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ABS_TRACT‘

After 10 years of ‘development, a frazil instrument capable
of nmasur1ng the point concentration of fraz1| 1n flowing water has
been produced "and calibrated. The instrument is based on the theo-
retical pr1nc1p1e that when ice is formed, impurities are rejected,
frazil therefore may be considered as electrically non- Londuct1ve and
jts concentration in water can be measured by comparing the resistance

of a sample of frazil-Taden water with that of a sample of frazil-free

water . | , » o
‘ » The instrument was calibrated in the laboratory. The cali-
bration testing showed that the instrument performed satisfactorily.

Because the frazil crystals are not isotropic, a calibration factor F

gréater than unity is involved. The division of the measured concen-
tration by F gives the‘trUe concentration of frazil in water. F is a
function of the flow Velotity and ‘turbulence and can be obtained
thfbugh’ca1ibration; o ' '



- REsusé

Apres 10 ans de perfect1onnement on a produit et calibré un
fras1métre capable de mesurer la concentrat1on de frasil en un point

- des eaux courantes. - La conception de, ]‘qpparei] repose sur le
principe théorique voulant que lorsque de la glace se forme, les
impuretgs qu'elle contient sont rejetées, le frasil peut. par
conséquent 2tre -considéré comme é]ectriquement}nbn conducteur et sa
cOncentratibn dans lieauvpeut-étre mesurée en comparant la résistance
d'un @&chantillon d'eau chargée de -frasil‘-avec' celle d'un autre
&chantillon d'eau sans frasil. | o

L'apparei] e &té calibré en laboratoire. | L‘essai de
calibration a démontré que- le . rendement de 1'appareil gtait
satisfaisant. Comme les cristaux de . frasil ne sont pas isotropidues,
un facteur de calibration F. super1eur 2 l'unité a @été employe. La
division par F ‘de la concentration mesurée donne la concentrat1on
réelle du frasil dans 1'eau.. F est une fonct1on de la vitesse du
'couraht et de la turbulence, ce fécteur‘peut donc -8tre déterminé par
calibration. o |
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MANAGEMENT PERSPECTIVE

Frazil ice is produced by flowing water in the absence of an
jce cover during the winter. This dice changes the ava11ab1e Cross
section availability for flow and may lead to flooding.

New winter navigation channels will create more frazil,
chang]ng the normal w1nter flow regions. : |

Up to now, the mass of jce produced was deduced by best
budget assumption which were not verifiable. _Moreover, the
distribution and behav1our of - the ice in the water channe] is. not
known. x
| This new instrument opens up a waydto_understand the frazil
jce in nature so that its effects and behaViour may be understood. ‘

Resylts of studies will permit forecasts of the change in
' ice regime where developments are contemp]ated such as new power dams
or winter nav1gat1on.

T. Milne Dick | oy
Chief ‘
Hydraulics Division
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PERSPECTIVE DE GESTION

En hiver, le frasil est produit par 1'eau courante lorsque
celle=ci est dépourvue de couverture de glace. La glace modifie la
coupe transversale ‘disponible pour le courant et peut causer une
inondation. ‘

De nouveaux chenaux de navigation ~hivernale créeront
davantage de frasil, ce qui modifiera les zones normales d'&coulement
hivernal.

Jusqu'a ce jour, Ta masse de glace produite a Bté déterminée
par déduction au moyen d'une "hypothgse de budget optimal® qui n'a pu
cependant etre vérifige. En outre, .on ne connaft toujours pas la
repart1t1on et le comportement de la glace dans la voie d'eau.

Ce nouvel appareil fournit un moyen de comprendre la nature

. du frasil afin de pouvoir exp|1quer ses effets et son comportement.

Le résultat des ®&tudes permettra de faire des préVisions
concernant les changements dans le régime des glaces ol des prdgrés
sont envisagés comme de nouveaux barrages hydroélectriques et 1la

navigation hivernale.

Le chef de la Division de 1'hydraulique
T. Milne Dick
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1.0 INTRODUCTION AND BACKGROUND

In turbulent water, whether in a flowing river or in an open
lake, the ice formed is in the form of fine crystals suspended in the
water and is known as frazil. Depending on the degree of super
cooling and the salinity of the water, the crystallographic shape and
evolution of the frazil vary. For fresh water under most natural
conditions, however, the frazil is in the form of discoids that grow
into dendritic crystals. ' .

Frazil can great]y affect the flow properties of the flow.
It can also adhere to underwater objects to form anchor ice. In both

“cases, the conveyancy capacity of a water course can be substantially
reduced. When frazil adheres to submerged water intake structures, it
often can completely block off the water intake and cause water supply
or power production brob]ems. In order to best utilize the water
resources during winter months, one therefore should study "the
properties and effects of frazil on water flow. o

~ The quantitative study of frazil in the past has been slow,
due, to a large extent, to the lack of an instrument that can quanti-
tatively measure the concentration of frazil in water. Before a major
embarkment can be made in frazil research, the development of such an
instrument is necessary. ,

~ Natural water is electrically conductive because of its
mineral content. When water turns into ice, however, the impurities
are rejected because the orderly arrangement of ice molecules does not
permit - impurity inclusion. For thié_reason jce crystals themselves
are electrically non-conductive. Thus, by measuring the electrical

resistance of a water-frazil mixture, the &ndunt of frazil in the

mixture can be evaluated. Kristinsson (1970) was the first person to
construct an instrument using the above principle to measure frazil in
a river. He wound two wires spirally on an insulator rod and immersed
the rod in the river. By measuring the resistance between the two
wires, the concentration of frazil over the depth of the rod was esti-
mated. Also using the same principle but by meésuring the increased



conductiVity of the water because of salt rejection, Gilfillian et al
(1972) were able to calculate the amount of ice formed in a river.
Besides the electrical conductivity principle, frazil may also be
measured with an instrument constructed based on the calorific princi-
ple as contemplated by Ford (1982) or the laser doppler prfncip]e as
neported by Schmidt and Glover (1975) although a working instrument
based on these two principles has yet to be déveloped.
é " To develop an instrument to measure the point concentration
df frazil has long been identified as one of the priorities of frazil
ﬁesearch by the Hydraulics Division, National Water Research
Inst1tute The conceptual design of an instrument based on the
conduct1v1ty principle for measuring point concentration of fraz11 as
we]] as the velocities of the frazil packs and the f10w1ng water was
proposed by Tsang (1973) and the theoretical ground work guiding the
design was given. An expérimental instrument was later constructed -
énd tested, ‘which verified. the soundness of the frazil-sensing
bhysica] principle. The work involved with the construction, testing
and evaluation of the experimental instrument was known as Phase I of
ﬁhe frazil instrument development and was reported by Tsang (1977).1
Encouraged by the Phase I work and following the "make or
Buy“ policy, a contract was awarded to an external contractor to

