and Estimation of Trwors

Thig ehaptaewr is divided inio twoe pavie - the fivat section
deaaribing the preliminary work and the appevatus used to investipgate
radial flow and the sed wnd part deals with the eaperimental errox,

Preliminary Considervations

In view of the vewious solutions given in Chapiter IT which account
for the pressure dyop due o ineviia effects and the need for accurate
vigscopliy meaguvemants it was deeclided wo investigate ezmpevimentally
Lamingy vadial £lov to aseertain which solution or goluiions best
sulged the experimontal data.

Le was decided to study convarging flovw as opposed o diverging
flow for geveral veasonsis

{(2) 7Tg is a well konown fact that duc to the adverse pressure

gradient caused by the vetardation of the flov, diverging
flow ig lasg stable than coaverging flow and henece the
onset of turbulence will oceur at a lower Reynolds unuwbern

than fov the formov.

(b) The inlet longth - the distance over which the flow
becomes almost Fally developed » gets less for increasing
radius and hence is smaller for converging flow, This
allows pressorve fappiungs o be positioned neaver the edge

of the plates.
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{c) Prom a practical point of view the measurable pressure

K» &, w
y

dvop is guveater for the samne f£low with converging f£low
and henee the accuvacy of the experiment is improved.
This avises from the fact that the precsure drops due €0
vigeous and inertia effects are addiiive for converging

: o

flow while the opposite is the cage for diverging flow,

Stability ¢f Radial Flow
a/f&m' wuaosmady” /bomj& 6—3 fojecting alercsine dye, whiech does not diffuse

in water, into the stream by means of a hypodermic needlie situnted

at the entwy to the plages, The Perpex plates were 3" diameter and

the gap separatlons were 0,011 and 0,034". The ghape of the plates

as shown in fig (4,1) was the seme as thav envisaged for more extensive
tests and for the final high pressure viscometer. As shown in the
deawing they were made flat with a shavp-edged eniyy as opposed o a
rounded entry or exit since with the high pressuve viscometer no
pressure dvops weve to be measuved divectly and consequently it would
be difficuli to estimate from a theoretical point of vilew the pressurc
deop across plates with a vounded entryy section.

The plate separations were effected by gpacers placed on a diameter
outside the test seetlon and were steppad to facilitate the manufacture
of the spacers sinca the gape only ranged frem 0.25 wm o 0.5 sm,. I
was found with plates of this shape, that although turbulence was neves
veached, the flow became unstable at Reyunolds ouwbers as low as 140,

where the Reynolds number is exprassed by ~éi~— In passing it is feli
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that a more suipable ewpression fov the Reynelds nunber would be //&qf

since it is dependent on vadiusz in addition to plate sepavation.
However, since the separations used in the viswal flow tests were
similar o that vsed in the experviments the Reynolds vumber was
ealculated from vhe simpler espression,

It was noticed thai about Re = 1&6 the dye filament, altbough
vemaining intaecs, began Lo waver and take on lateval wmotions as it
movaed ﬁ1d1¢3&y inward which becane move violent as the £low was
increased, YThese tests were cavvied out with flows up to 40 cm /LGQ
with no sign of tuxhulence appearing.

The value of the Reynelds mmber at vhich this wavering wag Liwvst
noticed could undouvbiedly have been improved by rvounding the entvy
but fov the veagon given sbove this was not done. Vor the gaps ugsed a
Re = 140 cowvresponded vo a Flow vate of 7 ﬁmgla&a and since chese were
the spize of gaps wsed in vhe move extensive tests it was decided wnot to
ezxceed this size of flow.

Viewing the dye filament frem the side it was uoticed that as the
dye approeached the centwral extvaction hole, vhich was in the top plate,
it was bent wpward. This demonsirated ithe two dimengional nature of
the flov near the exit whiech, although present to a vevry wuch smalles
dagree, could not be detected upsitream of this rveglon. TFov flow votes
wvhere the dye filament maintained a puwvely wadial line, i.e. less than
7 cmﬁ/secg the distance upsiveam of the adge of the extvactbn hole to
which this tendency was woticed did not excead %

I was found unot unsurprisingly that a blob of dye at the centre

of the bottom plate, f.0. at ¥ = 0, toock a fov minuies to completely
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dispersce showing this wvegion to bae a so~galled "dead aves™ of watex.
In addition, dye injected into the flow before it enteved the
plates in the viecinity of the spacers chowed a line of dead water
wae pyoduced across the plates which coincided with the position of
the spaecens. This was confivmad later when using brass plates as
on examination afier a geries of tests six vadial limes were produced
on the brass colnciding with the positions of the spacers. These
lines were about 1/16“ thick, cxeept for one whiech was a bit thicker
o the outer edge, and stwalght showing that vo swirl was present in
the flow., This could be dewonstyrated ecach time a new gap separation
was made since, after each sexies of tesus, ik was the practice of
the auvthor to test the plates fov flatness vsing an optical £lat and
invaviably it wes found that some lapping was vequived. Thus at the
heginning of cach test the plates were a bright vellow in colouw.
However after a seriss of tests it was found thot the plates weve
brownish ved in colour vhere the water had been flowing over them
excepi for the six vadial lines which weve still yellow althouph
darker in shade than they had been oxiginally.

It was covecluded thar these areas of slacker water did uot

pregssuyve tappings midway betweon these radial Lincs,

Descewiption of Apparatus

1) Plates Griginally a paiy of brass plates 3% diametcer were
made with thyves pressure tappings. However these proved inadequate
and 2 pair of brass plates of 417 diameter test section were made,

t

the thickness of the plates baing'g ro ensure vigidity. The central
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extraction hole was ¥ diameter and eight statdie pressure holes /G4

H In

diameter were drilied on a radius of 2% to ¥ av " lntewvals,

Sinee the plates were hounsed in a Perspen casing the pressure
pipes were led out to the manometer through holes in the casing and
sealed with "Deveon' - g plastie wvubbow solution.

The 1/6& diameter holes weve dvilled in the %= thick plate to

1” a s » .
a depth of 5 and then opened out wo 3% diometex. These holes were

joined o the mancmelep-connecting-tubes by small adaptors vhich had

a flange on one end with a recessed hole to house 1 bore O-znings,

The seal was effected by bolting the flanse to the plate with & BLA.

bolts. The other end of the adaptor was jolned to the copper tubes

comecting the manometer by wubber tubing. This is shown in fig (4.2),

2) lMenometer The preassurve pipes from the viscometer to the mavomater

were made of copper tubing so that for tests ab highevr temperatures any

heat would be conducted throupgh the walls of the tublng instead of

through the water to the manometer. Bach hovizontal tube was fitted with
esriical pipes at each end o allow twapped alr to escape,

X

The manometer conslsted of eight Iiwmbs made of 8 mm precision bore
tubing, The size of the tubing evsured that any effect due to capillarity
was swall although i each Limb was equally clean the effect should be
the same in each Limb, With precision bove twbing of suvelh sise any ervous
ecaused in veading the prassure dvop due to irxvegularities of bore such
as conicality or elliptieity would be negligible,

The chasber comnecting the eight linmbs was fltted wirh a stop-ecock

for deaining the manomeier fluid and a pocket vhich permitted a thermometaow

gradunted in 0.1 °C o be ins evted through a standavd "Quickfic” seal,
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The mavometer fluld used was "Analar®

carbon tetrachloride which
iz consideved Lo be immiscible ir water, Tn addition to this necessary
property for meagsuring pressure changes in wateyr, it has the further

+

advantage of a density of approximately 1.6 at voom conditions. Since

4

ihe pressure drops expervienced werse quite small, vanging from voughly

L to 20 em of watew, the carbon teirachlovide mapgnified the column of

™

fluid to be measured by the factow %a This is ezmplained by taking h
as the length of cavbon teirachlovide, then since the density of watew
at voom gonditions is vexy nearly 1.0 the pressure drop in uniis of
length of wabker is w(l.6 ~ 1.0} = Q.6h,

L3

One disadvantage of carbon tetvachlonide was that the manometer

Limbs had to be serupulouvsly clean. This was done with hydvofluorvic
acid washed through with distilled water. The nanometer wvas only
#illed with this acid fow sbout five minutes due Lo its sirong
corrosive properiies,

The carbon tetrachloride was also found to wapldly attack rubber
so that it was kept well clear of the rubber conneciions betwveen the
glass manometer limbs and the coppey connccting tubes, In addition
it attacked the gtop~eock grease used in the drain cock and thermometer
pocket, This was overcome in the case of the forxmer by putiing 2 slug
of mevceury between stop-cock and eavhon tetvachlovide. A similar idea
was wsed fovr the thermometer pocket only, sinee the thevmeometer pocket
was chove the main chonber of carbon tetrachloride, water was used.

Cave was taken that the manometer Limbs were reasonably vertical,

thig beling done using a pluab lina,



oo By Lo
The differences in pressure dyop weve measured with a Pye
cathetometer which made it poseille to measure the lengiths of carbon
tetrachloride to 0.005 am, which iz equivalent to 0.003 cm of watex,

3}  Temperature Measurement Oviginally, the temperature was

measured with a thermometer in the exit pipe. However since the
water was from Tthe tap via a constant head tank it was usually coldex
than the tempewaturs of the laboratory so that on putting thermometers
in the iunlet and exiy pipes of the apparvatus, the two thermometers
belag previously checked vhat they wead the game, it was found that
the lattey was slightly higher in tempevature dus te the water plcking
up heat as it flowed through the apparvatus. This diffevence in
temperatuve varied accoxding to the f£low, and althouwgh it was insig-
nificant for 6 cmgfsec oy greater, it was deeided to measure the
peapevatnre in the viecinity of the test section., This was done by
ingeviing a thevmistor through the Perspax casing.

The thermistor which had a vesistance of 300 ohms a 25 °€ was
calibrated with a platinum resistance thevmometer wp to 100 %0 in 2
tempevature baih, a graph of rvesistance plotted agalonst tewmperature
being given in fig (4.3}, and a wable of the ealibration values shown
in Appendlx (4. A vecalibration was done several moeths later with
no change in the temporature-vesistavece relationship being deiected,

The resistance of the thewmistor was measured with a simple
Wheatgtone-bridge cizcull, the éhermistor making up one arm of the
clreviy and a resistance box the other. The other side of the bridge
clreuiv was made up of two 100 O high stabiliiy resistors embedded

in a block of polystexene to ensure their temperature constancy.
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A galvanometer was connecied acvoss the bridge go that at zewo
defleation the vesistance of the thermistor was the value of the
vasigtance box,

&)  Masg Flow Measwrement The flov vate was measured by siaply

collecting the water iv measuring cylinders graduated to vead corvectly
an 25 °G¢ The temperature of the water collected fvom the apparatus
was measnred and a correcition made Yor the differvence in temperature
from the measuring cylindevs' calibration temperatuve of 25 °C.  Hovever
due to the amwall diffevences in tempervatuze of the water collected
from this value and the nepligible change in density of the water,
¢his covrection could be gafely ignoved. Tt was encuved that before
aach measurement the cylinders were completely duy.

The timing of the flow was done with a 10 second stop watch
and observing the bottom of the meniscus as it passed the appropriate
mark on the glass.

The constant: flow was produced by a congtant head tank of the
overilow vaviety, throughout the ewpevimenie it Leing ensured that
wmore waver enteved than lefv the tank vto the appavaius, so thai thae
overilow pipe always had water passing through it.
5) Deacratox Inigially much tvouble was expevienced with aiy
disgolved in the test water. It was found that after a short period
of time, small air bubbles appeaved on the Pewgpex casing and brass
plates, Moveover, due to the small plate sepavations wsed, if air
bubbles entered the gap they could not be dislodged easily sinece the

flows weve wot large enough to overcone the surface tension hetween



T

the air bubbles and the brass plates.

These aiv bubbles clearly affected the flow vdhime and con~
sequently a deaeratovr of the type described by Potiter and Whitehead (36)
was used. Briefly, tlia method vses established ion-exchange resing
to removed the dissolved oxygen, the resin used in this case being
Zeo-Kayh 225 a strongly acidic cationie wesin which is changed from
its hydrogen form to the fewwous form by twating it with a strong
solution of fowrrous gulphate. The column is then washed free of
fervous sulphate with distilled watew which has been deasrated by
bubbling through nitrvogen to veduce the pariial precsuve of the oxygen
in solution, The wesin Is then activated with 0.5 N sodivm hydroxide
solutlon and fervous bydroxide precipliated within the vesin which is
changed to forvie sulphate by the absoxption of the onygen dissolved
in the test-water. When the column is ezhaoustod it can be returned
o fus original hydrogen form by 5 N hydzochloxiec acid which removes
the ferric hydvoxide and the proeess is then vepeated.

Thip deasrator proved successful ag with continual use it only

vequired to be wveactivated once a fortmight., The fluctuations in
flow caused by the vesin bed were found o be small and varely made
themselves noticeable.

