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ABSTRACT

A flow meter,- independent of temperature gradients» fluid 

conductivity9 and the force of gravity, was developed to measure the 

mass flow rate of an ionic fluid„ Faraday9s law of electrolysis was 

used as the principle upon which the operation of the flow meter was 

basedo A dilute solution of EC1 was used as the fluid* The concen

tration. of ions in the 'fluid was changed by passing a current between 

two electrodes immersed in the solution* The time for the pulse to 

travel a fixed distance from these electrodes was measured and. cali

brated with the mass flow rates as determined by a rotameter* Mass 

flow rates from 288 gtn/min to 2069 gm/min were considered* The sfcan-
Jrdard deviation was ~5%* By increasing the distance between the 

injector electrodes and the detector electrodes, mass flow rates 

greater than 2069 gm/min could be measured* In order to measure mass 

flow rates less than 288 gm/min, the distance between the electrodes 

had to be decreased*
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INTRODUCTION

The development of a mass flow rate meter$ which is indepen

dent of temperature gradients„ fluid conductivity and the force of 

gravity* for measuring the m s s  flow rate of ionic fluids could be of 

some assistance to man in this present day of technology. As man 

moves further and more frequently into space under varying gravitational 

forces and temperatures, such a meter becomes more important.

Fluid meters of many types have been developed in the past but 

most of them are dependent on at least one of the above parameters. All 

of these fluid meters (Beitler. 1959) can be divided into two categories. 

There are those meters which measure quantity and those which measure 

rates of flow. Only those meters which measure rates of flow are con- ■ 

sidered.

Fluid meters which measure flow rates depend on some property • 

such as kinetic energy9 inertia, specific heat, conductivity, etc., 

which can be correlated to the flow rate. Rate meters, such a© venturi 

meters , orifices and. plfcofc tubes, depend on kinetic energy, and are 

dependent on temperature and the force of gravity. Meters which measure 

flow rates by inertia, such as those using floats, vanes, propellers or 

turbines, are dependent on temperature and are indirectly dependent on 

the force of gravity because of friction losses in their moving parts. 

Thermal meters, such as the hot wire anemometer, are based on the

1



2

transfer of heat to or from the fluid stream and are dependent on 

the temperature of the fluid«

There are other special types of flow meters. One type

injects a.substance, such as a dye * salt or radioactive material, 

into the flow stream. By knowing the concentration and the injec

tion flow rate and measuring the concentration down stream, the flow 

rate can be obtained, . Other© in this special category are the electro

magnetic flow meter, which is dependent on the conductivity of the 

fluid, and the sound velocity flow meter.

The only mass flow rate meters which are independent of tem

perature gradients, fluid conductivity and the force of gravity are the 

ones which add a substance such as dye, salt or a radioactive material 

to the fluid. This type may be unsatisfactory in a closed loop system 

if the flow rate is to be. measured more than once. This type also 

tends to contaminate the flowing fluid and requires special apparatus 

for adding the detection fluid, both of which may be undesirable.

The characteristics of the flow meter to be developed, which 

is based on Faraday*s law of electrolysis, are that it be independent 

of temperature gradients, fluid conductivity and the force of gravity and 

that it will not contaminate the fluid flowing through the meter. The

concentration of ions in the solution is to be changed, by passing a

current between two electrodes immersed in the fluid. The time for this

pulse (the change in the concentration of ions) to travel a fixed dis** 

tance to the detector electrodes will be measured and the mass flow rate 

obtained. The flow meter is tD'be calibrated for mass flow rates from



288 gm/min to 2069 gm/min in a 1/2 inch diameter glass pipe* This 

corresponds to average fluid velocities of 3.78 cm/sec to 27.2 em/sec 

respectively*



THEORY

The development of an electrolytic mass flow meter is based upon 

Faraday's law of electrolysis, which states that in electrolysis a chemi

cal change of one gram equivalent is produced by 96,487 coulombs (Hamer 

and Craig 1964). This may be written:

^ ^ 9 6 ^ 4 8 7 ^  ” dumber of gram equivalents = A N . (1)

Since an ampere is a coulomb per second, the equation becomes
'ANX(amperes) ____

96,487 t(sec) (la)

Some uncertainties in the application of Faraday's law come, from the 

possibility of multiple reactions. However, to simplify the mathematical 

development a single electrochemical reaction will be assumed at each 

electrode.