”des1qn and construct a manufacturable frazil instrument.The instrument

subsequently produced turned out to be of a complex electronic
design. It contained many components that were electronically
interwoven and were controlled through the employment of a
m1cro processor. - Although initial testing did indicate that the
instrument appeared to be funct1on1ng, the accumulated handling and
heating of the instrument because of ill ventilation soon led to short
¢circuits and burning out of electronic components. Repairing and
troub1e-shooting were ineffectual because of the complex design and
1ess than sat1sfactory construction and workmanship. Eventually it
was decided that the dinstrument was no longer worth salvaging and a
fresh start should be made to construct an instrument of rugged
construction and bractital design. The design and construction of the




instrument by the external contractor, its in-house - testing,
trouble-shooting, repairing and evaluation constituted Phase II of the
1nstrument development and was reported by Tsang in detail (1982).

Three lessons were learned from the Phase I1 development of °
the instrument. The first was that the development of a finished
instrument from proven physical principles alone in one step by an
external contractor is unlikely to succeed because of the lack of
interaction between the scientific authority, the designer and the
“manufacturer din view of the long feedback loop. The second lesson was
that a good instrument should be simple in design and easy and cheap
to trouble-shoot and repair. The third lesson was that the electrical
heating of the dnstrument for deicing, although scientifically
plausible, will likely cause trouble to the instrument in its actual
use. The Phase Il instrument was electrically heated by imbedded
heating elements in the probes and in the supports. Dur{ng the
testing, the burnout of the heating elements was experienced both when
the environment was warming up or cooling down. In the former case,
such as the removal of the probe from the cold water, the heat
generated by the heaters was not removed and started to build up
around the heaters. Before the temperature build up was sensed by the
Vtémperature sensor some distance away and a signal was given to cut
off the heater current, the heating elements had already been burned
out. -In the later case, such as the fast cooling of the water,
because of the high heat flux lost to the environment, the heaters had
to be at a high temperature to maintain the heat flow and this also
resulted in burning out of the heaters. Because the temperature
sensors and heaters were Weil imbedded in the probes and supports,
their repair was difficult and expensive. As a rule, an expensive
_ burned out probe would have to be written off completely. With the
above experience, it was decided that for future instrument develop-
ment, electrical heating for deicing should be avoided.

Following the unsuccessful attempt of the Phase II develop-
ment, the physical working principle of the instrument was re- -examined
‘and reaffirmed. The temperature effect on the conductivity of water




‘was also studied. The work involved in this period is known as Phase
. II1 of the development and was reported by Ford et al (1981).

This report covers the last phase, or Phase IV of the
development. As a result of this phase's work, a successful laboratory
instrument was produced which could measure the point concentration of
frazil -in flowing water. Slight modification and adaptation of the
instrument should make it suitable for field use. By measuring frazil
.concentration simultaneoulsy at two points one can study spatial
correlation of frazil in the flow. Learning from the past, the Phase
IV instrument was developed interna]ly. A project team was assembled
with clear functional role to each team members. Fast and frequent
feedback was maintained throughout the projecf. The actual design,

“construction, testing, calibration and evaluation of the instrument

and project write up were comp]eted within two years.

Thus, after ten years, a working instrument was finally

developed. This instrument will no doubt helb to greatly increase
human - knowledge of frazil, especially after later improvement and
refinement. ' '

2.0 SCIENTIFIC PRINCIPLE OF FRAZIL SENSING

Because frazil is  electrically non-conductive, its
concentration in water can be measured by comparing the resistance of
a sample of frazil-free water with that of frazil-laden water; This
simple resistance or conductance comparison is ‘the underlying
scientific principle of the frazil instrument.

Let. the water between a pair of insulated electrode plates
be -the water sample (see Fig. 1). The resistance between the
electrodes is given by

R = pD/A o (1)




where p is the resistivity of .the water, D is the length of the
electrical path and A is the area receiving the electrical lines. - In
case there are no frazil crystals nor other non-conductive particles
in the water sample, D will be the distance between the two plates and
A w1|l be the area of one electrode plate..

The conductivity (or resistivity) of water is determined by
the number of jons in it and the state of agitation of the ijons.
Because the former is determined by the salt content of the water and
the latter is controlled by the temperature of the water, the
resistivity of the water, therefore, should be a function of the
following form: ’ '

L[}

o = £(S,T) , | f o (2)

where S is the salt content and T is the temperature. .

; | Salt content (not to be confused with salinity) is defined
as the mass of salt per unit volume of solution. Because of the
rejection of salt accompanying the formation of ice, the salt content
of frazil-producing water shdu]d be continuously varying with time.

If one denotes V, as the total volume of the frazil/water mixture,
Ve as the volume of the frazil and Mg as the mass of salts
dissolved in the water part of the mixture, then the salt content of
the water is given by

S=_—> (3)

As the amount of fraz11 changes in the |n1xture, so will the salt
“content of the water. ‘




The above equation can be rearranged to give

M_/V S.
S = s’ 0 e 1_ (4)
or
Si _ '
_S__ = 1 - Cf : ) (5)
.where Sy = MS/VO is the initiall salt content of the . water

before frazil is formed and cf =V¢ /V, can be considered as the
average volmetric concentration of frazil in the frazil/water mixture.