0) Measurement of Plate Separation Thia uwndoubiedly was the wmost

difficule measurement to make, and since the method employed rvequived
the plates to be £lab to a high acouvacy, as a fivst step it wag
necessary to produce plates of such a natere,

(a) Tlatness of plates After thée places had been machined on the




lathe and ihe vressure holes boyed, they weve lapped on a surface

I

g&:

plate using paraffin as o lubriecant, On checking with an optical
flat, the plate with the ceniral extvaction hole was fouand to be
high in the middle due o the boring of this hole aud the othev
plare was found to he hollow in the centwe, However, the Youtaf-
flatness” was only abeui 0.0001%, Obviously rubbling one plate against
the other would not iamprove them, although ringing them togethey
pevpitted the bottom plate to be 1ifted by the top one due to suvction.
Tt was thus decided to improve each plate by rxubbing them in
iocal high spote with a small guantity of "Braszo" on tissve papeyw
and checking cach apgaiunst the optical flat. Although very tedioug,
this mothod improved the flatness to two fringes of light as measuved
by an opiical flag vhich is equivalent to 0.00002%. A further check
wag made on a "Taly 1in" machine of Rank, Taylov, Hobson Lid., and
as can be seen by a twacing of the print-out of thae machine {fig 4.4),
the flatness measuvement found by tha opbical flav was confirmed,
It ip esgeatial o have the plates perfectly flat gince, in
addizion to producing an ervor im the wvaluve of the pap separation,
tha pregssurve measurement will also be affected. Wor emavple, if the
bott:om plate is perfecigly flat and the fop plate high at the centwve,

then there is an additional accelexation at this section, which would

o

result in a greater pressuve drop than ithat expected. The opposite
wvould be the case iLf the top plate wae higher ai the ouier edge.

(b) Plate Separation The ovder of the nlate separations ranged

from 0.0L0" o 0,020". The upper limit was imposed by the size of

- 4 d k- oy 3 : L) k4
the pressuve drop for the limited flows off 7 em [see or less becoming
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inmeasurable, and the lower limit was due to the vestriction caused
by the method adopted for measuring plate sepavaiions as gaps of less
than 0,0L07 incurved ©oo great an LLOT.

This measurement cavnot be wmade dirvectly so the following method
was employed which, although the avthov feels could be improved, was
acceptable for the measuving equipment available,

The botiom plate was clamped rigidly to the vevolving table of
a toolmaker's microgsecope and the top and bottom plates wuag together.
The probe of an electyric comparaior gauge was then brought ipto
contact with a Johannaon bloelk placed on the wpper suriface of the top
plate aund the seale brought to zeve as shown in fig (4.5). The table
of the toolmaker's micwoscope was revolved and veadings taken every
60° covresponding o the positions of the six spacers used to sepavaie
the plates, These six veadings wexe taken as the datum values for
the six spacers.

If as an exauple, the plate sepavation required was nominally
0,0L2" then the gix datum readings were taken using a Johanunsen
bloek of thieckness 0.1137 placed on the top surface of the top plate.

The plates were aow separated and six spacews of thickness necessary
to obtain a nominal gap sepavation of 0,012" put in position., Thase
brass spacers wevre §7 diameter with 2 B.A. clearance holes alnce the
plaies weve sepavated with 2 B,A. bolis gerewed into the boittom plate.

The six bolis were tightoned as evenly as pogsible and using a
Johavnson gauge of thickness 0,10LY readings of the electric comparator
were again takem at the six appropriate positions, Adjustments of the

screws were made until the diffevences of the weadings between positions
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1, 2, 53, 4, 5 and 6, vere the same as for the rveadings taken at the

datwn position,
Thus, from the changes in the Johannson bhilocks and compavatorn

gauge readings it was possible to obtain the distance the top plate

4]

had been moved from the bottom plate vhich remained fixed to the gable
of the toolmaker®s microscope. The comparator head was alse clamped
vigid thvoughout the measuvement.

The arrangement wag lef¢ for an hour or so and the weadings
repeated, This was done to ensure that the plates had not “sprung’ a

ittle due to stratching of the 2 B.A. bolts holding the plates togethern,

- u

ol

although no excessive vightoning was ever done., As on several occasions,
it wvag found thet excessive tightening would have been necessary to bying
a spacer into agreement with the other five, it was vemoved and vubbed on
the lapping table, Thue the spacers were not interchangeable,

Given below is Table 1 a set of veadings showing how a plate

popavagion of 0.0008" was obtained, the vhele numbers being 0.0001%,

Table 1
Position 1. 2 1 3 b 5 | 6
Datun readings vsing a
=24 -} wd SR O mgé

Jobanonson block of 0. 110"

Readings taken with spacevs dn
~14 0 | =14 | 28 | w1 -1}

pesition using a block of 0,1003%

The diffevences in the Johanunson bloeks is 0,0097% and that between the
veadings +0,0001" (execept position 2) wesulting in a gap separvation of

0,0098Y,
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Pant IT Hgtimate of Bxperimental Errox

The six parvameters that need to be measured accurately (see
equation (66) Chapter IT and equation (7) Chapter III are:-
(a) ¥y the vadii at vhich the static pressure tappings are situated
and ¥y the radius at which the innermost tapping is placed;
(b) Ap the pressure drop; (ec) 2h, the plate separation; (d) @, the
volume f£low vate; (e) the demsity which fmplies the acecuracy of the

temperature measurenent, and (£f) the viscosity.

(a) The Brrors in x, and T,

For the experiments conducted to test the various solutione to

laminay radial flow there were seven values of r, corresponding to

2

P

seven static prassuve tappings, viz:~ 2,125", 1.875", 1,625%, 1.375%,

Tl

21259, 0.875%, 0,625" and £y had the value of 0.375%,

Thesa holes were marked off on a surface table with the use of
height pavsge and Johammsen blocks., The 1/64" holes were dwillad with
the use of an optical chuck which permitted the drill to be centred
exactly on the requirved position.

A chack was made on the above elght radii values, This was done
by levelling the plate which contained tha pressure tapping holes on
the surface table and with the use of a travelling microscope the pitch
between the holes and their distances from the centre were measured,
With the use of the Vernier scale the microscope could be read to 0.0004%,
The actual values of the eight radil were found to be 2,120%, 1,878,
1.633%, 1.375%, 1.,1267, 0.873%, 0.624" and 0,3755",

. o
The outside diameter of the plates was also measured every 60



w( 1=
with a screw micrometer and the average value was found to be 4.,49917,
the lowest value being 4.4983" and the lavgest 4,4993Y,
In all calculations involving experimental data, the nominal

values were used instead of the measured values of ¥, and rl. This

2
regsulted in a systematic error being present in the values of viscosity

and an assessment is given below of this crroy bearing in mind that

for all the solutions quoted except Peube's series solution which in
L] - L »;:. 4" ‘é !%' » a
addition containg (rt ~ Ty ), the radii appear as the expressions

(? 2 “'% 2) and in_ T2/
1 2 e 10
Taking the measurad values of ¥y and ¥y as reference, the error
i 1 '
» * ""“2::»"""2 » . o~ v
incurred in the temm (ry ¥, Y} For the first five radii value was

=~ 0,22 and for the radii 0,875" and 0,625" « 0.4%.

Similarly for the expression Ilan rZIrI, the errov incurred in the
values of rZIrl from 17/3 to S"')/.':3» except the value 13/3 was 4 0.05%.
In the latter value the error was + 0.35%, and for the vadii 0,875%
and 0,025 the error incurved wag ~ 0.4%.

In the iuthor;s solution (Chapter IIY equation (7)) the
expression C?l - iﬁ“) is used in the evaluation of P/q and also with
the expression In r?-./r1 in the evaluation of viscosity. Due
to the complexity of the solutien, the exvor in the viscosity due
to the errors in T, and vy was found by taking a set of expervimental
cesults and comparing the dififerent values of the viscosity obtained
by varying z, and £y by a specified amount, all other paramaters

remaining constant. It was found that for all values of 1,, the

?!
variation in the viscosity was practically the same as the variation

in ¢, and »
2 1"



-6~

Thus, by using the nominal values of the vadii instead of the
smeasuved values the authov incurred a gyetematic error in the viscosity
results of ~ 0.2% for the vwadil 21%, 1E7, 1§Y, 13%, and L™ and ~ 0.4%

] -
for the ra&11~§ and 37,
Teom Chapter IT equatlon (66) the viscosity ean be expressed

/ [
A et ()
/b 3(;)’6f\4.7‘g; [0 D -Ep\w'%-{’ ﬂqo?u( b*‘*)

which is the solubtion of Jackson, Pevbe and Savage.
Since the second term on the right hand side was only some 107

of the £irst term, any error in the viscosity due to evvors in ¥ and

"

. e . . I -
£y was principally due to the ervor in the termn lo Elrlﬁ Thua fox ¥y

values from 25" to 11”7 except ot By = 137 wheve an exnvor of 0.35% was
Incurred the errvor in the viscosity is approximately 0.05Z and 0.4% for

the vadii 4" and {9,

(b) ETyror i@ Pragsure Drop

Tha use of 8 wn precision bore tubing minimised errows in the
Longth of mancmeter fluid to be nmeasured due to irregelarity of bore.
Measuvements were made with a Pye cathotometer capable of measuring to
0,005 um&wmth the wsae of the Vernlew,

However it was f£elt that the limitation of the pressure drop
measuvenent was wot the accuracy of the cathetometer but such things as
small fluctuations in maoss {low or temperatuve dwifi. The latter efifect
wag probably the main sovrce of erxrov since the test water tended to
increase ov decrease in tempervature in sympathy with the room temperature

which resulted in slight changes in the manometer £1uid levels, Thus
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it wag estimated that the probable accuracy of the measurement of
length was no better then 0,010 cn which with carbon tetwachloxide

as the manomeier filuld gives the evwor in the prassure dvep as 0,000 cm
of watew.

Tour plate separations were wused in the expevimental investigations
and pressures weve wead for seven different ri&’/}:":L vatios with f£lows
ronging from 1 to 7 am3/3a9¢

Obviously the pressuve dwop can vary with plate separations, rZIE1
ratioy, and flow, but to demonstrate how lavge an ervor can be incuvrad
the worst conditions ave taken,

In the tests cavvied ocub with water at room temperature the lavgest
plate sepavation was 0.0L94" and the smallest tz/rl ratlo 5/3. The
smallest flow used with this gap size was 2.244 cmgfsac which gave a
pressuve deop of 0,222 em of water and, using the insccuracy in pressure
drop quoted above, gives an error in the reading of 21%Z., Naturally, sot
much importance was attached to these resultiz although the error was
considerably veduced by taking lawger flow vates and yzlr? ratios.

For the gmallest plate sepayvation used of 0.00065%, a rg/ﬂl

) 3 '
ratio of "7/3 and a flow of 1.645 ¢m” /see, the pressure dvop was 3,039 ea
of water which rvesulied in an exvoy of 0.2%.

The zbove examples serve to illustrate the wide wange of errors
that can be dneurred with the pressure measuvemeni for diffevent sets
of experimental data and that an evvor must be calculated Ffor cach

measurement on the basis that the limit of the accuracy is 0.006 an of

wakexr,



Bty

{c) Eyxrvors in Plate Sepavaiion

The method by which the plate separation is measuved has been
described above,

The fact ithat the table of the toolmaker's miersocope was probably
noi ag accurate aé the aceuracy sought in this measuremeal was not
important since the methed employed ivvolved weasuring helghi differences.
What was Important was that the vepreducibility of the veadings was good
and thah vo variations existed at a position for gsuccessive measurements,
Sueh variations dn the veadings could be coused by a picee of soyit on the
siiding pavts of the table as it wevolved, or dust on the Johannsen blocks.

To estimate the veproducibilizy the six zero readings weve taken for
at least half a dozen times. A typical set of readings is givea in Table 2
vhere values of the six positious are given for nine consecutive seis of
reaﬂingg)a whola number vepresenfing 0,00017,

Table 4

osiacing

Position| i
L =2t R 24 w23 3 =04 ~3 -4 24
9 - w1 " -4 =1 -1 "3 -3 =
s b bbbyl e Yey lay far |
4 +1, + +1 2 al | 41 eih | oe1h | edd
- 0 0 0 ) 0 0 0
6 -3 -3 -3 T IR T R A 2

From the table it can be seen that pogiticns 2 and 5 did not change
for the nine measuvements while he greatest change in othoer position

vag 0.00005%,



A

This sort of rveproducibility was attainsble only if suffiecient
care was taken to ensure that the plates and Johamnsen blocks wene
scrupulously clean.

The elaciwic compavatox was a product of Southein Imstruments Lid,
and was eapable of reading to 0.00001", The Johamsen hlochks were
an inspection sei of gauges with an accoracy of probably better than
0,00001Y and gno measuvements wera made with a "builld-up® of these blocks
which can always lead to eprmoxs,

Froem these limits guoted above it would seem copable of measuring
plate gepavations to 0.00001", However due to small inconsistencies
it was only pogsible to diseriminate between successive differences of

*
t

0,00005%, For example, taking position 1 in Table 2 it was pozsible to
discrimivate between =23 and ~3 but not, say, between 3? and -3, Thus
the tolerance on the plate separation was puk as + 0.000025",

The smalleat gap used in the experiments was 0.00965" and since
the gap appears in the working equation to the thivd power, the ewvvor
incurved was + 0,754, The other plate separations vsed were 0.0120%,
Q,01517, and 0,0194" yhich vesuwited in evvors in the working equation of

* 0,632, + 0,57 and + 0.39% wespectively,

(d) Frrors in the Volume Flow Rate

This error was kept to a wmindmum by wveing a vanga of sizes of
measuring cylinders correspouding to the £low raie so that the time
interval was approzimately 120 seconds. A savies of experiments was
conducted at constant flow to estimate the reproducibility of such
timings and i¢ was felt that for the vange of flows used this was of

the ovder of 0.1% to 0,2%.
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Tt was not kuown to wvhat extent the veproducibility of the
timings was due to human errowxs in the stopping of the stop-wateh
at the appropriate mark or due o smell fluctuations in the flow
caused by the constant head oy the deasrator wesin bed.

The ervoy in the gtop~watch which was used by Whitelaw is quoted
by him as being 0.12%. This was checked against an celecivonic timey
capable of an accuvacy of 1 in 10E and the arvors incurred vanged fyvom
0,17 tao 0.2%.