At a given point in a pipe in which an ionic fluid is flowing,

the number of gram equivalents per second which pass this point is

equal to

a ' ' <2)

where C is the concentration of ions in gram equivalents per liter in 

the fluid and m is the mass flow rate in grams per minute. .

By equation (la), a change in C, A c ,  is caused by the passage of a

current between two injector electrodes immersed in the fluid and equa

tion (2) becomes

4
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Combining equations (la) and (2a), the change in the concentration of

ions in a flowing ionic fluid due to the passage of a current between

two electrodes in the fluid is
AC = 'exlO^a^eres)  ̂ (2b)

96,487 m

The concentration of ions, C, in the fluid that has passed between the 

injector electrodes while, a current was flowing between them is

C = C 4- A C , (3)P

where is the steady state concentration of ions in the fluid and &C 

is the change in the concentration of ions due to the injector electrode 

current *

As the fluid moves down stream this change in ionic concentra

tion can be measured by placing a set of detector electrodes in the 

stream flow. This change in the ionic concentration will cause a change 

in the resistance across the detector electrodes. The change in the con

centration of ions can then be"measured and recorded by Imposing a volt

age across the detector electrode and recording the change in the voltage 

drop across a resistor. Figure 1 is a schematic circuit diagram of the 

detector electrical system.

Other methods of detecting the change in the concentration of 

ions are to measure the change in the resistance across the detector 

electrodes with an alternating current bridge or to use a pH meter to 

measure the change in the concentration of hydrogen ions.
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The resistances across the injector electrodes» R^, the 

detector electrodes, R^, and the resistance, R^, across which the 

recorder input voltage is taken, can be measured easily. However, 

they can also be calculated if the electrode cell constants, K, 

equivalent conductance, A  , and the ionic concentration, G, of the 

solution are known.

The electrode cell constant can be determined from the follow

ing equation;

K - RL (4)

where R is the measured resistance of a known molar solution of KCl in 

water and L is the specific conductivity of the solution.

Having determined the electrode cell constant, the resistance 

across the electrodes in any ionic solution can be calculated.

R - ?L

The specific conductivity (Gurney 1953) depends upon the total active 

concentration and is equal to the concentration of ions multiplied by 

the equivalent conductance and divided by 1000.
«p C VI. s r\
L = Yooo (5)

The resistance across the electrode is then

R - Jgffi .
The voltage output, E, that goes to the recorder can also be 

calculated. This may be used to determine the maximum change in the 

recorder input voltage resulting from a given change in the concentra

tion of ions. It may also be used to determine the minimum voltage and 

current required to produce a desired minimum change in the recorded 

output voltage.
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To obtain the maximum change in the voltage output to the 

recorder for any change in IC , the desired resistance of has to be 

determined. This can be done as follows:

Given a circuit

it is desired that the change in the voltage drop, E, across be a 

maximum for a change in the resistance R?. The voltage drop, E , as a 

function of R,.,, R^ and V, is
« V

E ■ w  " >

and the change in E with respect to is

dE "" R3V
dR2 (R2+R3)2 

The maximum change in E with respect to R^ occurs when

d l dE , (R2« 3) V-2R3V

(8)

dirldsr; “ ' “ " " T V s —  = 0 • (9>3 2 (R2+R3)

Therefore, the optimum value of R^ is that initially equals R^.

Referring to Figure 1, the sum of the voltages around each loop, 

A, B, and C, must be equal to zero. The sum of the currents at a node 

must also equal zero.
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V1 " ilR2 - i3R3 (10)

i3R3 " <i4 " 15)K4 (11)

* S R5 + - S > R4 = * (12)

(13)

By substituting equation (13) into equation (10), i^ can be eliminated. 

The remining equations can be rearranged as follows:

Vt = (R2 +  R3)i3 + i4Px2 (10)

b b  " £4K4 + " 0 (ii)

(12)

The voltage drop across the resistance is the voltage output 

to the recorder. This can easily be found by setting up the determinant

R2+R3
$L

Ro

-R,

-R,

0

R,4
+(R4+Rg)

cons tanfc

V1
0

V,

and then solving for i^.