Because the conductivity of water is proportional to the
number of dons in it or to the salt content of the water ‘and
resistivity is the reciprocal of conductivity, one therefore can write
the following equations for the resistivity of . the water:

Pi(T) * Const./S; and P(7y = Const./S (6)
where T indicates the given temperature and subécript i indicates the

initial condition before frazil is formed. From Egs. 5 and 6, one
obtains '

The substitution of the above equation into Eq. 1 gives




The above equation states that the resistance between the plates in
Fig. 1 is affected by the temperature of the water and the average
concentration of frazil in the water (even if frazil is excluded from
the sample volume).

Although the electrode plates4may be of any geometric shape,
for easy comprehension and mathematical manipulation, they are assumed
to be rectangular here with sides L2 and L3 and are L1 apart. Call-
the probe for which the water sample is frazil-free the "reference
probe", then for the reference probe the 1engthvof'the electrical path
will be L1 and the electrical line reteiving area will be L2L3. The
resistance between the two electrode plates thus will be

wheré.the subscript r refers to the reference probe.

The probe for which frazil is present may be called the
"sensor probe". For the sensor probe, the electrical path will be
longer than Li because the electrical lines have to go around the
frazil crystals on their way from one electrode to the other. If the
sensed volume between the two electrodes is divided into many small-
tubes spanning from one electrode plate to the other with a
cross-section area equal to the average size of the frazil crystals
and the distribution of frazil crystals is assumed to be uniform, then
for each tube there will be n crystrals for the electrical line to go
around. Assuming that the frazil ¢rystals are geometrically isotropic
and the representative linear dimension of a frazil crystal is 2, then
the length of the electrical path from one electrode plate to the
other will be ’

D= L+ AL =Ly +n (Ez ) = Ll(l +n gz/Ll) (10)

where & is the shapé factor of the fraiil crystals and ALy = n(&R)




is the increase in electrical path length because of the presence of
frazil crystals. '

The presence of frazil crystals in the water also affects
the electrical line receiving area of the electrodes. Fig. 2 shows an
electrode plate covered with a 1ayer of water of thickness ¢. If this
thin layer is divide into many vertical and horizontal tubes of width
% as shown in Fig. 2, then there will be m cyrstals per vertical tube
and p crystals per horizontal tube and the receiving area of the
- electrode plate will be given by ' '

A= (Lp -mEL)(Ls - p&R) = Lal3(l - mER/L2)(1 - pE&/L3) (11)

Because of the uniform distribution assumption, one sees that

n/Ly = m/ly = p/l3 (12)
or _ ‘
ngL . mER _ pEL _ AL (13)
Ly L2 L3 L

The substitution of the above equatidn into Egs. 10 and 11 gives

. 2
D=L1(1+_’E.L_) and A = LylLs( -—’E—L) (14)

and the substitution of the above equations into Egs. 8 gives

Ly

L, Ls (1 - AL/L)2

m—

where the subscript s indicates the sensor probe.

The quantity in the square bracket in the above equation can
be related to the concentration of frazil in the probe. From




~volumetric considerations one sees that the concentration of frazil in

the probe can be calculated from

Lilals - (Ly - nER) (L2 - m&L )(L3 - p&R)

1
“f [ Lls (16)

where the first part of the numerator on the right hand side of the
equation is the total sample volume and the second part is the volume
of the water without the frazil. Because in most practically |
important cases, the concentration of frazil in water is small, seldom
exceeding a few percent, nif, mEfL and pEL will be small compared with
Ly , Ly and L3 respectively. By expanding Eq. 16 and neglecting the
higher order terms, one obtains - v

Ce = MER/L +mEL/Lp + P EL /Ly = 3 AL/L (17)

The substitution of the above equation in Eq. 15 leads.to

+C/3) [¢] L1

(1
s 3 pi(T) |
R = (1 - Cg) (1 +c1/3) pl _Lo (18)
nglz = {1 - Ef) (1 - C§/3)fgi 1L3ks (18)
AN r (1 - C'f/’:@}b Loly o

It should be carefully noted that the above equation contains two
Frazi94tEnkentFatiohsy © %l@ﬁd‘é;t “WhiteoTs 49uthéoaverabe’ tontentra-
38R HFCFRZTTT OF Re Frazd1Y producthy’ %ater‘°ct“ﬁsa%%bd@@neeﬂt?%tﬁen
BEFRAZI W o §§”’Fé§7vd1u&e0¥n‘€he”§éﬁ§or Cprobelit W ehhEentya-
t50h" 881 Frakithe “iﬂé'ﬁ@ai%r%”@ DoiREE STRERE RREDROAEentP ationen hust
'6% H%chh?asgdat the measuring point. These two concentrations must
not be L“”fq %}/3 in Eq. 18 may again be expanded and the higher
order term %f“% )4 dr8ppétr beadse’ oFaTY SRaKRdifituded the higher
FHEL WO rol uc@/% droppad) because of its small magnitude.
This will reduce Eq. 18 to -

Ry (1 tc /3) pﬁ(Tlhl
st . . ¢ ) [V tﬁf?%) Tiny

R
R

A = (1
s(ry = e 2c:/3) Lyl
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"~ The expression /(1 - 2c¢/3) may be expressed as a serwes of 2c¢/3
and the higher order terms of ch/3 in this series may be once again
ignored. Such an exercise will reduce the above equation to

Pi(r) H

(1- &) (14 cp/3)(1 + 2cp/3) —H— (20)
2 3

Rs(m) =

" The above equation shows that the resistance of the sensor
probe not only is affected by the concentration of frazil in the
sensor probe, but also affected by the average concentration of frazil
of the ambient water and the. water temperaturé through its influence
on pi(T) - “Because the temperature of the water may vary and the
average concentration of frazil in the ambient water is also a
function of the history of the water, to measure frazil concentration
by measuring the resistance of the sensor probe alone, ‘as was once
"contempleted by Ford et al (1981), should be difficult. |

The above difficulty, however, can be eliminated easily if
instead of measuring Rg(T) » One measures |

r(T) | (21)

The subétitution of Egs. 9 and 20 into the above expression, following
the expans1on 'of the multiplication factors and the dropping of the
h1gher order cf term:, immediately 1eads to

Re(T) |

the conﬁentration of frazil in the sensor probe.
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From the above derivation, one sees that by measuring (RS- Rr)/Rr’ the

concentration of frazil in water can be measured directly. Such a

measurement is neither affected by the temperature of the water, nor
by the amount of frazil that had formed in the ambient water. The
employment of Eq. 22 for frazil sensing, however, requires that the
water 1h the reference probe and in the Sensing‘probe be of the same
conductivity.