Thug it is felt that the greatest ervor that could have been incuvrved

due to these idnconsistencies is of the oxder of 0,254,

(e) Errora in Temperature Measurement

The. £act that the temparature of the test watew was knowo only to
the neavest Celsius degree would have lititle effect on the errvor in the
density since at the conditions of the teste (L4 °¢ to 20 QC) the variavion

n dengity is approximately 0.01% to 0.02% per Celsius degree.

However this is not the case with the viscosity, the variation being
some 37 for a change of 1 ¢°. Thus it was felt that the temperature
should be knewn to ai least + 0.01 ¢,

Az stated above a thermistor was used for this purpose, it being
ineonvenient to use thermometers ow thermocouplas. Trom the data
obtained in the calibration tables of vesistance against temperature
were dvawn up with the help of 2 computer prograyme using an eguation
of the form

2 3

log R = A + BT & C¥° + DT sosoolla2)

Taking selected points over the range of tempervature values of
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&, B, O, sad T wers ealoulated, these Deling waspectively 2,88240.

. 7 o5 7
- o o gk o o ” .. aqprde s
LTBGAR wm I Ty BUTAGHS w L0 7y and -L1A8AG w A0 T, This equation
rmes fhianm 2] 4 aleniats dnd ad w waling of repipianes for o
PAS Than used L0 eoleuiaie Ingaruaailatd values of renfiptancsd now o

]

certaiy valae of venpevature and the reswite cospeved wish peints din

no aalibration ofhor than fthose Cakan o detorming A, B, O and
-

i
w»

e was found that in the rasge 10 “ooen 2 Yo e souation (4,33
agvaend with the ealibyvacion valoes o battor than 0.1 &° and From

259 v 65 Y0 io was acaurate o Q.08 Q{}, Move 68 0 che aecuraay of
the actual tomperatizee o the cquetion velun of the temverature for the
gome peels i onty 0,1 ¢”, Hovever siwec the o expomiments Lo atudy
the accuracy of the solntions for vadial flow were conducted ok woom
conditvions $8 was ooncluded the calibropion was aufflciently accurate,
A gabkie covparing the ealibration walues and azémpm;&ﬁ yalues is oivoen
In Appondiz (&),

<

The vesistance bow wsed in rhe Wheatnione Geidea civeundt vae one

wonufaetured by the Cvovden Procieion Tuoteoment Co. Type PERS vhich is
a four 4ial model of totel eosistavcs 1,111 chme fa steps of 0.1 ol

1‘9.#

the colls helag wmms% won-fadactively fn amanpanin.  The accuracy quobc
for whis fnstreument o 9.5% in the 2.1 ohm decade, 0,27 iIn the 1 ol
docade and 0,17 in Che 109 ol decade,

This lakter srreor was the most soricus gz the vesistancs of the
gherniapor ai comn hopperatures wag of the ovder of 4000 which would
peaulis 1n an uneertalnty of 0.40. Since che wosistasce coefficient of

e

- .. v &
the thavmister at thess femperatures was apprvosimetaly 3.150 pow 6,00 0
1 k P

taa

it was folt that the wacevialntey in tho Camperstire neasvrement we
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2 0,015 ¢ which in turn would give an error of 0.07% in the value

. , o o
of the viscoslty at these tempevaturesls € to 20 C).

(£) Errovs in Viscosity

Since, initially, the purpose of the experiments was to investigake
the vavious golutions available for vadial f{low between pavallel plates
the aececuracy to which the viscosliity of water in the range 14 °c o 20.00
{the wange of temperatures at which the tests were conducited) had o be
investigated.

Tt would appear from the literatuve avalilable thoi the viscosity
of water in the vange 5 % o 40 °¢ is well defined and a cummary of
the vecommended wvalues over the last fifty veavs is given in a paper
by Bruges, Latto, and Rayf{37).

In his expeviments the suthor has used the viscosity values given
by the coxvelation of Bingham and Jackson quoted in the "Handbook of
Chemisotyy and Physies®, It was, thug, necessary to aseertain the
accuvacy of this coyrelation by compavison with values of othey authors
obhtained alther by correelation o experiment.

Takle 3, which is not intended o be exstensive, gives gome of the
aceceptad values as a cowpavison with Dinghan and Jackson's coxvelaiion.

& - 0 0 3 o
Table 3  Absolute Viscosity of Water 0 "C to 40 "C in centipoise

Ny L 2 3 h 5 6
60817951 = 17954 17950

5G| 15188 | 1.5230 1.5188 | 1.5200

10°¢ | 1.3077 o 1.3097 | 1.3069

1506 | L.1404 - 11447 | 1,1383

EOOC 1,0050 1.0050 1.0020 1,0087 11,0020 1.0025
25°¢ | 0,8937 - 0.8949 | 0,8930

30C | 0.8007 - 0.8004 | 0,7975

35°C | 0.7225 - 0,7208 | 0.7193

40°¢ | 0.6560 | 0,655 0,6536 | 0.6531
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Column (1) iz the values of Bingham and Jackson corvelated from
the data available at that time and is the set of wvalues used by the
author in his experiments (38).

Column {(2) is the expeximental values of Hardy and Corttington (39)
obtained with a Bingham viscometer calibrated at 20 089 the value of
the viscosity at this tempervature being taken as 1.005 ¢P. The accuracy
of their determination was claimed to be 0,17,

The absolute measurvement of Swindells, Coe and Godfrey (7) is
given in column (3). This value which has an accuracy of + 0.03%7 is
nowr recognised as a primary reference point.

Column (4) gives the correlated values of Dorxsey (490) which are
based on the observation of the experimehters listed on page 183 of
his book "Pxoperties of Ordinary Water Substance” (41). An accuraecy
of 0.1Z to 0.2% is claimed.

One of the more recent determinations of the viscosity of water
is given in column (5). This iz the work of Waber (42) who used a
rolling ball viscometor which was calibrated at 20 °C geing the value
of Bwindells, Coe and Godfrey, An accuvacy of + 0,057 is claimed,

In column (6) fs the value at 20 “C obtained by Roscoc and
Bainbridge (43) uvsing the oscillating vessel mathod for which an accuracy
of & 0,05% is clained.

As can be seen from the table an erzor of between 0.1% and 0.27
is incurred in the temperature range 10 °c to 20 % by using the
correlation of Bingham and Jackson., The greatest discrepancy seems to
be with Dovsey's covrelation. However the fact that the value at 20 ¢

of 1,0087 cP scems to indicate that a slight erxror in his corxrelation
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could eawist since the wvery accurate work of Swindelis, Coe and Codfvey,
and Rogeoe and Bainbridge seem to indisate this value ls nearex 1.002 P,

Ovevall Accuracy it is difficule to puk a definite valwe on the

accorasy over the vange of the experimental woxk due to the variation
in error that can occur in the presgure Mmeaguremnont.

Not: muweh impoviance has been attached to measurements made with
amall -~ uiz vatios at smoll flows as it is feli that these measurements
gould be in ervor by 217.

However at higher $lovw wates and smaller plate separvations the
grror in pressure drop meagurement is counsiderably veduced. Thus for
a plate gepavation of 0.00965" st rzfrl ratios grester than ?/3 the
estinated ervoy is approzmimately 1,4%, the greatest single evvor beilng
the measvrement of the gap.

Tox plate separations of 0,01207, 0,0151%, and 0,0194%, the evvor
in the plate separation ils weduced but dve to smaller pressure drop
associated with the lavger gaps this reductlon in evvor is compensated
by an incvease in the ervor of the pressure drop measuvemant, Thue
for /i ragios greater than '/1 and flows greatey than 1.5 em?/sec
the mean overall accurvacies for plate separations of 0.0120", 06,0157

and 0.0124% are estimated wo he 1.4%, 1.3% and 1.1% weepectively.
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Resulis of Tests at Ambient Tempervature to Investigate

Available Solutiong of Laminar Radial Flow

The experimental data obtained by the suthow from the appavatus
described in the previous chapter ave glven in this chapter. The
experviments were carried out with plaie separvations of 0.00965%,
0,0120", 0,0L51" and 0.0194" at voom temperaiuves for flows ranging
from 1 am3/sea to 7 cm?]ﬁeca As described in the previous chapter eight
pressure tappiugs were used zesultdng in seven pressure drops for seven
xz/rl rvailos. ALL pressuwe deops were measured relaitlve to ¥is ¥y being

£

radius, and the wespeetive v, values being 247, LY, 1§", 1§%, Li®, &%,

Z

and ", so that seven determinations of viscosity could be obtained for

foei B

ecach set of zeadings.:

A comparison of the authorfs solution and other solutions is made

by compaving the viscogities obtained from the various solutions and

: X s
that obtained by measuremoent. This might appear an vnusual method of

comparison but is greatly influenced by the complexiiycf the author’s
solution vhose final equation is designed to give the %iseosity in
texms of the other pavameters. To obtain a theoretical pressuve drop,
say, in temms of the other measured data would be difficuli.

Tor each plate separation only six or geven typical sets of readings
over tha range of flows used ave tabulated along with the values obtained
by Livesey's solution - equation 15 chapter Y- and Paube's 3 temm
golution ~ equation 66 \chapﬁex IT,  Thig latier equation is identical

to the solutions of Savage and Jackson and Symnons the former being the
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some- ag Comolet's golution, Peube's 5 term solution -~ equation 62 A\
N
S

chapter IT~ was found to vender no marked difference for the experiments
conducted heve and values caleulated by Mollex's solution arve not
tabulated since the diffevence with Peube's solution is only 0,27
o 0.4% which is less than the experimental accuvacy, Thus any
conclusions that ave drava concerning Peube's 3 texm selution nusi also
apply ©o Mollen's solution,

Rearvanging the selutions of Livesey and Peube to obiain expressions

for the viscoaity -

wal’bp (09750\/?[?— “/-}r/?f)

VYA o 5.1
?) \ ‘f, 20-77 "gn k’(‘ ceoae .
and
T )
w2 _ Pl (e
= g .
/L( 3@‘&‘%, (oD &{"kﬂ sevaalH.2)
The values of Q, the volume flow vate, Ap the pressure diop between
) and ¥,y the ft?,/*s:',i ratio, and T the temperatuvre ave deierminod

experiwmentally. The density values gecoxding to the measuved temperature
are obtained from the "Haudbook of Chemistry and Physics” and in the
tables wy is the value of viscosity in centipolse at the measured
temperature as token fyom the covvelaivion of Bingham and Jackson.

The manomezey fluld used was carbon tetrachloride and it density

i
waa calculated from dava given in the "Intevnational Crivical Tables

in vol. 311 $.28, the eguation being of the Fform

_ ~3 ~§ 2
F’f = /- 63255 — I~ G %10 T —0-t9xi0 7 ceeoe(5.3)

In tables 1, 2, 3 and 4 Bys Moo and n, ave the viscosity values

A

\
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ealoulated from equations (5,1), (8.2) and the author’s scluiion given

a
00 L3

P

in chopter YIT, The dimessionless term B frow the avthor’s solui
also Listed vo glve an indication of ite vaviation w.u,t. ¥y although
it wust be vemewbered that this could be parelally due to ezpevimentol
AYLOY s

2pub . .

The Reynolds numbers expraessed by i where ¢ i3 the mean velocity
actoss the gap at a vadius v rvonge from 110 to 20 for the following wesults,

uh?

Using a Reyaolds muber of the fomm R0~w~qﬁhﬂwhh& values yange from
approximately 6 to 0.02, Vrom tests cavvied out to estimate the limit at
which stability oceurved, as given dn chaptey IV, this expression fow the
Reynolds number imposed a Lliwit of Re = 10, . Thus for all the tesis con-
ducted hewve puvely wvadial flow shovld emist.

fLzble 1 Results fow 2h = 0,00965"

AR I
1,665 em /s | 4.038 | “773 | 1.0650 1,0402| 1.0638| 1.0640| 1.407402
a 18,42 %¢ | 3.753 | M3 no | 1,050 1.0as2] 1.0843] 1.497323

3,307 | Y33 o | a,0613] 1.0348) 1.0850] 1.497078

s.082 | My w | 1,0463] 1.0390] 1.0207| 1.49679%

2,580 | /3 n | 1.0538] 1,0056] 1.0850] 1.496378

1946 | Ty3 | v | 1.0007] 1.0110] 1.0112] 1.495547

3,203 | 43 | 10050 1,0377| 1.0250| 1.0253| 1.494303

2,943 emfo | 7.3590 | j3 | v.0458| 1,055%| 1.0428] 1.0430| 1,405526
at 18,30 % | c.st | Vs no 1 1,0553] 1,0445 | 1,0645| 1,495228
6,218 | /3 | o9,0821] 1.0405| 1.0363| 1.494799