W i ' W f ,
i2R3R4+R2E3E.+R2R4R +R3R4R5

The voltage output, E, to the recorder is equal to i^R^.

E = S W v V W e
E2E3E4+R2E3R5+R2 W R3R4R5

(14)

(15)
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The expected change in the voltage output due to a change in A >

can then be calculated since all resistances and V^, , and h are

known, can be measured or can be calculated.

The time that it takes for the ionic concentration change,

caused by the current through the injector electrodes, to travel down

stream to the detector electrodes can be measured. The travel time,

t, is dependent on the fluid flow velocity, the velocity distribution

and the migration velocity of the ions. The migration velocity for
-3all ions is equal to or less than 3.2x10 (Maclnnes and Longsworth 

1932) for a voltage potential difference of one volt per centimeter 

and can be neglected in comparison to the travel time. This leaves

the travel time, t, dependent only on the fluid velocity and the velo

city distribution in the pipe.

The fluid velocity is not the same across a cross sectional 

area of the pipe. Since the faster fluid velocities will reach the 

detector electrodes first, this presents a small problem in correlat

ing the travel time, t, to known mass flow rates since velocities 

determined from mass flow rates are average velocities. In this case 

the travel time measured for the ions to move from the injector 

electrodes to the detector electrodes corresponds to the faster fluid 

velocities.

The fluid flow through pipes passes through four zones as the 

velocity is increased (Moody 1944). These zones are laminar flow 

where the flow moves in definite paths or stream lines, a critical 

range where the flow might be either laminar or turbulent, a transi

tion zone where the friction factor is a function of the pipe



diameter, D, the average fluid velocity, v, the fluid density, p, 

the fluid viscosity, /a. , and relative pipe roughness, and a zone 

of complete turbulence where there is no observable pattern of fluid 

flow.

The average velocity, which is "one-half the maximum velocity in 

laminar flow, approaches the maximum velocity in turbulent flow. To 

date there appears to be no specific Equation which describes the 

average fluid velocity with respect to the maximum fluid velocity 

when the fluid flow is in the critical or transition zones.

From the above discussion it can be seen that the reciprocal 

of the time required for the change in the concentration of ions to 

move from the injector electrodes to the detector electrodes can be 

predicted -for either laminar or turbulent zones but must be calibrated 

with known flow rates for fluid flows in the critical and transition 

zones. It can also be seen that although the magnitude of the output 

voltage to the recorder is dependent on conductivity and temperature 

gradients of the fluid, the travel time is not dependent on fluid 

conductivity, temperature gradients or the force of gravity. The time, 

t, required for the change in the concentration of ions to move from 

the injector electrodes to the detector electrodes can be predicted for 

either the laminar or turbulent zones. For laminar flow the equation 

for the mass flow is 2

m = — g S G  (16)

where D is the pipe diameter in centimeters. The maximum velocity.



where d is the distance between the electrodes and t is the minimum

travel time for steady flow. Substituting this into the equation for '
1mass flow and solving for p, the equation becomes

I  _ _§B_. . (16 a)' .
irD dp

For turbulent flow the equation for the mass flow is .
2

m = - - ^ P ? (16b)

1Again substituting for v x and solving for the equation becomes

1  - . (16c)
«D~dp

If the reciprocal of the time required for the change in the 

ionic concentration to travel from the injector electrodes to the 

detector electrodes is plotted against the mass flow rate, assuming 

laminar flow at all flow rates, the result would be the straight line,

A, in Figure 2, Line B in Figure 2 shows reciprocal time plotted 

against the mass flow rate when all flow is assumed to be turbulent.

As the fluid flow goes from the laminar to the turbulent zone, 

a plot of reciprocal time against the mass flow rate will follow line 

A in the laminar zone. The plot will be between lines A and B when the 

fluid flow is in either the critical zone or the transition zone. In 

the turbulent zone the plot becomes asymptotic to line B. The mass 

flow rate at which the plot breaks away from line A occurs at a Reynolds
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' number of 2000 for smooth pipe and at a Reynolds number of 1000 for 

rough pipe (Moody 1944). The flow rate at which this occurs can be 

predicted if the fluid viscosity and density are.known, since the 

Reynolds number is defined as:

Re - (18)

where R « Reynolds numbere
v = average fluid velocity

D = pipe diameter

p = fluid density

A' = fluid viscosity

~ ” kinematic viscosity.