During the derivation of Eq. 22, the straying effect Qf the
electrical lines in the probes has been -ignored, the distribution of
the frazil crystals has been assumed uniform and the geometric shapes
of the frazil crystals have been assumed isotropic. AThe departufe of
the actual conditions from the above idealizations should affect the
linearity of the relationéhip and require calibration. During the
derivation, it was also assumed that the concentratjon of frazil is
low. If this assumption is not ohserved, one should expect to see a
non-linear relationship between (RS - Rf)/Rr and cc. Nevertheless, a

one to one relationship between (R_- Rr)/Rr and_cf_should still exist.

S
By calibration, one again should be able to measure the concentration

of frazil under high frazil concentration conditions.
3.0 CONCEPTUAL DESIGN OF INSTRUMENT

Under the guidance of the theory shown in the last section
and with the experience learned from previous phases of the instrument
development, the concetha] design of the instrument as shown by
Fig. 3 was conceived and adopted. It is seen from Fig. 3 that the
conceptual design consists of two basic components;bthe component for
frazil sensing, signal processing and signal display and the component 4
for deicing. The frazil sensing and displaying component is shown by
the upper part of. the diagram. It is seen from this part of the
diagram that the instrument has two probes; the sensor probe in which
frazil is. present and  the _reference ~probe in  which frazil is
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exc}ﬁded. These two probes are identically constructed and in each:
probe, an identical A.C. current of constant strength flows between
the electrode plates. These two constant A.C. currents are converted
- from two constant D.C. currents which are generated by two independent
constant current sources, one for each probe. The reason to use A.C.
current is to avoid polarizatibn effects which otherwise will produce
oxygen and hydrogen bubbles to block the electrode plates. To réduce
the electro-chemical reactions, the frequency of the A.C. current is
chosen to be high, but not high enough to cause excessive stress to
fhe ions and to produce unwarranted capacitance leakeages. The
strength of the current is also made small, but not too small as to
hinder frazil sensing function of the instrument. The currents in the
probes produce a voltage drop of Vg = Rgl across the sensor probe
and a.vo1tage drop of V. = R.l across the reference probe, I béing
the strength of the current. By feeding Vg and V. to a voltage
'processor where the vo]tages.aré subtrgcted,“divided and ampiified,
one obtains .

g > T’ = g_> T - ' (23)

where G is ‘a dimensional gain factor.  According to Eq. 22, one sees
that the above signal is the concentration of frazil in the sensor
probe multiplied by the dimensional gain factor G.

Three ways are provided to!display or further processing the
ané]og signal from the voltage processor. The first is to record the
signal with anvexterna1 tape recorder for later analysis. The second
is to record the signal with a chart recorder that is built-in to the
instrument and the third is to integrate the signal with an integra-
‘tor. The reference voltage or the base voltage of the integrator can
be changed by medns of an external reference voltage source. This
pfoviéion enab]es the integrator to integrate the area between the the
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signal signature and any'ﬁdriionta1'1fne below it. (see Fig. 3) and
thus provideé a way to evaluate the size distribution of the frazil
flocs in the flowing water. A counter is connected to the integrator
to show the area integrated. When used online, the usefulness of the
integratbr probab1y is limited to giving the total amount of frazil
flowed through the sensing point over the measuring perﬁod, or the.
average concentration of frazil at that point ovef the measuring
period. The greater usefulness of the integrator is for calculating
Vthe‘differential area between the signal and the reference voltage to
‘evaluate the size distribution of the frazil flocs as noted. above when
the"analog signal is refed to the integrator from playing back the
tape that had been recorded earlier. ‘ _

The bottom part of Fig. 3 shows the defcing‘component of  the
1n$trument. It was mentioned earlier that for the Phase 11 instru-
ment, electrical heating was used to déice the pfobes and Ehe probe
supports and much difficulty was encountered with this kind of héating
method. To avoid the same problems, oil heating was used in the
conceptual design. It is seen from Fig. 3 that the electrode plates
are embedded in oil vessels in such a way that the backs of the plates
are exposed to the warm 0il and the face of the plates are exposed to
the water. Good seal is provided to ensure that the oil will not leak
into the water and vice versa. It may be added that the probe'
supports are also oil heated although this is not ekplicit]y shown 1in
the diagram. The temperature of the oil in the'prbbe chamber is coh-
trolled by the temperature of the returhing oil. When fhe temperature .
of the returning oil is measured' to be less than the preset value
which is above freezing, the heater control will activate the heater
in the oil reservoir to heat_hp the oil. For safety reasons, the
témperature of the 0il in the reservoir is also sensed. When the oil
tempefatUre in the reservoir is greater than the preset limit, the
heater contrbl will cut off the heatér as. well as the pump. In the
conceptual design, a positive displacement, constant discharge pump is
called for. o o ‘
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4.0 ELECTRONIC AND MECHANICAL DESIGN OF INSTRUMENT

According to the conceptual design, electronic circuitries
and mechanical parts of the instrument were designed and constructed.
Becausé of proprietory reasons, the detailed electronic schematics and
mechan1ta1 drawings are not shown - here, but issued as a separate
Areport by the. authors* and may be obtained through proper channels.
' Some of the vital design parameters of the 1nstrument are glven below.