5548 | Mg n | 1,0506] 140376] 1,0987| 1.494279

sysy | 2fs v | 1,0890] 1.0443] 1,0447] 1.493550

3,582 | /3 # | 1,0247| 1,0073| 1.0076| 1.492063

[~ .
2,238 | “j3 | 1,0458| 1,0456] 1.0220| 1,0205| 1,469890
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Tehle 2

or vaper| M | Mmoo Moo 2 | | T
0=0.921 em’fa| 1,335 | 773 | 1.0306 | 1.0176 | 1.0136 | 1,0138 | 1.498107
at 18,98 °¢ | 1.082 | Y3 o 11,0157 | 1.0115 | 1.0115 | 1.498071
0,057 | "3 » | 1.0130 | 1.0085 | 1.0086 | 1.497906
0.859 | /3 n 11,0247 | 1,0196 | 1.0201 |1.497716
0.732 | °3 v 11,0303 | 1.0246 | 1,0247 | 1.497418
0,586 | 773 v | 1,0072 | 1.0005 | 1.0005 |1,496856
0.347 | /3 | 1.0904 | 1.0390 | 1.0202 | 1.0304 |1.496036_
0=10412 emofs| 1,791 | 773 | 140471 ] 1.0400 | 1.0349 | 1.0350 |1.497205
at 18,34 % | n.e6r | P3| v | i.03e8|1.0524 | 1.0326 |1.,497106
1,516 | )3 s 14,0385 | 1,035 | 1.0316 | 1.406866
1,347 11/3 " 71,0383 1 150805 | £,0313 {1,496543
L1546 | °/3 v | y.0604 | 1.0007 | 1.0408 |1,496113
0,875 7)s wob1,0265 | 1.0151 | 1,0153 |1.406264
0,546 | °/3 | 1,071 ] 1,013 | 1,0378 | 1.0383,_|1,49399%
052,013 cnofe| 2,505 | 723 | 1.0021| 1.0690 | 1.0404 | 1.0406 |1.496174
ac 18,53 °c | 2,400 | Y3 "1 14,0473 | 1:0382 | 1.0382 |1.495907
2,186 3‘3!3 T L0407 | 1,0308 | L,0309 }1.495542
w52 | s v | 1,06h8 | 1,0227 | 1.0347 [1.495103
1670 | /3 n | 1,0535 | 1,0410 | 1,0412 |1.,494482
1,268 7/3 w 1.0275 11,0127 | 1,0130 [1.,493265
0,803 | /3 | 1,0621] 1.0661 | 1.0469 | 1,074 |1,491562
43,016 em /5| 4,022 | *7y3 | n.0817] 10700 | 1.0580 | 1.0585 |1.404356
at 18,16 %¢ | 3,744 | /3 v | 3,075 | 1.0578 | 1,0582 |1.494008
sanon | s | 3,0651 | 1.0503 | 1.0507 |1,493476
3,087 | /3 n | 1,0667 | 1,0500 | 1,0515 |1.402818
2,607 | /3 | 1,0760 | 1,0583 | 150590 |1,491018
1,080 | 73 v | 10521 | 140299 | 1,0307 |1.400152
o rams | O3 _1,0517| 1,0840 | 1.0552 | 1,0865 [1,487562




w7 Gy

Table 2 (conud) 2h = 0,0120Y
| gfz W:I;.zr . Hay /1?1 | um ?11 4y Ba B

QubikhOcnols | 6,070 | 1173 | 1.0870 |1.0762 |1.0568 11,0807 |1.49170
at 17.96 5,665 /3 “ L0803 [1,0601 [1.0605 |1.48R54
5,167 | *3/3 v |1.0757 {1.0530 |1.0544 |1.400405

4625 | s w 11,0780 |1,0535 |1,0560 |1.489552

3,982 | /3 11,0892 |1.0618 |1,0657 |1:458245

3.066 13 11,0692 |1.0365 [1.0378 [1:485751

. 1,967 | °/3 | 1.0870 11007 |1.0663_|2.0703 |1:487386
QMSﬂﬁoéémes 7.578 3'7’?/3 140605 |1,0929 |1.0600 [1,0706 |1.490151
ot 17,83 % | 7.o71 | Y3 m 11,0042 |1.0698 |1.0704 |3.489496
6.453 | Y33 " 11,0800 |1.0624 |1.0632 |1.488578

5,70 | ml3,0004 |1.0615 |10647 (30487449

49068 9/3 W 1,7009 |1.0684 [1.0700 |1.£85869

5,848 | 7r3 v l1.0810 (10618 [1.0637 1462862

o Lo286 | 773 | 3.0608 {11267 [t.0751 |1.0780 |1.478655
a=6.5h6em>fs | 9.a60 | s | 1.0723 (1323 |ieoses |i.osss |s.assss
at 17,38 %¢ | s.o30 | Y3 w1141 |L.0844 |1.0853 |1.487513
s.o78 | Y3 v l1,0003 |1.o771 |L.ov82 [1.486430
7,255 | Y3 v D322 |1.0761 [1.0801 [1.485100

6,275 9/3 u 1,1258 11.0854 [1.0871 11.483261

b 857 ?/3 " 11034 {L.0553 {1.0579 {1,479G02
3 3,66 | P73 | 1.0me3 fuasse |1.o9as |1.006s |i.azasoe
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Table 3 Resulis for 2h = 0,0151F

Ao em .

. . of watey | .4/3:1 ' " 112. A 5 .,
Q-l.143cm fs| 0,696 | “7/3 | 0,9873 {0.9938 |0.9877 |0.9877 |1.497121 -
at 20077 %¢ | o.es3 | s v la,0876 l0.9811 {0.9830 |1.496906
0.583 | 73 n loyos2o |ouovao [o.9750 |1.406631
o2y | 3 v 10,9088 |0.9909 10,9995 {1.496344
0,600 | 773 | o lo.8297 |o.8807 Jo.8010 |1.495337
0,33 | 73 |° v lo.0se0 |o.9784 lo.9785 |1.295005
0,207 | °/3 | 0,9873 09789 |0,9651 |0:9653 |1,£93436
QﬂZsZ?vaf:.cmg/s 1.674 17}3 1,1525 11,1531 101406 [1,1408 [1.494923
ot 15,27 °¢ | 1558 | °J3 | v |1,15836 [1.1403 [1.1404 [1,494580
1433 | s no 14,1609 |1.1464 |101466 |1,404160
1286 | “Y3 13,1700 131547 |1,1561 |1.493627
1,006 | /3 v 100626 (111446 [1.3450 [1.402707
0.845 | 743 19,1605 |1.1380 [1.1395 |1:491301
Loosso | Pfs | 1,1325 |1i2131 1.1850 [1.1858 |1,489182
0=3:06hemfs| 2,265 | “'/3 | 1.1307 [1.1760 |1.4506 |1.is08 |1.493464
at 15,08 %°¢ | 2,307 | Y3 v |1,1756 {1,1578 |1,1581 |1,493017
1,930 | 33 no 11,1778 |1.1588 [1.1590 |1,492456
1,723 | s mo 19,1779 141566 |1.1586 [1.499687
1466 | 23 | v laay7e |1.1s38 |1,1543 |1.400548
1133 | 5 19,1635 (1,3350 |141350 |1.,488615
N _Q.721 F‘_Slz‘ 103307 [1,2047 13,1678 |1,1602 12485714
=3:967en fs| 2,956 | “7/3 | 1,300 |1aieo0 [1.475 [1.1481 [1.491480
ae 15,20 % | 2,750 | /3 n 11,0675 |1,1447 |1.1452 |1.400001 |
2,518 | 3 W 11,1669 151623 |1,1420 |1,400147
2,265 | Yty3 W 114754 |161478 |141504 |1,489223
193 | /3 no 11,1766 |1:1458 |1,1467 | 10487762
1,508 | /3 v 14,3700 11,1333 |1.1366 |1.485356

&
0,966 | /3 | 1.1319 }1.2120 [1.1643 '1.1665 '1.481641




Table 3 {contd) 2h = 0,0151"

o vager| | Mmoo | ™ 2o | ¥a 2
O=h,869cm>/s| 3.820 | “1/3 | 1.1617 |1.2174 |1.1913 |1.1920 |1.489972
at 14.30 °¢ | 3.560 | *°/3 v f1.2173 |1.1804 |1.2002 |1.480292
3,257 | Y373 wo 11,2147 1.1845 |1.1851 |1.488384
2,035 | Y3 no 11,2241 11903 |1.1937 |1.487308
2,500 | 773 n o |1.2240 |1.1870 |1.1884 |1.485570
1,949 | /3 W 11,2003 |1,1642 |1.1662 |1.482624

.
1,248 | /3 | 1,1617 {1.2475 |1.1889 [1.1922 |1.478135
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0.848 JIEETE LL0888] 1,058 1.45733%
0,735 1 P b v | aoen] Laor26| L.o7s9 | 1.485861
QL 558 Tpa L o | 0667 1.0248 ] 1.0085 | 1,4082527
.
, Q351 | /3 | 10718 1,0746) 1.0230} 1,0260) 1,4775%9
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Quadsy &5 om f” 1511 TER LL07047 1,0555 ] 1,0660 ] 11,0658 1,586530
1, 0845 i3

st 17046 © 1610 | Ma « 0045 | 1,0612] 1,0620 | 1,48
1,250 L3y " Le0O803 | L,0548 7 1,05631 1

1155 | g n | 10882 | 10605 | 1.0551| 1.463202

1002 | 773 v gareas] 1.0599 ] 1.0691] 1401

078 T3 w1 oq.08a7 ] 1.on08] d.0s20 | .47vo80
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3 .
LT Al < 3 £ . gy p o
ﬁ@d%d 13 aaﬁ ﬁé %allu- 1aO’Q LYY R RV
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o5 1870s /5| Lol | Y7rs | t.0699] 1.2087] 1.0072( 30695 | 1.484092
et 17058 %o | 1,684 15;3 v | 3,1080( L.oece| 1.0805] 1.48380
1,541 | 33 2| 10000] 1.0578] 1.08961 1.482474

naez | My mo 1 3,0068] 1.0505) 1.0582] 1.490684

1200 | 7 o | gaa11t] 1.0503] 1.0624| 1.478314

2 586 !:r n C1L0822 1 L.03051 1,02481 1.,473780

0,606 | 7[5 100001 1,311051 1,0305° 3,04G3" 1,466850
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Table & {contd) 2h oo 0,0L04%

| o waoe | 20y | M | M e A s

o630 sm el wansn | Y | w.omasl n.uiss| woven| 1.0722] 1.481020
at 17,35 %¢ | 2.109 | Y v |y, 1a7) 1.0683] 1.0707] L.450624
1,932 | Y3 v | o1,1006] 1.0925] 1.0612] 1.478096

17 | Hys w | 1,1067] 1,0508| 1.0577] 1,476792

1808 | Y3 o boaLtarz] d.osas| 1.osse| 1.473852

1185 | '/ o | 1.2002] 1.0054] 1.0816] 1.463669

0,775 | g3 | v.o73a] 1.2372] 1.0309| 1,0007| 1.460503

nm?.mﬁa Jol  zerey | s | s.0sanl 13070l vovco! 1.0789] 1.478572
1 o

at 17,00 %¢ | 5 ae | 15, e | o9,3900] 1.0758] 1.0787] 1.4v7101
Q

20506 | 33 o | ogoaaer] 10627 1.0668] 1.475150

267 | “rs w1 y,1998] 1.0567( 1.0659] 1.47273

1,696 | 743 81 1,149 :a.::n:;@:r 1,0727] 1.469470

1496 | ‘78 e | a.a282] 2.0957) 1.0000] 1.463026
L 04068 | Zy3 | ti0828) 3,1369) t.0n00) 1,0940) 1.45%079

¢ can be sgean from egnations 5.1 éaé E.2 thot tho sccond teim on the
pight hand gide of ¢he fowwer is somo 228 less than the similay tewgm v
eguntion 5.2, These tewmg account for the variadlons of eha solution
from the ereeping flov solusion due to inovtio effects. Thus, viccosity
values ealeulagad from oquation 5.1 will bo gerostor than those obtainoed
from equation 5,2 and sines, on average, the fvewcia offoect account fov
sona 0¥ of the viscosity, the ddifevonce will be approwdnntely 2.5%.

Dinvegawding for tho moment the quastion of vhieh golution agracs
better with experdmong, it com bo gseen fven Tables 1, 2, 3 and & the
clogoe agrocment botwesn cguation 5.2 aad the asuthov's selution. The
yiocosivy valuae tabulatad have been egleuloted uslog the same uxporimental

datas
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In the case of the smallaest plate separation used of 0.00965" the
discerepancy ls greatest at the laxgest flow and the smallest KZ/rl ratio
of 5]3 and is of the owvder of 0.2% vhere the inertia texm is sone 207
of the vigcous term. AL the smallest £low vrate and a rﬁ/rz vatio of l7/3
the discrepancy in the theovies ig negligible, the inerxtia term only being
about 27 of the viscous term.

For plate sepavations of 0,0120", 0,0151" ond 00,0194 similar effecis
can be observed, but to a greater axtenit. The greatest differences between
equation 5.2 and the author’s solution for 2h = 0.0120", 0.0L5LY, and 0,01947
ava 0,47, 0.5%, and 17 rvespectively, these values coxxaesponding to a rZ/ﬁl
vatlo of 5/3 and the largest fiow rate for each gap. The fraction of the
pregsure drop due to inertia effecis in these cages ave approximately 257,
30Z, and 457 respectively, As staved, these dififevencos ave fov the worst
conditions and on average the discrepancy is of the owder of 0.27 waich
serxves to illusteate the good theowetical agreement between equation 5,2
and the author'’s solution for the tests conducted here.

The extent to which the values of viscosity obtained firom equatiouns
5.1 and 5,2 vary depends, naturally enough, on how large the inevtia term
is in vespect to the viscous term. Since the inertia term of equation
5.1 is 227 less than that of equation 5.2, the valuas of viscosity obtained
from aquation 5,1 ave greater,

If equations 5.1 and 5.2 are rearranged to give oxpressions for the

pressuve drop then for converging flovw

- L)
Ap = 34 G5 seq (e )
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Trom (5.4) the percentage that the pressure drop duwe to inertia is of
the viscous pressure drop ilg given by

pot Chhe)uoe

207/ (%, voees(5.6)

Thus for similar flow vates, temperature, and vadii, (5.6), as would be
expected, shows that the inewtia cffect is more noticeable for largew

plate separations., This can be shown by comparxing the diffaerences hetwean
Uy and Uy in Tables 1 and 4, Table 1 shows that the differences range From
0.6% to 4,07 vhereas in Table & the Tange is 1.3% to 9% for essentlally a
pimilar wange of values of the volumehfléw'rate;

Peube's 5 term solution given in Cﬁaptex 11 by eguaﬁion‘(62) has not
been used heve to caleulate viscosity values from the expérimenﬁal data,
slnce, on average, the additional terme compared with equation 5.2 make
a differvence in the viscosivy of only 0,24 approximately. Hovever for
the worst conditions of the tests vacorvded here a differaence of pome 2%
can avise, if the exitva texms are Included in equation (5.2). A more
detailed account of this discrepancy is given in Appondlx ().