In order to determine the mass flow rate at which the fluid 

flow in the pipe is no longer laminar, equation (18) is solved for the 

average velocity, v.
R j)

v = — ~—  (18a)

The mass flow rate for critical flow can now be determined*

i - 2Ŝ P (16)
This may be rewritten as a function of the klnefcmatlc viscosity and the 

the Reynolds number (Streeter 1962) as

*DVo.-m = — t— (16d)



EXPERIMENTAL EQUIPMENT DESIGN

glow Meter '

The electrolytic flow meter was constructed of glass pipe and 

tygon tubing„ The liquid was moved around the loop by a Gorman-Rupp 

Industries» Inc., oscillating pump which has a maximum pumping rate for 

water of 2650 gm/min. A Brooks Instrument Company, Inc., Rotameter and 

corresponding calibration curves were used to calibrate the flow meter.

A schematic of the flow system is shown in Figure 3. The physical 

arrangement of the flow meter system is shown in Figure 4. The fluid in 

the loop was a 9.1x10 ^ normal solution of HCl, as determined from the 

pH of the fluid.

The flow meter itself was constructed of 1/2 inch glass pipe. 

Glass tees were used to hold the injector, detector and voltage output 

electrodes in the flow stream, as shown, in Figure 5. The distance be

tween the injector and the detector electrodes, shown in Figure 3, was 

33 cm. Platinum 52 mesh wire screens, placed between the injector 

electrode and the detector and the voltage output electrodes, were 

grounded. This was done to isolate electrically the detector and the 

voltage output electrodes from the rest of the system. The platinum 

ground screens were used to reduce a voltage change across the output 

which was induced in the fluid stream when a voltage was applied to the 

injector electrodes. These ground screens also reduced a 60-cycle 

noise in the output signal that was induced in the fluid stream by the 

oscillating pump.
15
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Equipment

115
 
AC



17

Figure 4. Flow Meter Equipment Setup



Figure 5. Injector, Detector and
Voltage Output Electrodes
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All electrodes were constructed of sheet platinum with each 

of the plates measuring 1/2 by 1 cm. The distance between the plates 

was approximately 2 mm. The electrode shown in Figure 6 is representa

tive of all three electrodes.

The output voltage electrode, across which the voltage to the 

recorder was taken, was designed identical to the detector electrode.

This was done to keep the resistances equal. As was stated earlier, 

when the two resistances are equal, a maximum voltage output to the 

recorder is obtained.

A 1.5 volt battery was placed in series with the detector and 

the voltage output electrodes. This caused a voltage drop across the 

voltage output electrodes which was approximately 0.75 volts. A voltage 

drop of this magnitude could not be measured by the recorder when the, 

sensitivity and the voltage attenuation of the recorder were adjusted to 

measure a few millivolts. Therefore, a 1.5 volt battery and a variable 

resistor, which acted as a voltage suppressor, were connected in parallel 

with the voltage output electrode. This voltage suppressor, shown in 

Figure 1, reduced the voltage input to the recorder so that millivolt 

changes in the voltage drop across the voltage output electrode could 

be recorded. - .

Power Supply

The power supply used to produce the desired voltage and current 

to the injector electrodes was a John Fluke Manufacturing Company, Inc., 

DC Power Supply, Model 407. This power supply provides an extremely



Figure 6. Typical Electrodes. Upper picture front 
view. Bottom picture side view.
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stable, highly regulated source of direct current for voltages from 

0 to 550 volts with a current range of 0 to 300 milliamperes.

A schematic diagram for power to the injector electrodes is

shown in Figure 7, The 3,000 ohm resistor was placed across the 

power supply output so that the power supply would be kept under 

load at all times. This reduced the rise time of the current through 

the injector electrodes when the switch in Figure 7 was closed. The 

double pole switch was used to separate the power supply from the 

flow meter system when the switch was open. This was necessary in 

order to eliminate the electrical noise induced in the output signal 

by the power supply.

Recorder

A Sanborn Two-Channel Recorder, Model 152-100 B was used to

measure the time required for the change in the concentration of ions

to travel from the injector electrode to the detector electrode. This 

recorder is a part of the Sanborn Recording System, Model 150. With a 

unit step input to the recorder there is zero overshoot and a rise time 

of 12 milliseconds to reach the maximum value of the unit step input. 