1. -The constant current between the e]ectrodes of each probe is 4 mA.
2. The ‘frequency of the AC current is 1024 Hz and the transient time.
~ of switching is 107® seconds.
3. The d1mens1ona1 ga1n factor of. the 1nstrument is G = 51.0 volts,
giving a signal vo]tage output of the instrument of

N = R. - R
=5 S r = 'S _Y' = ‘
Vg = /510 S0 51.0 ¢, (24)

4. The range of Vs1g is O to 10 volts.

5. The relationship between the counts given by ‘the counter and the‘
'1ntegrated area between the signal output curve and the reference
voltage Vpef (see Fxg 3) is-

: (V.. -V ) RS '
No= [ oosie refl g (25)
, T 0.512

where T is the period of intégrattbn. The above equation may be -

* Tsang, G. and Pedrosa, M. Etectronic and mechanical designs of
the NWRT Fraz11 Instrument NWRI Report No. Tsang (51) Pedrosa
,(3),‘October, 1983.
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rearranged to give the average value of (Vsig - Vréf) in the
time period t

——— . 051N
sig ~ ref) - "

(v

(26)

The two probes are identically constructed although one 1is
designated as the reference probe and the other as the sensor
probe and must be always so used. Each probe is in the formm of
two hollow shells facing each other. The housing of the shell is
machined out of plastic with a circular'_stainless steel plate
embedded at the front to serve as the electrode. The diameter of

‘the shell is 8.5 cm and the thickness is 1.6 cm. To avoid

disturbing the flow into the probe, the shells are chamferred to
have an angle of 45°. Warm 0il is circulated through the chamber
inside the shell by means of two stainless steel tubings which
also serve as the probe support and the sheaths to shield the
wires that connect the electrodes to the connector at the top of
the support. | \

The diameter of the electrodes is 5 cm and the electrodes are
5 cm apart, giving a sample volume of approximately 100 em?.

The overall length of the probe and the support is 1.25 m.

The temperature of the returning oil is controlled to be at 7°C.
The temperature of the oil in the oil reservoir is controlled to
be at less than 70°C.

The finished instrument, constructed mainly for laboratory

use, is shown by the photograph in Fig. 4. It is seen from Fig. 4
that the instrument consists of three entities. They are the probes

and their supports, on the right, the 0il box that contains the warm

0il, the oil temperature sensors and the pump, in the middle, and the

electronic box that contains all the electronics, on the left.



r

5.0 CALIBRATION

5.1 The Multiplying Factor Between Theoretical
and Measured Concentrations.

In the preceding section, the signal voltage output of the

instrument was shown to be given by Eq. 24. The measured
concentration of frazil in water, here denoted as cfm» therefore, is
given by : B o |

4 v

S = Vsig/® C 5;].?) » - (an

The conclusion that the concentration of frazil is given by
(Rg - Re)/R. (Eq. 22) was derived assuming that frazil crystals
are geometrically isotropic.  In reality, this is not the case and the

’ frazi] crystals .are in the shapes of discoids (mostly), needles and

flakes. Because the non-isdtropic shape of the frazil crystals, the
electrical path between the two electrodes is longer than that if the

frazil crystals were isotropic. The longer electrical path means that

the resistance of the sensor probe is greater than the theoretical
value or that the signa outﬁut of the instrument is larger than the
theoretical signal output by a multiplying factor greater than unity.
Let F be this multiplying factor and cgg. be the theoretical frazil

concentration, from the above discussion one sees that

F= cfm/cft | (28)

In evaluating the experimental frazil instrument during
Phase 1 of the instrument development, Tsang (1977) found that F
varied in the range of 3.06 to 5.52 with an average value of 3.44.
Because of the inadequate désign of the experimental instrument, close
multiplying factors couid not be obtained for similar experiments. As
a matter of fact, the two multiplying factors from two similar
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experiments often exhibited a difference as great as. fifty percent.
- For the instrument reported' here, as will be seen later, a much better .
defined F was obtained.

5.2 The Calibration Setup '

The; instrument was calibrated in a éold,ro‘om the tempera:t-g're '
of wh'ic‘h could be set from room temperature to -30°C. The  actual
temperature of the cold room fluctuated about the set temperature in a
skewed >1nuso1da1 fashion with an amphtude of 15°C and a period of
4 minutes. A reurculatmg flume made of transparent plastic was
constructed to facilitate the calibration. = The recirculating flume
and the basic calibration setup is shown in Fig. 5. It is seen from
Fig. 5 that the recirculating flume was race-track shaped. = It had a
cross-section of 15 cm (6") wide x 13 cm (5"‘) deep. During .calibra-
tion, the flume was filled with tap water to 2 cm from the top. A
variable speed propeller was mounted at one end of the flume to
produce - the des1red~c.urrent velocity.. To aucelerate cooling, a fan
(not shown) was placed' about 1.5 n from the flume which produced a
wind of - about 0.5 m/s over the water, The temperature of the water
was measured with a precision thermométer (Guildline) that "had a
resolution 'of 0.001°C and an accyracy of 0.002°C. The air
temperature in the room was measured with a less precise thermometer
(Hewlett Packard, not shown) that had a resolution of 0.01°C and an
accuracy of 0.020C. " To prevent frazil from being_'nucleated by and
adhering to the sides and the bottom of the flume, the flume was
embedded in a warm air jacket. . Light bulbs and recirculating. fans
were “installed in the air jacket to ensure temperature u"niforqnit-y.
The voltage to the light bulbs could be varied by means of a variable
transformer. By manipulating the voltage to 'thev: light bulbs, the
temperature of the air jacket could be maintained at from 29C to
79C. It is seen from Fig. 5 that while the séns_of probe was placed
in the mainstream of the flow in one of the straight sections of the
flume, the rfe-ference probe was accommodated in a depression chamber
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added to the bottom of the flume. The depression chamber was covered
with two‘haif-p]ates with slots cut in them for the probeISupporté to
pass through. Because the depression chamber was surrounded by warm
air, the water exchange betWeeh the mainstrean and the chamber was
limited by the small slots in the half-plates and the natural buoyancy
of ice discourages frazil from moving down into the dépression
chamber, the water temperature in the chamber was measured to. be near
that of the main stream and no frazil was observed in the éhamber
during the calibration. ' ' -