From the tables it can be seen that for szrt vatiecn of 7/3'and 5/3
the values of viscosgity calculated from equation 5.2 and ﬁhe anthor'’s solutior
vere, on average, some 2% lower than values determined with pgreater rzigl
ratios ak the same mass flow wates,

It was folt that this discwepancy was partly due to the exror incurred
iv the measurement of the pressure drop which was small for these 1-?!/:s’:.j.
ratiog and partly due to the failuwve of the theovies to acecount for the

two=dimensional nature of the flow which becomes wove appareas as v tends



to =znero.

Equation (5.2) contains only the fivst two terms of a number of
solutions =~ the uni~divectional flow analysis of Jackson and Symmons,
or the power series approaches of Paube, Savage, Jackson and Symmons
who extended the analysis of ¥Hunt and Torbe, and as stated above the thiwvd
and fourth terms of these solutions begin to have a small but significant
effect on the final snawer at these small radii, Tt was thus conmcluded
not o put too much emphasis on the values obtained with 1:'2/3:1 ratios of
713 ana /3.

Trom Table 1 no conclusions can be drawvn as to whether uy OT u, agrees
better with the experimental value n gince the difference between uy 2ad y,
is only obout 1.5% which is the estimated experimental exrow. TFor the
larger flow vates, however, 1t appears that there is a tendency for ny to
be greater than the measured value, Although there arve exceptions pwobably
due to experimental error, this tendevney is more appavent in Tables 2, 3,
and 4 where the plate sepavations ave greater and comsequently the inertia
effect greater.

It would appear from Tables 2, 3, and 4, that while the wvesults
obtained by equation (5.2) and the author's solution remain on the whole
within the experimental accuracy of 1.5%, equation (5.1) gives results
about 27 to 3% higher than experimental values. It is thus conecluded that
equation (5.2) will incur legs ervor if usad with a radial flow viscometer
than equation (5.1) although if the plate separation is small and suitable

values of % and 1, are chosen then the pressure drop due to inertia effects

1

can be made small enough fox the difference between equations (5.1) and

(5.2) to be insignificant.
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A plot of pressure drop in centimetres of water relative to the
innermost tapping (l.e. at v = ") against radiuvs is showm in figures
5.1, 5.2, 5.3, and 5,4, corvesponding to the plate separations of
0.,00065%, 0,0120%, 0,0151" and 0.0194", Theoretical cuxves of pressure
drop have been caleulated from equation 5,4 and 5.5 for the lavgesi £low
vates, With the emeeption of figure 5,1 wheve the results are inconclusi
the curve obtained from equation 5.4 lies under the experimental curve.
Bquation 5.5, shown by the chalu~dotted eurve, scoms to apree better with
the experimental curve.

Tt ghould be noted that the wesults given In this chapter ave only
typical oneg ond that many more ewpervimental values were actually obtaine
tHowevexr, to give all the wvesulis would only be vo overstress the conclusi
siven ghove and thus only a selection of results covewing the rvange of £1

vates of the tests have been given,
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CHAPTER VI

The viscometeyr described in vthe previous chapter was used to measure
the viscesity of water in the vange € 9 to 90 °c. These measurements are
givaﬁ below belng the wesuliz of a gewies of tesis designed to test the
capabilities of the instvument ovey the xrange O % o 90 %°C and wewe thus
of a preliminary nature. In view of the fact that an accuracy of, at worst,
L.8%Z could be attxibuted to the ecavlier results {Chapter V) it was hoped
that a simllar accuracy could be obtained over the range D % to 20 g,

The vesults from 1 °C to 10 °C were obtaived with aexacitly the same
apparatus as described previously.

However, over the range 20 °¢ 1o 90 OC the use of a deaevaltor was
necesgary o free the water of aly which came out of solutlown and con~
sequently disrupted the flow between tvhe plates. Sinee a eommercial
deaervator was not availakle a syztem as showm in figure 6.1 was used.

The tap water was prehested in a coil before passing to a constant head
tank which regulated the flow entering the deaerator.  Before entering the
boiler the water was passed thromgh a stemm jacket, the deaevated water
being run off from the botiom of the flask and cocled by two condensers

in sewies,

Tt was hoped to use a small control valve ir the line from these
condensers to the viecometer but $his was found o be not wvery catisfactory,
Covsequently, the pressure of the steom in the flask was kept as constant
ag possible by having the end of a glase tube jmmersed to a fixed length
in water as shown dn figuve G.l. Thisg zrrangement was Ffound, not

unsurprisingly, to cause fluctuations in the flow rate., This wag due o
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gavernl reasons, one being the fact that if the tcempevatuzre o
water dropped the pressure of the steanm and hence the outflow from the
boilex decreased. This, in turn, caused the lavel of water in the #lask
to rvise., To compensate fov this the gas flow to the bunsen burnexs had to
be inereased, DRgually important was the matehing of the flows into and
out of the boiler. If, for example, the water flowed out more quickly
than it enteved the £lask, the steam presgsure built up and the outflow
inereased further due to the heat inpui being unchanged.

Thus to maintain a constant flow through the viscometer, the flows
in and out of the deaewrator had to be matehed, the heat input to the
boiler corresponding to a ceortain flow had to be found and the temperature
of the incoming watew had o be constant.

The fluctuations from the deaerator, in addition o giving an evror
in the flow wate, caused the manometer fluld levels to nise and fall thus
causing a random error in the pressure drop measurements., The valueg

found with rﬁ/rl ratios of 7/3 and 5/3 havae been ignored since, as pointed
ou in Chapter V, some doubt exists at these small yadii as o the accuracy
of the avallable solutions.

The measurements were made in three vanges:~ (a) O % o 10 ch
™) 20 °¢ o 50 %c and (&) 40 °C o 90 “C.

Pov the first vange the visecomeher was lmmewrsed in a bath of ice and
an accuracy of at least 1,57 was empected siuece the apparatus was the same
as that described in Chaptewr V.

Some typical values fxom 1 % to 10 % axe given in Table 1. Only

a Yoy measurements over thae temperature range have been caleulated although
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many more measurements were made since the vaproducibility of the
neasurements was good and only an indication of the accuracy to which

the ingtrument is capable need be given heve.

-

]

2 ] LBvan PN > ” i oo
Yo, Qcmgia ¢ | VgucoaLty for Different :?./1.1 Ratioz cp.
7 1% ¥ )
1.),3 ‘.LJIS -..1/3 9/3
1 (0,9150 | 0,99 | 1,7357 | 1,7363 | 1,7263 | 1,7259 | 1,7335

2 |1.5737 | 3.01 | 1.6290 1.6202 | 1.6215 | 1.6235 | 1,6292

L3 11,6334 | 444 1.5327 1,53%7 1.5245 1.5226 1.53315

& 11,7991 393 L,4760 1.4755 | 1.4696 146705 1.47065

5 12,1327 | 6,60 | 13,4766 | 1.4745 | 1,4659 | 1.4603 | 1,4689

3,0587 | 7,39 | 31,4310 | 1.4291 | 1.4217 | 1.4190 | 1.4210

6
7 14,3369 | 8,02 | 1,3723 | 31,3713 | 1,3659 | 1.3650 | 1.3718
8

5 | 1.2850 | 1.2864 | d,2702 | 1.2794 | 13,2873

The plat paration for the maasurecments given in Table 1 was 0,0008%
The plate separat foirr the maasur £y givey

A,0534 1 10,2

o

and as can be seen from the table the agreement betweem.the vigseosity
valves for diffferent E2fr1 ration at the same flow yate is good, the
maxdmun difference being epproximately 0.6% cucept detevmination No, 5
where the mazimum diffevence is L.17.

Thyoughoui the tests the flow was kept within the Reynolds nuber
at which it was thought vadial flow ceased to exist,

A deviation plot of the vesults is given in figuve 6.2, Since
insufficient points weve caleuvlated to £it a cuxve to the resulis ik
was felt that the best method of showing the deviation of the vesulis
from the valuas of other exzperimenters was to take a wvecognised set of
values as a criterion. In this case, the values of Bingham and Jacksown (38)

found by corwelation of existing data at the time havebeen used., The
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correlation of Dorsey (40)'and the experimental values of Thovpe and
Rodgewrs (44), who used a capillawny viscomeier, have been added as furthex
comparisons. The deviation plot shows the expervimenital values scatiered
uniformly about Bingham and Jackson’s covvelation and although individual
points vary by as much as + 1.5Z2, the majority of the experimental values
have a wvaviation of less than + 1%, However an accuracy of no better than
+ 1.57 is claimed for these wesults which is what was expected fxom the
_eiiminary work described in the pwevious chapter.

As mentioned above, for wmeasurements pgyeater than 20 °c a deacwator
had to be fitted to ensure that no aiv bubbles were formed and lodged
themselves between the plates thus digsrupting ihe flow, Initially, much
difficulty was encovntered in matching the flow of water into and cut of
the deaerator and controlling the heat input, However vhen it was fels
that the £lov could be maintained veasonably constamb a sevies of
oboervations were made and experiments were conducted over the temperature
vange 20 % to 50 G(}. The plate separatlon was 0.0098"Y and the values
obtained with the 1‘:.‘:’./&'.i ratios of ?/3 and 5'/3 were agaln iguoved,

A plot of the actual values of viscosity against tempeveture hag
not been given as it was fely that déviation plots gave a bettex indication

temperature 20 °¢ to

[

of the accuvacy of the appavatus., Over the pange of
50 % 550 determinatione of the vigeosliy have beenr made and fitted to a
curve by the method of least sguaves. A deviation plot of ithe experimental
poines from the computed curve is given in figuve 6.3, the curve filtted
to the data being of the fouxm
»L’»Lo o T 4+ 6T wlare T an °C
cosos(l)
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Although viscosity Is usually velated to temperaiuve by an
¥ 7

s g . L . X . -
axponential - in s wheve T is the absolute temperature, the simpler

powey sepies of equation (1) wag used here since only a small vange
in tempervature was being covered.

A cubie equation was found unnecessary as it veduced the standawnd
deviation by an insignificant amownt. The compuitcer programme was 80
constructed ag to veject points having a deviation pgrester than three
pimes the standard deviation before wecaleculating the constanis Np? &
and b, This ie vegavded, statistically, az standard practice and, of
the 550 poiunts, 10 points waeve eliminated in this manner. The Ffinal
coefficients were n, = 10134,99 micropoise, a = =357.3511, and b = 2,9305%8,

The standard deviation for this curve was 159 micvopoise which
resulted in a deviation of :+ L.57 at 20 N+ vising to + 37 at 50 °¢.
This velatively large standard deviation veflects the large scattey of
the poinis to be expected with the fluctuations present in the flow.

A plot of the deviation of the cowmputed curve from Bingham and
Jackgon's coxrelanion and Weber's cupewimental values is given in
Pigure 6.4, It shows that at 20 °¢ the computed Line is 1.4%7 highew
thaon Weber's %Line and, at 50 0GB 1.87 greater than the corvelation of
Bingham and Jackson, wheveas between 30 °¢ and 45 °C the discrepancy

is only sboui 0,57,

This suggests that while the reproducibiliivy of the measuremenis
is not very goed due to the veasons given sbove, the fact that so nany
poinis have been used in the computation of the line has resulted in
an equation which agrees to within at least 1.5% of vecopnised values,

o

o P . * LN 0 .
The maasurement of the viscogity of water over the range 40 "C to
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90 C was done in a similar manmer as the range 20 °C to 50 °¢ but with
B

the plate separation get at 0.00965"., The weason for separating the
platas bafore continuing the measuvements was that no undue corrosion
of the surfaces had occurred.

Censequently the data covexing the 20 °e¢ o 50 vange and 40 ¢
g0 90 “¢ vange has been treated separately so that any systematic evvor
that occurred with remeasuring the plate separation could be detected,

The curve fitted to the data wes similar to equation (L), 510
meagsurenents having been used of which 17 wewne rejected as being greatey
than three standard deviations. The values of ns @ aad b were respectively
11806,02 micropoise, - 65,0686 and 0.,7568252.

The standard deviation fovr this curve was 53 mievopoise, which gives
a daviation of 0.9% =t 40 % increasing o 1.87 at 90 °C. Comparing the
geatter of the points with that for the prange 20 % o 50 °C it can be
geen that the percentage ewvyor has been reduced almost Dy a factor of two,
ghowing thet the precision of the measuvemenis had been improved over the
vange. This can be explained by the fact thet since the measurements over
the 20 ?ﬂ to 50 % tenperature vange weve made fiwst, the author had hecone
move adepk at controlling the flews and heat inpui to the deacvator when
covering the 4Q ©cro 90 g vange, thus veducing the flow Fluctuatione,

A deviation plot of the ewporimental points from the computed curve
ig glven in figure 0.5, and the points appear to be well distributed about
the computed line.