There are nine-separate chart speeds which range from 0.25 mm/sec to 

100 mm/sec. The print-out on the chart of any change in the voltage 

input provides a permanent record of the change which can be studied 

in detail at a later time. The maximum sensitivity of the Model 150 

Recording System gives a deflection of 1.5 cm for a one millivolt change 

in the input voltage.
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Figure 7. Schematic Diagram of the Injector Electrode 
Power Supply



EXPERIMENTAL TESTING OF THE FLOW METER

Mass Flow Rates Considered

Mass flow rates considered initially were to cover the range 

from 22 gm/min to 3420 gm/min. In the 1/2 inch diameter glass pipe 

the average fluid velocities, correspondingly, ranged from 0,29 cm/sec 

to 45 cm/sec. It was found that» with the injector and detector 

electrodes 33 cm apart, the recorded pulse outputs, as a result of the 

change in the concentration of ions, were unsatisfactory for mass flow 

rates of less than 288 gm/min and greater than 2069 gm/min. As a 

result the only mass flow rates considered for the flow meter of this 

geometry were from 288 gm/min to 2069 gm/min. The average fluid velo

city. over this range was from 3,78 cm/sec to 27.2 cm/sec, respectively.

Over the flow ranges considered, a plot of reciprocal time as 

a function of the mass flow rate was made for the two cases of pure 

laminar flow and pure turbulent flow. For laminar flow the reciprocal 

time is:

1
t (16a)

and for turbulent flow the reciprocal time is;

1
t (16c)

where

D 1.27 cm

d 33 cm

23



288 ^ m ̂  2069
As was stated earliers the type of fluid flow over the mass 

flow rate range could be calculated. It was of interest to know whether 

the fluid flow was laminar or turbulent„ Above a value of the Reynolds 

number of 1000 (Moody 1944) the fluid flow was no longer laminar, l)sing 

equation (16d)9 the critical mass flow rate was found to be 556 gm/min.

It should be noted that the Reynolds number for straight rough 

pipe was used instead of the one for smooth pipe. The reason for this 

was that it was felt.that although the pipe was smooth glass, the glass 

tees 9 the'rubber gaskets at the pipe joints and the platinum screens 

between the electrodes precluded "the use of the Reynolds number for 

smooth pipe.

injector Electrode Voltages and Currents

The voltage applied to the injector electrode was dependent on 

the minimum current desired through the electrode. The minimum current 

necessary to change the concentration of ions in the solution by an 

amount which would result in a detectable voltage output to the recorder 

was dependent on the resistance across the Injector electrode. It was 

desired that the minimum voltage output to.the recorder be at least one 

millivolt in magnitude. To determine the minimum current for this 

voltage output the change in the detector electrode resistance had to be 

calculated. From the change in the detector electrode resistance the 

change in the concentration of ions was calculated. From this, the mini 

mum current necessary for a one millivolt change in the recorder input 

voltage was obtained.
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The resistance across the detector electrode, for a

voltage output to the recorder was obtained from equation (15).

R,R, R.V- -R0R„R. V,p _ 3 4 o 1 2 3 4 o______
R0R,.R/+R0R„R-+R0R,.Rr-rRQR,Re  ̂'2 j 4 2 J  5 2 4 5  3 4 5

The change in the resistance across the detector electrode, was

calculated knowing the change in the voltage output desired. The

corresponding change in A  E is

A  E ""

where is the resistance of the detector electrode before the pulse 

reaches the detector and 'is the resistance after the pulse reaches 

the detector»

It was desired that be at least one millivolt In magnitude« 

The resistances and and the voltages and were

known» Hence, the change in the detector electrode resistance A 

where d&Rg ^ a s was determined» Using the following measured 

values:

A E 1 millivolt

R2 2 o01x10^ ohms

R3 1,88x10^ ohms

R4 = 820 ohms

R5 o 9.918xl05 ohms

V S3 1.5 volts

V6 1.5 volts
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the change in the resistance,ARg, necessary to insure a one millivolt 

change in the recorder input voltage was found to be 20 ohms,

The change in the concentration of Ions,A C , was then found 

from equations (3) and (6),

* - w  (%)

A C  » C - cp (3)

where Cp is the concentration of ions before the current was passed 

through the injector electrode and G is the concentration after the 

change was induced.
1000K,

a c = ~  i <2o)

where the cell constant, K 9 - 7,53 (See Appendix A)

A- e 412 ohms ^

Rg == 2,01x10*^ ohms

R? ss 1.99x10^ ohms

The change in the concentration of ions,AC, necessary to 

cause a one millivolt change in the recorder input voltage was found 

to be 9,1x10 ^ gram equivalents/liter.