Fig. 6 shows the monitoring and recording system of the
calibration. It is seen from Fig. 6 that the air temperature was
measured with a Hewlett Packard HP34750A thermometer and reco%déd
on a Hewlett Packard HP71008 chart recorder. The watef'température~
was measured with a Guildline G9535 thermometer and was also recorded
on the HP71008 chart recorder when the water femperatUre was in the
coarse range of 4.0 to -2.0°C. - When the water temperature entered.
into the fine range of .25 to -.259C, however, it was also recofded
on a more precise Gould 2400 brush chart recorder.:- Before the tem-
perature’ voltage was recorded on the‘Goqu~recorder; however, it was
amp1ified'50"time§ for the»tEmperaturé-voltage_to be simultaneously
recorded by a3Hew1ett’Packard‘HP3960 tape recorder. The reason for.
doing this was because the input voltage range of the HP3960 tape
recorder -selected for channel 1 was from -2.5 to 2.5V. "To fully
utilize this voltage range, the voltage range of -50mV to 50 mV
prOduced‘by'the'Gudeline“thermometer, corresponding to a temperature
range of -.25 to - .250C, should be amplified by a factor of 50.

' " ‘Besides the -2.5 to 2.5V range, two other ranges, namely
-5.0 't 5.0V and -10.0 to 10.0V might also be selécted for the HP3960
tape recorder when recording signals. Because the nominal output vol-
tage rahge of ‘the tape recorder was -2.5 to 2.5V, the above selection
of ihpUt'VOItage ranges when récording means that when the -2.5 to 2.5
V range was used, the signal voltage would be undistorted1y.recorded,
when the -5.0 to 5.0 V range was used, the signal voltage -would be
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compressed to 50% and when the -10.0 to 10.0 Vrange was used, the
éignal voTtage'would'be compressed to 25%.

The voltage signal from the frazil instrument was also both
chart and tape recorded. It is seen from Fig. 6 that the 5V range of
the Gould chart recorder was used in recording the frazil signal.
Because the output range of the frazil instrument was 0 to 10 V, using
the 5 V range although would produce a more readable chart, especially
when the concentratiOn of frazil was small, the output signal greater
than 5 V would be missed by the recorder. To remedy this problem,
when tape recording the frazil signal, the vo1tage was compressed to
25% before being recorded in channel 4. With such a compression, the
output voltage range of the frazi1_1nstrument was compressed from O to
10 V to 0 to 2.5 V to match the positive half of the voltage range of
the tape recorder. | o ‘

The frazil signal was also compressed to 50% and recorded.in
channel 3 of the tape. This additional recording would on one hand
provide a check to the recording in channel 4, and on the other hand,
when played back to‘>the‘ chart recorder 4usihg the 2.5 V range, .
reproduce a chart recording identical to the one obtained when
monitoring the experiment as further verification. *

Channel 2 of the tapé'recorder was not used for information
| recording, instead, it was used for fluttering, or compensation of
high- and low frequency noises generated internally in the tape

recorder.

5.3 - Egperiment; ang.Analysis of Experimenta1vResq1ps

‘A total of five experiments were conducted for the calibrat-
jon. The parameters of the calibration experiments are summarized in-
Table 1. It is seen from Table 1 that three experiments (Tests 1, 2
and 3) were conducted for a slow flow velocity of approximately 15
“em/s and two experiments (Tests'4 and 5) were conducted for a fast
flow velocity of approximately 21.4cm/s. It should be noted that
these velocities were measured before frazil was 'producéd in the
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 flume. Following the formation of frazil in the flume, the flow

ve]ocity was visibly “reduced although the propeller setting' was
maintained the same. The velocity of the frazil laden flow was not
measured because presently no technique is available for measuring the
velocity of a frazil laden flow. For all experiments except Tést 5,
frazil was produced in the flume by seeding .the water with ice
particles scraped from a slab of ice with a saw _blade when the water
was supercooled to -.039C. For Test 5, frazil was produced.
spontéheous1y before the water temperature reached that value.

The typical éxperimental result- of the calibration .- .

experiments is shown by Fig. 7, which was obtained from tracing the
early part of the strip chart obtained during Test 2. It is seen from
Fig. 7 that the water temperature was recorded on the upper part of
the strip chart and the frazil concentration signal was recorded on
the lower part. The 5 V range was used for both channels. With this
voltage range, the upper channel. was adjusted to ‘record the water .
temperature from +.25 to -.250C and the lower channel was adjusted
to record a frazil concentration from 0 to approximately 10 percent
(see Eq. 29). It is seen from Fig. 7. that when the water temberature
was above freezing, a slow chart speed of 0.5 mm/s was used. With a
roughly constant environment, it is seen from- the -diagram that the
cooling of the water was approxima£e1y linear with a cooling rate of
about 4.975 X l0'4 °C/s. As the water temperature approached the
freezing point, the chart speed was)ipcreased to 2 mm/s to give a more
readable frazil concentration recording: ébthlstatic ice and frazil
were not observed in the flume after the water temperature had passed
the freezing point and the water become ~superc001ed. The lower

channel of the strip chart also showed no frazil was detected by the
frazil instrument. When the water temperature reached -.030C, the
supercooled water was seeded. Immediately following seeding, frazil
crystals were seen in the flume. The frazil crystals grew and
égg]omerated into clusters which became bigger and densier (containing
more frazil) with time. As soon:as frazil was seen in the flume, it
was also detected by the instrument as shown by the lower recordihg of
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Fig. 7. The recording also reflects the growth and agglomeration of
the'frazi1 crystals and clusters Every time aAfraziI floc passed
through the sensor probe, a spike was recorded. The thicker the floc,
the higher was the spike. The frazil instrument, thus was seen to be
working. What remained was. to calibrate the instrument.