In figure 6.6 is shown a deviation of the computed cuxve from the
correlation of Bingham and Jacksen and the axperimental wvaluwes of Thorpe

- - O » N & ¢
and Rodgers. It can he seen that at 40 ¢ the deviation of the viscosity
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valuas of the computed line and Bingham avnd Jackson's line ig - 2.27
RTINS ' (41 4 far U On L. s O b L5 0 (|
md approximately ~ 3% between 70 "C and 90 "¢, In the wange 45 C
O Ll 4 ) » - - 1 ¢ 4
to 65 C the ervov is approximately - 1.5%7. The deviation fyxom Thorpe

ad Rodger's valueg is slightly less. On couparing the equations of the

‘. . o o ] 0. ..
computed lings for the wanges 20 "C o 50 "C and 40 "C ko 90 "C it can

it

be seen that the constants Ny @ and b differ. Since the equations
ovexrlap in the range 40 °¢ to 50 ¢ both lines should give the sane
values of viscoasity ai 40 %¢ and 50 “¢. This was found to be not so.
Por the line coﬁeriug the range 20 % 1o 50 “¢ the viscosity values
at 40 °C and 50 °C ave 0.6530 ép and 0.5594 ¢p while the aguation for
the vange 40 %¢ wo 90 %¢ gives corvrvesponding values of 0.0414 cp and
0.5445 cp, a difference of some 2.5%,

The veason for this discrvepancy is probahly due to the faect that
between the two sevies of measuvements the plates were separated and
the gap rvemeasuved. This could give yise to a systematic evror and
explain why the results over the raage 40 % o 90 ¢ ave consistently
lower than those of the other set of experiments.

Lt would appeay that although the resuvlts awve of a preliminavy nature,
a radial {low viséomﬂter has possibilities of producing accurate measurements,
and with the open type viscometer used hexae, the author feels that move
accurate measurements could have heen obtained if the comiwol of the flow
from the deaevator had been improved. Although the flow fluctuations were
of the ovder of 1%, it was felt that the maln error areose from veading the
heighte of the fluld in the manometer Limbs.

The plate sepavation was of the owvder of 0.010" in the temperatuve

pangae 20 Qg‘xo 90 °C in owder to produce a veagonsble pressure drop and
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thus reduce the pressupre-drop measuregment error. Thus, with thig smpall
gap, to improve absolute measurements a highly accurate means of measuring
the gap must be devised., Of course, the instrument could be calibrated
although 2 secondary instrument is not as attvactive ag an absolute
viscometer. The resulis over the vange 0 °¢ %o 10 %¢ probably give a
better indication of the accuracy of the instrument as the £low could

be maintained constant to better thaun 0.5% and, as can be seen from

r"\

Table 1, the weproducibility between individual points is good while the

agrecunent with vecognised values ranges fwom 1% to 1.53.
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CHAPTER VIT

1ich Pressure Radial Flow Vigcometex

Tt has been shown thai the expressions obtained Ffox the radial
flow between plates have accounted accurately enough with respect to
the inertia tewm to warrant design of a high pressure viscomeier
using the method of radial flow betwsen parallel plates. The choice
of such a method has been largely influenced by the need for viscosity
measurements using a method other than the conventional capillary method.

By pecessity rather than cholece it was decided to make the viscometer

a secondary apparatus i.e. to obtain the cippetad

:@{kGWM§£iigafEChPF&%ﬁbémiz) using a fluid of

.Gy y Ca

itk Ca Guuomscion,
known viscosity for calibwation purpoges = the £luid in this case being
water at 25 °C since its vigscosity is kmown to at least 1 pavt in 500.
The main reason for this step was thot the wethod of the open—civcuit
flow asystem adopted for preliminary‘experim@nts could only be applied
with difficulty at high pressures. In addition, the time required to
develop such an apparatus for high prassure‘applicatian would probably
be too long. By far the greatest difficulty envisaged by the author
would have been the development of a high pressuxe manometer o read
differences of pressure of a few centimetves of water.

The apparatus designed to measure the viscosity of water and other
fluids using the method of wvadial flow hetween parallel plates is ghown
in fig (7.1). The vizcometer 1s a modified Rankine viscometer and was
designed for the maximum operating conditions of 500 ®¢ and 1000 aimos-

pheres pressure, Many of the features are similar to the viscometews of
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Rjelland-Fosterud (8) , wWhitelaw (9) and Ray (10) except that they
ugad eapillaries instead of the plates used by the auihor, and the
method of timing the fall of the pelliet is done by a Light systen
instead of platinwn conbtact wires.

Briefly, the viscomater opevates thusi-

A mercury pellet of known mass is made to #all vertically down a
glass dvop tube by gravity and consequently displaces water through the
connecting tubes and parallel plates. The water flows back ifato the
drop tube from the plates through anuuwli formed by the horvizontal
comecting tube and its outer pressure tube and that formed by the
glass drop~tube and its outer pressure tube., The wate of flow is found
by timing the f£all of the mercuvy pelliet over a kmown length of the
gplass tuvbe,

The adoption of the closed eclycuit Rankine viscometer adds further
disadvanispes as compared with the open~civeuvit viscometer, such ag was
used for preliminavy plate tests.

A semi-empirical teim has to be used in the woxking equation to
account for excess pressure at the inlet to the plates arising from the
kinetic energy and Couette corvections. Iu the open cirveuit viscometer
ihis additional complication can be avoilded by placing the pressure
tappings far enough dovmstream. Tu addition a correction has to be made
for the loss in prescure in the drop-tube due to the surface tension

drag on the wevcury pellet.

Detailed Description of the Viscomeiar

1) Pressure Bodles As stated above the viscometer is designed for

1000 atmospheres pressure and 500 9C. The material used is Fivth~Viclkers
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Btaybrite F.0.P. atasl aad the viscometer s desiznod with § tons/in
as a safe working stvess. The fivat conslderatioa was tho doagign of
a pressuce vessel to honse tho small parallel plafes. Sinee the whole

epparatud iz tned on its beariags through 180% and hack pgain, it
was dacidad te pub the tube commecting the plates and the glasg dwop-
tube on the asis of rovolution as opposad to the Flak plates. This
yesulied dn the eiveulaxy recess of the moin prossuwe wvessel being
eceantric to the axin of vobation as shown in $ig (7.1).

The 24% dlameter vecass that houses ¢he plates is sealed off by
a plug which tranmsnits thae Toad to a larpe sui savewed SEY B.g.9,
This plus has on tho non@prassure aide o shafi vhich although helng

evecentyic to the plug itseld Lics on the axis of wotation and is

comactad by a cother pin to ancther shaft which yuwas in g roller

bearing,
2) DBeanings The weight of the tve pressere vonsels and drop tube

is approzimately 200 iba and this is suppovted by threa heavings. The
two cuter beavings ara voller bearings, the centval one being o simple
Vebearing, The latter tabes about S0¥ of the total load while ghe
load on the ball races lo wall within thely covuving capneity. The
whele is supportod on o frawmevork made of 3V =z 117 channel.

The veagon for not dizectly suppovting the vessel that houses

]

the pavallal plates i to sllow suffficient spnece fov it to bo sub-
moargad dn o cempoerature controlled bath whieh will operate up o

: Qs
approxivataly 95 76 wsing water,

3) Boals The largeat and, eonseguently, most Jdifficult seal in

[PPSR
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the viscometer is that between the plug and pressure vessel housing

the plates.

crosg-gaction ag shown dn fig (7.2{a)). It was found to leak at
approximately 100 atmospheres pressure and it was felt that this was
due to geratches on the face rather than the straining of the nut
holding the faces togethers It was concluded that this was not a
very satisfactory type of seal and was weplaced by an O-wing seal
strengtheved by a backing wing. This seal, fig (7.2(h)), has been
ﬁucuesafuily tested to 500 atwmospheres, the Limit of this seal being
the strength of the mild steel backing ving.

The author feels that an adequate seal would be a Ruston and
Graylock type shown in £ig(7.2(e)) which geals on the uusupported
area principle. However, this latter method would ounly be used if
neeessary as the other methods requived no machining of the pressure
vaessal,

Most of the other seals ave the conveotional lens wing type,
an exception being at the flange comnecting the two main vessels
where there is an O-ving seal. Tor smaller dlameters ~ l.e. E¥
diometer and less - the type of seal used is mainly the spherieal
face on conical seat and for the pressuve giping3 standard Irmeto
couplings are used,

All the seals used in the internal system, i.0. the flat plates
and connecting tubes, are either rubbev or copper washers since only

small diffevences of pressure ave experienced.
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&) Plates The plates ave made of stainless steel and the
experinental faces are 2% dilameter with a central hole of 3/32"
diameter. These faces were lapped flat mechanically to approximately
0,00002" as checked with an optlcal £lat. The separation of the plates
reguired for the measurements iz of the ovder of 0.002% o 0.004" aund
to obtain this separation to the necessary accuracy was bayond the
timivs of the measuring equipmeni available,

It wag felt thevefore, that all that could be done was to eusure
that the plates were as parallel as possible and determine the plate
separation by caiibrationp This was attempted by screwing the bottom
plate O B,A. at three positions 120 ? to each other and correspondingly
. v : .
in the top plate screwing'E B,8.F. three wovegble collars which could
ba locked to the top plate, see fig (7.3). Iu this way by making a

:!Ei
boli screwed O B.A, at one end anﬁ-ﬁ B.S.F, at the other the top plate
could be "jacked" off the bottom plate with very fine adjustment since
the difference of pitch between 0 B.A, and=%. B.S.F. screws is 0,0009%,

The two plates were initlally wrung together and using a comparator
gauge accurate to 0.00001" zero readings were taken at the three positions
avound the top plate, By screwing asach bolt in turn and noting the change
on the comparator gauge the top plate was "jacked" off the bottom plate
311 the vequired separation was obtained, It was felt that by this
mathod the gap could be estimated at bést to 0.00003%, this algo being
the limit to which pavallelism of the plates could be measured.

As stated above, a more accurate value of the plate separation

could be obtaia 2d by calibration with water. However this will oaly
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giva a wean walue of thoe sepovation of fha plavce consistent with
the aceuracy & widch tluey ors set wp relative to soch other, This
undoubipedly could T oso of the matn auarcss of avzow since soy mise

aligomant could cause the flow o deviate fyom pore redial {low,

Inipially 1t was dacidad o proczed with mengurements and fyom,

2 % ¥ Mot ohe yu o o 1 i g P o ln i v P w31 s
an enalygis of the data abiaived, estimste the ervor incurrved by the

¥ 5o - Shed " 4 T o g
nonepavalicliom of the plates and thoo ST necersary, dovelop & sore

2. -+ 5 . ‘&
secavaie methed off weagurinn ¢he plate sepavatios. Awny deflechion

End C
¢

of the plates fron the hoedzontal due to the bevnding of the connecting
tebe way found to be negligible,
5y Dotagian Sesl Dus £o the rotakbion of the spparatus a votaning

seal ls noeosssyy in the Lice conmsoiing thoe pressure ralelnge apparatue
to the viseomster, Although it is diffdevly o cbtaln cowseveinily
such & seal Lo oporabe ab such high prassuves, the facn vhut tha seal
will be wsed only fow an oceaslonal half~tuen aimplifics the problom,
& diapram of the seal used fo shoun in fig (7.4) which ig ginmilaw in
desipn o that vsed by Whitelow snd Ray, It bhas bepn successfully

testod to DO aimospheros pressurd.

6)  FProssuve Baieing Baulpwest The presoonvs Lo the viscoacber is

veisad by o mamnally opavated "Huevpae' oil puwp, whieh coveeguently

pocnssitates an oll-water lotewfaco, To aveld poseibie contsmination

X

of the wvatey the Interface in made with o rubbar diavhvagm (sce £ig (7.5))

with a Lip which fite into the recess of o brass ving, bhe seal belng
affected by bolting the brass wing te s face in the pressuve vessel

aud phus comprassing the rubbar lip which 1o civeslar in section. This
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interface has been tested suceessfully to 1500 aimospheres, Since
the test fluid is water theve is little fear of stvalning the diaphragm
due to the incompressibility of water.
7)  Drop-Tube It was found by Rankine (45) that the limit of the
glass drop~tube bore down which the mercury pellet falls without breaking
up was approximately 3.5 mm. The bore of tha drop-tube was thus
limited to 2 mm and was made of pracision "Venidia®™ bore-~tubing,

The Rankine viscometers of Whitelavw aud Ray used platinum countact
wires threaded through small holes bored in the wall of the tube and
sealed in position to time the fall of the pellet. This was done at
three positions along the lengith of the tube, at each position there
belng two contact wires diametrically opposite cach other but about
1 cm epart so that as the meveury pellet passed it completed the circuit
and hence activated a timer.

This method had several disadvantages:~

(2) It was found that no matter how much care was taken,

the boring of the holes in the wall of the tube tended to
distort the bore. In addition, the platinum contact wires,
although barely protruding into the bore of the drop-tube,
tended to stop the pellet so that its motion became jevky

thus destroying its uwniform velocity.

(b) it was also found that, although made of platinum, the
contact wire soon became dirty and thus affected the

electrical contact between wires and pellet.

The method adopted by the author of timing the fall of the pellet is
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an optical method which, although wore difficult in setting up,
dispenses with the disadvauntages listed ebove since the pellek
has an uninterrupted fall down the tube, The wmethod is shown
in fig (7.6).

The light is piped from a bulb souvce by §V dismeter Perspex
rods, the other ends of which ave brought up against omall 45 © angle
prisms of leg size /?6“ and silvered on the hypoteneuse, These prisuan
arve cemented with Canada balsam onbto flaits ground on the walls of the
tube so that the light from the Parspex rods iz bent acroess the bove of
the tube and by another prism and Pewvspex vod diametrvically oppogite to
a photocell, Thus, as the peliet pagses it cuts off the Light to the
photoeell, the pulse so generated activating an electronic countew
accurace o L paxi in 105.

Sowme difficuliy avose in making the flats on the tube, Howevew

this was overcome by fizming the glass tube in a sulgable

q

jlg clamped
to the table of a grinding machine and by using a dizwond impuvegnated
vheel and feeding it down as the table moved backwavds and forward a

N

£lat was produced, Caxe was taken oo turning the tube to ensune the
other flat was diametrically opposite. A good flnish was not necessary
ag the Canada balsam used to coment the prisms filled in any small
geratehes Or grooves.