Using equation (2b) the current through the injector electrodes, 

necessary to change the ionic concentration between the electrodes by 

the desired amount that would cause a one millivolt change at the 

recorder output,was calculated,

I (amperes) => (2b)
6x10 p
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where m « mass flow in gm/min and AC  = ionic concentration between

the electrodes• For the minimum flow rate considered9 which was
- -5 °laminar, A C  ~ 9»1x10 gram'equivalents/liter and m = 288 gm/mine

The necessary current to produce this change in the ionic concentra

tion was 4,22 tax 11 tamperes at the lowest mass flow rate considered.

For the maximum flow ratefconsidered which was turbulent
-5 ■ , 0AC = 9.1x10 gram equivalents/liter and m ~ 2069 g^/min. At the

maximum mass flow rate considered, the necessary current to produce 

this change in the ionic concentration was 30.3 milliamperes,

Subsequently, the calculated injector electrode voltage9 where 

the measured resistance across the injector electrode was 1950 ohms, 

necessary to cause a one millivolt change in the recorded detector 

voltage was 8.23 volts for the minimum mass flow rate. For the maxi

mum mass flow, rate considered the calculated injector electrode voltage 

was 128 volts.

Flow Meter Output Voltages

Since the magnitude of the change in the output voltage was not 

necessary for the calibration of the flow meter, its actual value was 

not needed. It was only necessary that the change in the voltage output 

could be .detected. As a result, . the voltage to the injector electrodes 

was varied, within the limits of the power supply voltage and current 

rating, at the various mass flow rates to produce a measurable change 

in the output voltage. It was desired that this change be a t .least 

0 . 5 -millivolts.



An example of the voltage output trace on the recorder chart 

paper is shown in Figure 8. The chart speed was 5 mm/sec. The mass 

flow rate of the solution, as measured by the rotameter, was 1229 gm/ 

min. The voltage input to the injector electrodes was 450 volts DC. 

The current through the injector electrodes was approximately 225 

milliamperes for a period of time of 0.3 seconds.

The expected change in the recorder input voltage, for the

example shown in Figure 8, was calculated using the following equations

(2b)a c  ,
96,487 m

C = Cp + A C  (3)

1000K
r2 = R2 + = - q - % -  <6>

A- - R3R4R5Vr R2R3R4V6 R3R4R5Vr R2R3R4V6 ....

where
I - 225 milliamperes

m »■ 1,229 gm /min

= 7.53

A  = 413 ohms

0^ = .00908 gram equivalents/liter

R9 = 2010 ohms

Rg = 1880 ohms

R^ 23 820 ohms

Rg =3 9 o98xl05 ohms

2= 1.5 volts

Vg - 1.5 volts
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1
 Measured Time ----
(Flow Rate: 288 gm/min)

0

1

Time, seconds

1 Measured Time (Flow Rate: 1229 gm/min)

0

1

Time, seconds

Or Measured Time (Flow Rate: 2069 gm/min)

41 90 2 3 6 85 7
Time, seconds

Figure 8. Sample Traces of the Flow Meter Voltage
Output to the Recorder at Various Flow Rates.
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The expected change in the recorder input voltage calculated 

w s  5.7 millivolts„ The actual change in the recorder input voltage 

from the recorder chart was 0.53 millivolts. This difference was 

probably due to polarization of the electrodes, Polarization would 

cause the resistance of all electrodes to increase $, and hence» the 

voltage output to the recorder would be decreased. Polarization was 

not considered in the calculations because it is not completely under

stood and its affect on electrodes has only been determined . 

empirically.