Calibration means comparing the measured concentration with
the theoretically calculated concentration. The theoretical fraz11
concentration can be calculated from the temperature recording. From
thermodynamic considerations, Tsang (1983) showed -that the average
concentration of frazil at time t is given by

cr ——— |- @D -ty e r-TH | (29)
0.961 HL dt n

where ¢ is the specific heat of water, H_ is "the latent heat of
fusion of ice, T is the'wafer temperature, dT7/dt is the cooling rate
of water, the subscript n indicates the instant of seeding and the
constant 0.916 converts the mass concentration to volumetric concen-
tration. With the above equation, 1if the pre-supercooling cooling
rate of the water was approximately used for ‘(dT/dt)n , then from
the temperature recording the theoretical frazil concentration at
different instants could be calculated. The theoretical frazil con-
centration for the five calibration experiments at different instants
is shown in Table 1. During the calculations, the time at which the
temperature curve intersects the time axis was considered as time
zero. It is seen from Table 1 that for all calculations, the time
interval between two successive concentrations was 50 seconds except
when the first three points were involved  As may be seen from Fig. 7
" that the first point was the time zero point, the second point was the
seeding point at which the concentration of frazil would be zero and
the third point was usually chosen to be the first intersection of the
thicker grid line(marking 10 cm distances) with the temperature curve.
The length of the centre line of the calibration flume was about 2 m.
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With a flow velocity of 15.0 cm/s and 21.4 ¢m/s, in 50 seconds, the
frazil laden water would have f1owed through the sensor probe 3.75 and
'5.35 times respectively. '

| To obtain the measufed average concentrations of frazil
corfesponding to  the calculated theoretical concentrations mentioned
above, the tape-recorded frazil. concentration voltage signal was
played back to the “instrument. Only the voltage signal recorded by
channel 3 of the recorder was used in playing back. It was found from
playing back the recorded signal that the signal output range of the
instrument during calibration was’® adequately -accommodated by the
"recording range of channel 3 if  the built-in tolerance of the tape
recorder was used (The voltage range of channel 3 of the HP3960 tape
recorder was actually ‘roughly -3.0/3.0 V instead of the nominal
-2.5/2.5 V). With the tape-recorded input fed to the instrument, the
instrument output was first examined in a vo]tmeter; "It is seen in
Fig. 7 that before frazil was produced in the water, there was a
finite output from the instrument. Although this finite output could
be zeroed by adjusting the "zero" potentiometer of the instrument
durihg‘the‘experiments, this was not done to permit the observation of
the meandering of the baseline, which was found to be + 0.5 mm,
representing a baseline voltage fluctuation of + 25 mV. After the
baseline voltage immediately preceeding seeding was measured and
noted, a reference voltage source with. a generated voltage equal to
the baseline voltage was connected to the frazil instrument (see
Fig. 3). The voltage signal to be integrated by the difference
integrator of the instrument then became the net voltage between the
recorded voltage and the baseline voltage, or the voltage produced by
frazil presence only. '
» The integration of the above voltage produced counts. By
feeding the counting signal to the event marker of the chart recorder,
the counts were marked on the margin of the strip chart for later
evaluation of the concentration of frazil.

Fig. 8 is an example of the strip charts with concentration

counts reproduced by feeding the tape-recorded signal (on channel 3)
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,babk td the frazil instrument. The same time period of Test 2 is
Shown‘by Figs. 7 and 8. The outward appearance of these two record-
ings however, is different because Fig. 8 was produced with a chart.
speed of 5mm/s, two and a half times the chart speed that produced
Fig. 7. The amplitude of the spikes in Fig. 8 is also only half thaf
of the corresponding spikes in Fig. 7. This iS:because when the out-
put signal from the frazil instrument was tape-recorded in channel 3
of the HP3960 tape recorder, the signal voltage was compressed to 50%.

The average measured frazil concentration for the periods
shown in Fig. 8 could be obtained by counting the counts shown in the
periods. By compéring Figs. 7 and 8, one sees that the mid-points of
the periods shown in Fig. 8 correspond to the same points shown in
Fig. 7 for which theoretical frazil concentration was calculated.

According to Eq. 26, one sees that the average output
‘voltage signal of the instrument for time period T is given by

— _ 0.512N " ,
sig™ - vo_t; (30)

However, when the counts were reproduced by feeding the Channel 3 -
tape-recorded signal back to the frazil instrument, because the signal
voltage had been compressed to 50%, the counts produced would only be
half the original counts. To compensate for this compression effect,
in calculating the actual average signal voltage of the instrument,
Eq. 30 was modified to ' |

—  .512(2N) ot ‘

After'the average signal voltage was obtained, the division of Vgig.

by G = 51.0 volts according to Eq. 27 gave the measured average frazil
concentration for the period. The measured average frazil concentra-
tion for the different periods of the five ca]ibration experiments are



also shown in Table 1.. It should be noted that in obtaining the
measured concentrations of frazil with the above method, an assumption
has been made that the amount of frazil passing through the probe
during the 50 second period was ‘the same as the average amount of
frazil in the flume during that period.

5.4 Calibration Results and Discussion

According to Table 1, the measured concentration of frazil
Cfy. Was. plotted “against .the calculated theoretical concentration
Cft aS shown in Fig. 9. It is seen from Fig. 9 that for all the
five calibration tests, seeing the turbulent nature of the flow and
the non-uniformity nature of frazil distribution in the. flow because
the f]ocking and aggiomeration,, the relationships, between c¢yn and
Cfy were surprisingly Tinear. The slopes of. the five fitting
straightlines fitted with the method of least squares are shown in
Fig. 9. as well as listed in Table 2.. '