The gsmoliness of the tube -~ 2 ma bore ¥ 0 mm o.d. ~ wesulted in
some of the light from the prismg being bent avound ingtead of acyoss the

bove, This was easily overcome by masking the faces of the prisms.

The drop-tube which was approzmimately 75 cem long had three palrs
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of flats, ecach sef at 120 ° to ecach other o facilitate leading out
the six Pevspex vods, and approximately 15 cm apart, The electronic
cizcuit was designed so that as the pellet cut off the light at the
top position the pulse produced by the phototrvangistoxr did not restavt
the timer. This was started by the pellet passing the mid-position
and gtopped at the boktom position, On vevevsing the tube so that the
pellet fall back up the tube, the pulse produced by the bottom photo-
tvanoistor was ignoved, the middle one started the timey and the top
one stoppad it

Thug the photocell ai the mid-pesition always started the timer
vhile only every second pulse feom the photocells at the end positions
stopped the counter.

A diagvam of the dectronie eiveuwit is shown in fig (7.7). UThe
rveagson for gilving the pellet a 15 cm length of £all prior to timing
its vate of £all is to ensure that it has attained a uniform velocity.

The exact length over which the pelliet is timed is not required
as this is accomnted fov by the calibration,

A set of timings obtained in the development stages o asceriain
the reproducibilicy of the avrangement ig given in Appendix (ﬁiy
For the high pressuve application a wmethod had vo be devised vhereby
the lLight could be piped in and out of the pressure vessel. It was
decided to make the windows of Perxspex as shown in fig (7.8) a window
of similar desiga baving been suceessfully tested to 2000 atmospheres
Pressure,

The drop-tube wag fitted with meveury traps at beth ends. The

trap at the top was simply a pilece of glass tube alosed at one end
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which was fusad onto the drop-tube with a bole blown inwards in
the side. Tha hottom trap was detachable so that it could be
vged for weighing the mercury pellei.

8) Temperature Measuvement At present no provision has been

made fov extensively neasuring temperatures in the apparatus. Hovever
the pressure vessel housing the plates is immersed in a thermostatically
controlled copper tank wvhich will enable preliminarvy tests to be carried
oui: €0 95 “C. A hole has been dvilled in the pressure vessel forx the
ingeveion of a themmistor whileh will confirm whethey or not the
tempervature of the fluid uwndew test ie the sane as the bath.

The pressure tube housing the drop—tube has been jacketed by a
copper tube through which passes water pumped from a tavk thermo-
statically eontyollad o 25 °c. ‘This spystem has been tested
successfully on the calibravion apparatus which initially was unable
to givae veproducible vimings due to its vempevature drifiing with the

room Lemperature.

»

9) Working Foumula Thig 15 dealt with in Appendix (7).
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APPENDIX (1)

In the digcussion of a paper by L.C. Bingham onihe viscosity
of water at 20 °C (1) a radial flow viscometer was proposed by
Dr. Mooney.

Ue suggested this type of viscometew as a possible altermative
to a capillary viscometer which has the diffieculiy of producing a
capillary tube of uniform bore. As pointed out by Dr. Mooney glass
can be made flat to within a fraction of a wave~length of light and
the separation of the plates could be measured by methods of light
interference. He maintained that the solution of the equations of
moticn for such a flow regime could be obtained aad in a weply by
Dr. Karrer it was pointed out that the apparent viscosity was found
to be greater for liguids flowing out than with liguids flowing in.

Although no Fovmulaa are given in the reference, it would appear
that this discrepancy is due to neglecting the pressure drops due to

inertia effects,

REFERENCE ¢~

Tk Fyacod s a0l e

(1) Biangham, &.0. J. Rheology, pp.A03-423 (L931).
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APPENDIYE (2)

{a)
Below awe given the mathematical steps roguired te obtain
aquabion (28.21) Trom g,w 20} of the author’s peper referred to in
Chapter TIL and Found into tha baek of this thesis,

Ban 1i.mn (R8,20) is written

AX ==U[225
. JF’%)(M‘I“?%”?J’%) 3 * t'!t.(l}
Lot (V+x) =w” voree(2)

: _AdX 2 o
* e Jz/,—/-;c cenee{3)

*

Substictuting in (1)

JITE
A

» \/’%‘_ 2 = 2
5w 3 Z [ (3"‘ y‘_{,ﬂX)/'-l-J/?, ._..U?-;\' c..eo(a.".—‘-)

ey,

)
Lot w = (B+y Yo v coees(5)
Svbspituting for v in (&)

/
) o(;\/‘

Y 5 2R )
¢ 3 x - J(——U'I')(U—f-)/ "@-f«)/)-‘)?’ 4@.;.(‘?)

wt_
u,+3
u-a»w(?}
Ju-;-p'q_j \}("“L)Cl#@% v
/e
"’* JIz
{ 0(/-,— V,+B
A
2 astea(g)

A J(’“”L,{/’—ff—)i;‘jb)vj G-vI( (84-1/)

v+,
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"‘"" 2
v 2;:?/ x = JVJ'PV?/ (:F(o() 7/"") HF(DL) eﬂ 006"(9)
here o Sl [T et 0= R

Bquation (9) is equation (28.21) of the author's papow.

®)
The following is the mathematices required to obtain equation (28.25)
£xrom (28,?4) *

BEquation (28.24) is written

B
/I—LL [Fx?g/ chLe:J Ax =
7—‘1/ (g%v.g/*g?.)'/f f ( ! ) ( ) ) X ’ .o--.(lO)
o
o w+X
How Gin @ = ;’—% s & Siﬂz © = j}{_;—l; on'lt(ll)
e » 2 510 & Cos O J8 = s 0(7( cooes(1l2)

Substituting for 4X in (10) and rearranging

b i
> (g%-_s,wg;») @F
[F(a,?},_)#(»ﬁ@] 8in O Cos & d9 = W 3 cenes(13)
r—
';F(A,})[&tej — jF(%,e_) 8in © Cos 0 d9 = S (gimy veaso(14)
so\Za NS E7 . B
2b 3, o) | 12
B _ r(‘*,é u:{.i’? 8 Cog 6 d9 = (‘?, /‘{‘82) J 3 veseall5)
ﬁﬁ)/ V+B 2(5_.’1}’)
LN
+B
'7'/1/ |
3 ¢ -——-—-——'—‘ ? — -_‘:;; '}h'—é_ﬁf‘ >;‘(’
F(d\,e') Sin @ Cos @ 40 “2(& o) F(&/)B \)'3(1, LFJ ceees(16)

.o~ L -
S 2
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whare ¥ (a,0) = f(/ U:L—;)S:U« }V)

ougfc(l?)
and ¥ = Gin /,,. +g
aix,mg L.1.8. of @quatloi (16)
Ay
oL, 0)UnB(0f d& = 0G0 [ o
jF( ) l&“ JT- sy
I sano.(lg)
NN P
Yy
where Si.112 = B
p, Intege ai:..;.nfv bv pavts -
C[G j S
jg”"‘ecna J-‘J' 5):‘;6)&‘} [ \r— ,_,+;_> "LY q>
j Surte
‘J 51:15)3,.3’9 Q-n.-(lg)
since 8in @ = Sin Y = JZ%
L8,
4 N -—-’l"— 7 _}'SL 1:0< -na.(ZO)
RHS. of E@N() ,2_{_(«,/;/ 5 St )(1>

7

(1 = (5m)s¥9) o _
e J(' )9 “*B) =T e

=L F(=2) ~5 S 2P F) +—E@[E(/ e ¢] veeen(21)
T (4% )= F(dqj

=

From equation (16)

4 o %)~ LS e g+ 7 | €(%, %) fgp,ysj
L ﬁ a5 éf%"’yf/

oeo.c<22)
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wheve Sin” 58 2 vig
JE (2% - (y,.wﬁfg(pg@ (e, ﬁ . [,: 42)- 4 9 )]
Since (’)//+sz) =7 (.gfi,%gjf'i
F (/ }/H} [.E(x 7}) /:(x S5 J

3;& / @)"
‘[E/ %) - 5("‘ NS Z] ..... (24)

which is equation (28.25) of the paper,

.o-u(23)



APRPENDIX 3.

hegin progedure AITKENROOT(rsxayseps) )
value eps;
Lgal array Xs¥;
real eps; integer rj
begin integer i3
x[0]:= 13 ‘
if xlr]=0 then x[0}:= O
else LL r=1 then
begin yl2l:= ylil+ylol;
ri= 2
end
else if =2 apd sign(x[2])= sign(x[1]) then
begin xl1]l:= x[2];
yltl:= yl2];
ylal:= yl1l+ylo]
end
glse
begin for i:= 1 gtep 1 uptil r~1 do
yirli= (ylilxxlr]=ylrixx{i])/(x[e]-x{1]);
if abs(ylrl-ylr-1])<eps then x[0]:= ©

glse

begin ylr+il:= ylr];
r:i= r+l

end

end;
epnd ALTKENROOT;
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real procedure SIN(m)
value m; real m;
begldn integer i real term,sum,mm,];
sums=term:=mj; mm:=mT2;
Lor 1:=1,i+1 while tem>p-8 do
begin j:=2.0xi}
termi=termX(j=1.0)12/(JX(J+1.0) ) xmm;
sum:=sum-tterm;
end;
SIN:=$um;
end SINj
procedure EF(a,y,E,F);
value a,ys real a,y.E,I';
begln integer j,r,h,s;
real l{,‘Y,f,_ter*m,KE,KF,ff,sumE, sumF,noL,noF, A,1,y1;
ki=sin(a); Y:=sin(y)s y1:=1.5707963268;
fi=tem:=KL:=KF:i=1.03

for Jji=l,j+1 while £>3p-4 do

begin ri=2xJ;
term:=(r-1)xterm/r;
Ci=termXkT] 5
=723
KE :=KEefE/(11) 3

KF:=KF+£T 3



sumB :=sumF :=kT2X0.253

fi=noli=nolf:i=0.53%

for j:=2,J+1 while IHp-7 do

hegln, ri=2x];
noE:=noExX(r-3)/r;
noF:=nofx(r-1)/r;
term:=140/r; A:=0,03
for h:=J ghtep -1 uptll 2 do
begin s:=2xXh=~2;

Ai=A+YTsXberm;
term:=termx(s+1)/s;

end
A:=A+term;
Le=kTr;
f:=noFxAx1;
sumb s=sumBE+noExXAX] ;
suml' s=sumbf+1 ;

end ;5

Yi=Yxcos(y) ;

5 e=KEX(y1~y)~YxsumE;

Fe=KFX(yley)+YXsumF';

end EF;
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integer fa,fb,fc,fd,nslyNyJsss
real BsPlekohsrloDyro,yamadrosK;dhnsbfsggsmspy B Fomu;
array r,dsa,B,RL0:20];
faz:=romat([d.ddddddsss]) 3 fb:=format([ndddd.ddsss]) ;
fci=format([ndde.ddddddsss]) s fd:=format([nd.ddddddsss]) ;
g:=981.,63 pii=3.14159265363
K:=32,0XpiT23
open(20) 3 open(70);
writetext(70, [[4s1M[10s]RO[Os]1DP[10s]Q[V1slB{11s]lyl11s]IMU[c]]);
n:=read(20) 3
hi=read(20); rl:=read(20);
for i:=1 gbeb T untll n do
begin Di=r[i]:=read(20);
dli]:=D/ri;
alil] :=h/D;
endj
N:=read(20) ;
for j:=1 gten 1 until N do
begin ros:=read(20); Q:=read(20); dro:=read(20)xg;
ma :=EXro
write(70,Ffa,ma) 3 write (70, a,ro0);
K:=kXroxdro/mat2
for i:=1 gtep 1 until n do
begin dn:=read(20) ;
AL 1#1 ghen space(70,22);
write(70,fb,ydroxdh) ;



e L3

De=ad[1]12~1.03
Qe=Kxali]lt2xdhxr[1]T4/D;
write (70, e,Q) ;3
Bl0]:=0.053 BL1]l:=1s4; s:=13

L: b:=Bls]x0.53
Pr=3qrt(3.0x(Q=bT2)) 3
ggi={Feb=1.0)/(2.0%F) 3
ms=sqrt((3.0X0+L)/(240XE)) 3
pi=sqrt((b+£)/(30xb+L) ) 3
EF(SIN(m) ,SIN(p) 4E,F) 3
Rls]:=gg~E/F;
AITKENROOT(S sRyBy10~3) 3
if R[O]#0.0 then gobo L;

END: write(70,fd,B[s]);
(2=3 . OXFt2/L 3
write(705,£dsq) 3
mu:=Dxa [1]xma/ (8 «Oxpixyxrlilxin(dalil])) ;
write (70, fdmu) 3
newline(70,1);

end;

newline(70,1)3

end;
close(20); close(70) 3
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APPENDIX (4)

Thermistor with a Nominal Resistance

Given below is a

10 OG and 70 0C. The

of 300 ohms at 25 °C

calibration chart for the thermistor bheiween

caleulated from the equation given in Chapter IV.