DISCUSSION

Results and Calibration

The time required for the pulse to move from the injector to 

the detector electrodes was measured at 12 different mass flow rates„ 

These flow rates were selected at intervals of 20 units on the rota

meter starting at.the rotameter reading of 250 and preceding downward 

at this interval to 30, inclusive, which corresponded to flow rates 

from 2069 gm/min to 288 gm/mln. The time, in seconds, required for 

the ionic concentration change to travel down stream to the detector 

was measured 30 times at each mass flow rate. The time measured 

(shown in Figure 8) was from the time the power to the injector 

electrodes was turned on to the beginning of the voltage change in the 

recorded output voltage,

As the injector electrode voltage was turned on there was an 

immediate decrease in the recorded output voltage as shown in Figure 8, 

This decrease, which could not be completely eliminated, was probably 

due to a voltage feedback or a ground loop in the electrical circuit of 

the flow meter. When the injector electrode power was turned off, the 

recorded output voltage returned exponentially to the original output 

voltage. This presented a problem, at the higher mass flow rates, in 

determining the time that the ionic concentration change reached the 

detector electrodes, as there was insufficient time for the recorded 

output voltage to return to its zero before,the change in the ionic 

concentration reached the detector electrodes,

31
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The average reciprocal time9 *r# was calculated from the

reciprocal of the times recorded at each mass flow rate. Table 1 

gives these values with their standard deviations* The average 

reciprocal time was then plotted against the mass flow rate, m. The 

results, shown in figure 9, provided a calibration curve for.the 

electrolytic flow meter. Figure 9 also shows the calculated limits 

for laminar and turbulent flow.

Table I

Average Reciprocal Recorded Times at Various Mass Flow Rates

Mass Flow Rate 

gm/min

283ts•

Average Reciprocal

458-8

611-8

760-8

910-8

1069-8 

1229-"8 

1393-8 

, 1560^8 
1733-8 

• 1904-8 

2069-8

Time 8 fcs

0,147

0,240

0,299

0.359

0,440

0.509

0.571

0,615

0.691

0,735

0,802

0.901

sec -1
Standard Deviation 

Standard Deviation

-.003

-.005

-.004

-.012
-.017

-.022

.033

-.035

-.043

-.045

-.047
•f 053
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Figure 9. Calibration Curve for Flow Meter and Calculated 
Limits for Laminar and Turbulent Flow
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The standard deviation for the average reciprocal time was. 

approximately -5% and the standard deviation for the mass flow rate 

was approximately -8 gm/min over the mass flow range considered.

As predicted, the plot of the reciprocal recorded time follows

the laminar flow curve at the lower mass flow rates, breaking away from 

this curve near the critical mass flow rate, and approaches the 

turbulent flow curve at the higher mass flow rates.

Conclusions and Recommendations

The purpose of this project was to develop a flow meter which 

was independent of the fluid conductivity, temperature gradients in the 

fluid and the force of gravity, for the measurement of the mass flow 

rate of an ionic fluid. The flow meter developed, which is dependent 

only on the travel time of the injector pulse, is independent of the 

three parameters above.

The flow meter was calibrated by measuring the time it took for 

the injector pulse to travel from the injector electrodes to the

detector electrodes at known mass flow rates. The mass flow rates,

which had a variation of plus or minus 8 gm /min, were measured with a 

rotameter. The measured times had a standard deviation of approximately 

plus or minus 5%.

The flow ranges measured were limited to the range from 288 

gn/min to 2069 gm /min. The lower limit was due to the fact that the

magnitude of the pulse was so small that the tin® to the beginning of
\

the pulse could not be determined. The upper limit was due to the fact 

that the linear velocity was so fast that the change in the concentration



of ions reached the detector before the detector had time to recover 

from an induced negative voltage which occurred when a voltage was 

applied to the injector electrodes. As a result, the beginning of the 

pulse was hidden in the induced negative voltage at flow rates greater 

than 2069 gm/min. The lower limit could have been lowered by decreas

ing the distance between the injector and detector electrodes or by 

decreasing the cross sectional area of the flow channel. The upper 

limit could have been raised by increasing the distance between the 

electrodes, increasing the cross sectional area of the flow channel or

by eliminating the negative pulse which was induced in the detector

when a voltage was applied to the injector electrodes.