It is seen from the Table 2 that the calibration multiplying
factor of the instrument was affected by the velocity of the flow.
However, for a given velocity, -the multiplying factor was not affected
by the air temperature, which determined the rate of frazil formation,
nor by the amount of frazil present in the water. When the flow
velocity was in the 15-16 cm/s range, Tests 1, 2 and 3 showed that the
multiplying factor varied from 3.560 to 3.885 with a mean of 3.733,
giving a deviation from the mean of less tha6‘5 percent. When the
flow velocity was 21.4 cm/s, Tests 4 and 5 showed that the multiplying
factor was 2.538 and 2.207 fesbectively with a mean of 2.373. The
deviation from the mean was less than 7 percent. The decrease of F
with the increase of flow velocity was apparent. As the velocity
increased from about 15 cm/s to 21.4 cm/s, the mean F value decreased
from 3.723 to 2.373. Even for the first three tests, it is seen from
Table 2 that as the flow velocity. changed from 15.0 to 15.6 to
16.0cm/s, the mu]tip]ying factor decréaSed from 3.885 to 3.756 to
3.560 respectively.
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The large multiplying factor for slower flow velocities was
not because the change of the response of the frazil instrument to ice
presence, but the change of the agglomeration characteristics of the
frazil and consequently the flow characteristics of the frazil/water
mixture because of the slower flow. It was observed during the
experiments that when the. flow was slow, the frazil floc would be
sluggish in passing through the sensor probe because of insufficient
momentum possessed. The slow passage of the frazil flocs through the
sensor probe means that the frazil flocs had a longer resident time in
the probe and hence gave a seemingly higher concentration. During the
experiments, it was observed that occasionally large flocs would even
- be caught by the probe and would only be dislodged when the probe was

lightly tapped by hand. For this reason, during the experiments, the
support of the sensor probe was constantly  tapped. As the flow
velocity increased, the frazil flocs possessed greater momentum and
was seen passing through the probe smoothly. The slow passage of
frazil flocs through the sensor probe when the flow velocity was low
was further aggravated by the larger size and the thicker flocs of the
frazil agglomeration. When the flow was slow, because the turbulence
level was low, the frazil crystals were able “to agglomerate into
bigger and thicker flocs or clusters. When the flow vélocity was
increased, the higher turbulehce tended to break up the agglomeration
into smaller and more evenly distributed flocs. The above can indeed
be seen from comparing Fig. 10, which is the frazil concentration
recording of Test 4 obtained by playing back the Channel 3 tape
recorded signal to the instrument, with Fig. 8. It is seen from
Table 1 that these two calibration tests (Test 2 and Test 4) had
about the same rate of heat loss so the concentration of frazil for
the shown time period should be similar. However, a comparison of the
two recokdings shows that the 16.0 cm/s flow produced larger and
denser flocs than those produced by the 21.4 cm/s flow. The latter
also exhibits more evenly distributed frazil flocs and less concentra-
tion fluctuations within the flocs themselves as evidenced by the
rather evenly distributed ticks marked by the event marker. Since
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tdrbu]ence affects the agglomeration characteristics of frazil, any
factor that affects\tUrbu1énce therefore is also a potential factor in
influencing the calibration factor.

It follows from the above discussions that if the flow velo-
city is sufficiently high, an asymptotic F value will be approached.
This asymptotic multiplying factor will be the real multiplying factor
of the frazil- instrument because of the anisotropy of the frazil
crystals. From the experiments, it can be seen that this real
mu}tiplying factor would.be less than -the Tleast multiplying factor
of 2.207 obtained. However, it should not be too far less than this
value because it was observed during Test 5 that at 21.4 cm/s the
frazil flocs flowed through the sensor probe with ease.

A turbulence dependent coefficient may be introduced to
account for the turbulence effect on the multiplying factor. In
mathematical terms, this means writing '

where Fy is the real multiplying factor and ¢y is the turbulence
correction coefficient. To establish the value of F. and the
functional re]ationéhip between Ci and turbulence is beyond the
scope of the present report. At this pofnt, it will be sufficient to
. say that with the present calibration set up, the multiplying factor F
for a reasonable flow velocity (and hence turbulence) range can be
evaluated if needed. '

7.0 CONCLUSIONS AND SUMMARY

The development and calibration of the frazil instrument can

be summarized as follows:

1. . The proposed theory shows that the concentration of frazil in
water can be measured by measuring (Rg - R.)/R., where Ry
is the electrical resistance of a sample of frazil laden water




- 27 -

between two electrodes and R, is the resistance of an identical
samplebof frazil free water.

Electronic circuitry and mechanical parts were designed and an
instrument to measure the above parameter was constructed. ’
The newly developed frazil instrument was laboratory-calibrated in

a recirculating flume. The calibration showed that the instrument
performed satisfactorily.

Because of the non-isotropic shape of the frazil crystals and the
flow characteristics of the frazil flocs, the measured frazil
concentration has to be corrected with a multiplying factor F to
obtain the true frazil concentration. The calibration experiments
showed that F is not affected by the quantity of frazil in the
water, nor by the rate at which frazil is produced. However, it
is a function of the velocity of the flow.

Fis affécted by the flow velocity because the flow velocity
determines the momentum of the frazil flocs and the turbulence
level of the flow and the latter, 1in turn, affects the
agg]omeration’characteristics of the frazil.

The multip1ying'factor of the instrument may be considered as com-
posing of two parts, F = ¢y Fn., where F. is the multiplying
factor because of the non-isotropic shape of the frazil crystals
and ¢y is the correction coefficient because of flow velocity

and turbulence. F, should be smaller, but close to 2.2.

The F value for a flow velocity of 15-16 cm/s was found to be
3.723 and the F value for the flow velocity of 21.4 c¢m/s was found
to be 2.373. The F value for flow velocity less than about 22
¢m/s can be obtained by calibrating the instrument with the
calibration setup mentioned in this report, For first order
approximation,. it may be obtained by interpolation of the values
shown above.
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' tp 25% when recorded.

Fig.6 calibration Monitoring and Data Acquisition
System, . _
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Table 2. Calibration Coefficients of H:mﬁscamsﬁ

Test No. . - 1 2 3 4 5
Flow velocity before ice, cm/s 15.0  ° ° 16.0 5.6 21.4 21.4
Air temperature, °C -10.0  -15.0 ~20.0 -15.0 -20.0
Calibration factor, F = oﬁsxoﬁ,ﬁ -3.885 3.560 3.756 . 2.538 2.207
Average F . 3.733 2.373
Turbulence correction momﬁﬁwowm:d.ow 1.77 1.62 1.71 1.15 1.00
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