°a

0

10
511,00
491.67
473,13
455,39
438,43
422,20
406,66
391.79
377.55

363,91

20
350,84
336.32
326.31
314,81
303.77
293,18
263,03
273.28
263,93

254,94

230,07
22242
215,07
208,00
201.21
194,67
188,38

162,33

40
176,50
170.89
165,49
160,29
155,20
150,46
145,61
141,32
137,00

132.83

121.20
117.58
114,10
110.73
107,49
104,35
101,32

98.39

60
95.56
92.82
90.18
a87.62
85,15
8275
80.44
78.20
76,03

73.93

values of vesistance are in ohms and have bheen

70
71,50
69.94
68,03
66,19
G440
62.67
60,99
59.36
57,78

56.25
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Tapla 1
Resistance Resistance
Temp Ragistance by fro@ Tenp Bes%stan?e by fro@
¢ calibration equation ¢ calibration equation
14.87 424 .55 424,27 55,46 109.23 109.23
15,20, 419,20 419,04 59,24 97.80 97,67
20,22 348,05 348,05 66,04 80,51 80,34
26,01 282,90 283,02 68,88 74.18" 74,18
30.56 241,70 241,64 74,23 6ha1l 64,00
35,20 206,60 206,60 81,84 52.3L 52,15
38,59 184.80 184,72 85,43 47,79 YR
45495 146.05 146,04 88.67 | 43,96 43,61
49,15 132,25° | 132,25 01,86 | 40,59 | 40,18

Glven in Table 1 avre the values of resistance of the thevmistor
against temperature. The resistance of the thermistor was measured
with a resistance box as described in Chapter IV and the temperature
with a platinum vesistance thermometex. The calibration values were
fitted to an equation of the form given in Chapter IV and the four
values marked with an asterisk in the table were used to obtain the
congstants of the equation.

Tor the temperaturas given in the table, the resistances ag
obtained with the equation have been added so that the agreement
between the equation and calibrated values can be judped.

The discrepancies from calibrated values by using the computed
resistances amounts to 0,02 °c at 15 OC5 0.01 ¢ at 25 ocg 0,02 °¢ at
40 °q, 0,04 % at 60 ¢, 0.1 %C at 80 %C and 0.4 “¢ at 90 °c.

It would thus appear that the equation given in Chapter IV is in




~137-~

good agraeement with the calibuated values up to 50 OC3 and only

0 o)
batween 80 € and 90 € does the erroxy become notable.
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Appendix (5)

The pressure drop as given by Peube’s 5 term solution (equation

(61) Chapter II) for converging flow is

U',:*\’\) =39 @\T/f,; _icp_ ~/2,>
Len &%

R AN
e(P (—M G 3086 LBY Sopr wl
&,GO') g A

320>

v | { - '.SquE
+€CP (ff:“'_@*)z%’"“‘ %wo-,-,z/qaj ceees(1)

For static pressure tappings the expression reduces to the pressuve

deop at y = + h il.e.

Q: ¥> _L_f y_(.’;’:]ﬁﬁ_ ( l,,) ‘L(; l,,) 3‘?5?(+~/¢)

ST 3609% €b24L07 -1/(“9\
Aeweow (2)

The auvthor has extended the analysis to 7 tevms and given below is

the expregsion for the pressure drop for gtatic pressure tappings.

(b = 32 amea® (4 ot i)

-7 &S geop*R™ 3§50
o 5L 3(} -
Wwd “ﬁ“’ /’I,,f(’) — O OOOO/G“?F 5/7 (”“76 /”(,)
g()u\"h'?l"/‘«\'e\ /(A‘L_?f.l.(.

e 0-034—93!(?2'@3»’@ (J"/:(’_{(f:f’) o o-o:zfzés’ﬁp”-f"(ézfé“/éé/

T i 7
/

R &)

To estimate the diffevence between equation 5.2 Chapter V, and
aquations (2) and (3) glven asbove, the pressure drvops were caleulated
using the larsest flow wates at cach gap separation, and the sumallest
rZIr ratlo since the variations are more noticeable at these conditionsgw
The viscosity values are taken from tables and are the values corresponding
to the temperature of the water.

Given below 43 a table giving the pressure drops for the vavious



m;ngg}m\
agsations in cenvdwmotves of watew, In addition, the appropwiaste toble
of Chepter ¥V frow vhich the dots has been outracted is glvon, the
visconiny value wsed belog the meavured value.

e

Tabia ol T 's’,mﬁ 1 equniion |oquation (3] |euuetion (8
Chott, ¥ jrate oo ! 8 4 .fféaéi} e 0E Sorn s ol T%g;;;g,@z;ﬁiz:ﬂ_
(d 64241 5485 1 5,450 Bobifil
£ {f,*f;éfg ﬁ?ﬁ:ﬂ L 34«@{31 3069
3 4,008 %4220 1,883 51,2205
&1 7,534 CReov | 0,067 | 0,968

E2 con bo soen from the tablo thot ab § = §.241 &mﬁ{g the ¢lffovenco
batwvoon ¢he presgore dyope chtained by oypation (9.23 and eguation (2) of
ghe Appondin i approwimatoly 0.59% uhovess ot Q & V.53 o iE! tha differenco
in comn 4%, The lattor emmmple is fov o plote ssparation of 0,0194% o
pazed wivh 0,000068% gt O » 6,241 oo j vhich explaius Bha geeataw divorgonee
from the two golntlons civee fou the lapger sep the inoptds offccts awve much
grantoy and the peoosupe drep due $o fnertin o lovgoy fonetdon of the vigeous
spessure drop.  The effoct of tabking move temms Ia the sordes golution is
paglicible for the gmnil plate seporations but fo cppyonimately 0.57% at
(s Fa5 mx f”} sud 8h o G,H584%,

Uhe ewomplos queted obeve awe fov thoe worst conditions of the vescito
af Chopeer ¥ for ench plato sepovetion end on sverege the $ffepenca botwoen
equation 5.8 and cguatlon (2) of this Appendls was less than G.27% ond the
offost of volng the onpended snolyels woo pogldsibic. Thus du wvould appeny

that fov the festa glven fn Chapter V egestion £5.2) vy suificlenyly
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accurate, although for experiments carried out at smaller radii ovx
larger flow rates, the deviation from ewuatlion (5.:2) of equations (2)

and (3) of the Appendix would have to be considered.
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APPENDIX (6)

To ascertain the veproducibility of the light systenm described in
Chapter 7 for timing the f£all of the mercury pellet down the drop tube

a series of tests were carried out with the pellet falling vertically

Pt}

when the tube was filled with water, @Given below are a typical set o
timings, the difference between the two sets of timings being due to the

top and bottom poirs of prisms not being equidistant from the central paiwn,

“Time OFf Fail |Time of Iall
wid to bottom | mid to top
nosition position
~ seconds seconds
44,33 47,53
44,32 41,56
&4432 &1.53
bty 34 41,54
44432 431,53
4l o 35 41,54
44 » 35 /3-1 . 55
13'[{'034 41.5["

From the table it can be seen that the varviation is of the order
of + 0,047 and it is felt that better reproducibility could be achieved
if the temperature atabillty of the water could be improved, It io also
necessary to ensure that the glass dvop tube and mercury pellet ave clean

oitherwise, ag the author experienced, the timings become erratic.



w1420

APPENDIX (7)

The first consideration was to determine whether it was pogsible
to ignore ivertia effects and use the creeping flow solution, the
alternative being Peuvbe's 3 term solution vhich accounted for inertia
effects.,

Tor a dyop tube of 2 mm bove and a fall length of 15 em it was
found that for a fall time of 25 seconds the plate separation would be
0,004",

Using these values it was caleculated that at 20 °¢ the inertia texm
was 0.4% of the viscous term and 1,2% at 90 °C. Thus it was concluded
that the term acecounting for inertia effecis could not be ignored.

The expression for the viscosity for Peuba's 3 texm solution for
converging flow is

_ ¢¢71532&5 - 9(°?Dﬁ3(255’”5i?/
/a 397’&\.4}—?, (o7 ,@“_d}_“_’}l veosa(1)

This can De written
¢ Wyt LP — Cafo
//{ / d (O_D /é 0.-0-(2)
where t is f£all time in seconds, W the weight of the pellet fp and &

the density of the fluild at the plates and the drvop tube respectively and

;o= 45771(’3 A
/ 3&'\,4}-—-&’// (7%}?)11_* oo-ge(:'})

and 2 = - i ’1’7‘?’) XY ([})
560 6%,

To equation (2) various corrections have to be applied:~
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(a) D¥xcess pressure logs in the inlet scction

(b) Drag on the mercury pellet due to surface tension

(¢) Pressure losses in connecting tubes

(d) Correction to the weight of the pellet due to buoyancy
() Thermal expansion

(£) Compressibility.

(2) This excess pressure dvop at the inlet is due to the velocity
profila changing from an assumed wniform profile at the entry of the
plates to the fully developed shape further downgtream. An additional
digsipation of energy is caused by the convergence of the streamlines ag
the fluid enters.

An approgimate method of obtaiuning the extent of this covrection is
by the kinetic energy end correction (1). This method assumes that the
dissipation of energy iwv the inlet leagth is equal to the digsipation
in the same length when the velocity profile is fully developed. 1In
addition there arve excess pressure drops to account for the difference
in the rate of inflow and the rate of outflew of kinetic enmergy in the
inlet length and the kinetic enevgy rvequirved to start the fluid from rest.

This method was applied to radial flow and in the snalysis the simple
ereeping flow solution was used since the size of the inertia was small
in relation to the viscous term,

By gimilar raascning to that wesed dn vaf (1) the author found that

(p-p.) - L2ET 208 (%

477@ Sbony & corea(B)

where P and py, are the pressures outside the plates and at the point
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where it may be considered the flow has become fully developed and .

is the vadius at which this oceurs. Thus there is an additional pressure
drop, given by the second tevm of equation (B), due to inlet effects and
equation (1) cap be vewritten

= wnl3 Y _qppr (4 ) _ 7ol (%)

3p 4 Tuon 4%, (0P i T i (6)

An expression has been obtained by Wang and Longwell (2) for ithe
inlet length for laminar flow between plates and since inevtia effeects
are small for this particular application their expression has been used.

Thus

. <136 -47’ Ll
C/f}:-_/t.) - 0 / P/(/L 00-00(7)
wherel%lm ;?/;Lﬁ.

Howeaver Schiichiing (3) found the constent of equation (7) to he

" 0,16, Thus the aulthor has uwsed the latitev value., For converging flow

vy = 1" and rL was found to be 0.9999" for the dimensions of the apparatus
and congequently A The last texm of equation (6) was found to be
negligible and could be ignoved for converglng flow.

. . . . 3
However this was not the case for diverging flow with ¢, = “/64" the

2

last tewm of aquation accounting for approximately 0.57 of the viscosity.

Sunmarising, the equations for converpging and diverging flow arve

respectively
" >
R A ©
¢ Co € [\
/(.ﬁ-: waé'tge/p +CL/ —_C'?:: _E (4-1') ..i.'(g)

QDth

%Oa:f;: w2/,

where G, =
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(b) Drag on the mercury pellet due to surface tension arises
from the fact that the shape of the menisel at the top and bottom of
the pellet ave different.

The method described by Rankine (4) of splitting the pellet to
determine the dwag cannot be used in this application as the mercury
cannot be observed and consequently no check could he made that the
pellet has been split properly.

The other method yequirves the pellet te fall down the drop tube
at a known angle to the vertical which resulis in the weight of the

pellet being multiplied by the term

<me&L—
I — ) vowes(10)

where © is the angle the drop tube makes with the vertical and ty and
tl are the times taken for angled and vertieal mums wespectively.
Below is shown how the Factor given by equation (10) is devived.
Tor a given size of dvop tube asnd fall length the equation of flow
through the tube can be written
n = K Wg t aeses(ll)
If the fractlon of the weight of the pellet requirad to overcome

the drag is denoted by ¢ and ¢, is the time taken to fall vertically then

i
o= KWy ~ a)t1 esone(12)
Tor the pellet falliug down the tube at an angle © to the vertical
and assumiug the drag to be the same
v = K{Wg Cos O - e)ﬁz veseo(13)

If the vertical and angled runs are done at the same temperature

which in practice would be the case



146

(Vg - f;)f:_E = K{Wg Cos G ~ e)t? veeeo(l8)
Thus

{Cos 9 £, - tl)

€ hig = veves(15)

(t, = )
and hence correction given by (10) is obtalned.

It is intended to obtaln this coxreetion in a separate appavatus
thus overcoming the difficuliy of making a rotating seal between the
drop tube and the plates which must vemain in a howizontal position,

This method is not as accurate as that described by Rankine since
the assumption is made that the drag is constant for vertical and angled

rons,

(¢) Pressuxe Loases in Connecting Tubes

A further loss in head arises from the flow of the fluild through
the comecting tuvbes and mercury traps. With the small flows involved
the flow could be assumed laminar for the worst conditions the Reynolds
numbar belny found net to excead 500,

This correction although small is noi neglipible and accounts fow
about 0,27 of the viscosity.

As found by Whitelaw (5) and Ray (6) the experimental evaluation
of this correction could not be found by measuring the £all plme of the
pellet without the plates as the resistance was oo small and consegquently
the pellet broke up.

Tha resigtance wag found by passing water from a congtant head tank
through the appavatus without the plates in position and measuwing the

pressure dvop. DBy plotting pressure drops against f£low vates and extyav
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polating the curve which was vivtually a strvaight line the resistance

at experimenital conditions was obtained.

(1) Buoyancy Correction

Due to diffevence between the dongities of water and mercury a
corraction has to De made for the loss of pressure duee to the upthrust
on the pellet, This is doge by multiplying the weight of the pellen by
the expression

£r

/ (O veeve(16)

vhera Cw is the deusity of mencuxry.

(@) Themmal Expansion

The increase in the plate separation due to tempevature effcects

can be safely ignored.

(£) Compressibility

for water at 20 QG ~%§ = 50 % 10
%

6

and the increase in head due to the length of the drop tube iz approxi-
wately 1/10 atmospheve, Thus dV « 5 x 10“6 and hence the error In the
density of the water dve to compressibility is negligible,
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