As the travel time of the pulse from the injector to the 

detector is the only variable, the flow meter is independent of tempera

ture gradients, fluid conductivity and the force Of gravity. It is 

realized that the magnitude of the output voltage is dependent on the 

fluid conductivity. However, this has no effect on the measured 

travel time of the injected pulse a® long as the magnitude of the out

put voltage is sufficiently large to be detected.

The fact that the plot of reciprocal time against the mass flow 

rate is not a straight line, but follows the line for laminar flow at 

the lower flow rates, breaks away from this line at the critical mass 

flow rate and approaches the line for turbulent flow as the flow 

become® more turbulent, presents no problem. It only requires that for 

a given physical arrangement of pipes, connections, etc., the flow meter 

be calibrated before it can be used. If the flow through the pipe system



36

can be kept either laminar or turbulent, the plot of reciprocal 

time vs. the mass flow rate will be a straight line and calibration 

will not be required.

In order to have greater confidence in the mass flow rates 

obtained by the flow meter, the standard deviation must be reduced.

This can be done by eliminating the negative voltage induced across 

the detector when a voltage is applied to the injector electrodes and 

by increasing the magnitude of the change in the voltage output when 

the pulse reaches the detector. There is also the possibility that 

the time can be measured more accurately by using a square wave 

generator which sends a step input voltage to the recorder when a 

voltage is applied across the injector electrodes and shuts the voltage 

to the recorder off when the injected pulse reaches the detector 

electrodes. ..

It is recommended that further investigation be conducted in an 

attempt to increase the precision of the measured time. This can be 

done by eliminating the induced negative pulse which occurs across the 

detector when a voltage is applied to the injector electrodes or by 

developing a square wave generator which functions only when a voltage 

is, applied to the injector electrodes and when the change in the con

centration of ions reaches the detector electrodes. It is also recom

mended that an investigation be conducted using a pH meter and its 

electrodes for the detector system. There is a possibility that a pH 

meter detector will be more sensitive to ionic changes if its response 

and recovery times can be reduced.



APPENDIXES

Appendix A, Determination of Cell Constant

In order to determine the cell constant, K, of the electrodes

(Getman and Daniels 1940), a 0.02 molar solution of potassium chloride

was used. The specific conductivity, L, of the solution was 0,002761 

ohm \  The electrodes were placed in the solution and the resistance

was measured with a bridge. Using equation (4) the cell constant, K,

was determined.

K = RL (4)

where R is the resistance of the electrode for which the cell constant 

is to be determined.

The measured resistance of the electrodes while they were in the 

potassium chloride solution was:

Injector Electrode Resistance, R^ » 2640 ohms 

Detector Electrode Resistance, Rg = 2720 ohms 

Voltage Output Electrode Resistance, R^ = 2550 ohms.

The cell constants for the electrodes were = 7.3, Kg = 7.53, 

and Kg = 7.04, respectively.

37



38

Appendix B» Calculation of the Standard Deviation

The standard deviation for reciprocal time at a given mass flow 

rate was determined from the following equation:
j -

+ 2 
e = - "n-T

2where a is the standard deviation at a given mass flow rate, Zd is 

the summation of the "squares of the deviations from the mean and n is 

the number of times a reading was taken at the given flow rate, The 

deviation from the mean, d, is

t t

The standard deviation at the flow rate of 2069 gm/min is 

shown below as am example calculation,

n - 30

i  -i™  = 0.901 sec

'.2d2 = 802.2x10 "4
1

+ 802.2x10"4 2
30-1

0- « + 27.66x10 2

- 0.053



GLOSSARY

Equivalence Conductance (vL): the conductance, in reciprocal ohms,

of a solution containing one gram equivalent of solute when placed 

between electrodes which are one centimeter apart.

Gram Equivalent; the number of grams of that element which will combine 

chemically with, or will replace from chemical combination, 8 grams 

of oxygen.

Molar; the number of gram molecular weights of solute in one liter of 

solution.

Reynolds Number (R^); a dimensionless quantity which is a function of 

the pipe diameter (D), the average fluid velocity (v), the fluid 

density (p), and the fluid viscosity O'X). It is defined as

Re 5 ^  *

Specific Conductivity (L); the reciprocal resistance of a column of 

solution one centimeter long and one square centimeter in cross 

section.
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