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ABSTRACT

EFFECT OF AN OIL FOG UPON

HOT—WIRE ANEMOMETRY RESPONSE

by

Nendelin Michael Burkhardt

In recent years, the use of flow visualization techniques have qualita-

tively revealed considerable insight into the nature of turbulent flows.

Due to the difficulty of obtaining quantitative data from photographs,

flow visualization techniques are being used in conjunction with clas-

sical anemometry techniques. This report addresses the effect one type

of flow visualization tracer, namely an oil fog, has upon the response

characteristics of a hot-wire anemometer. The study examined the effects

of varying sensor temperature, oil fog concentration, air velocity and

probe geometry. The relative errors of hot-wire mean velocity, fluctua-

ting velocity and spectral measurements are also investigated. At the

highest sensor operating temperature examined, corresponding to a resis-

tance ratio of 1.8, the hot-wire performance was effected very little by

the oil fog concentrations used. This was not the case at lower resis-

tance ratios. Hot-wire voltage—velocity calibrations showed the Collis

and Williams relationship held for all resistance ratios and oil fog

concentration levels tested.

Finally, a model is proposed to explain the behavior of a hot-wire in an

oil fog.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

In recent years, flow visualization has developed into a very important

tool with which to study coherent motions in turbulent flows. The types

of flow visualization methods in use today are quite varied. Many

visualization techniques seed the fluid being studied with a tracer that

will follow the motions of the fluid. The type of tracer used depends

upon the working medium. Typically solid particulates and gas bubbles

are used in liquids while solid particulates and liquid droplets are used

in air.

The technique of flow visualization allows researchers to observe the

instantaneous flow field associated with short-lived coherent

structures. With conventional flow visualization techniques, velocity

records are very difficult, if not impossible, to obtain. This has lead

to a new technique which combines the flow visulization method used by

Fiedler and Head (1966) with simultaneous hot-wire anemometry, Falco

(1977, 1980). A fog of 5 pm mineral oil droplets is illuminated by a

thin sheet of laser light. The hot-wire sensors are placed in the laser

light plane and a motion picture is taken of both the flow and the hot-

wire anemometer output. In later measurements, Falco (1980) used laser

light and simultaneous digital data acquisition to allow more accurate

and rapid analysis to be made. Use of this technique to conditionally

sample velocity records will yield a wealth of new and important

information about the importance of coherent structures in turbulent

flows.

This study was initiated to determine the effect the oil fog has on a

hot—wire anemometer's response characteristics.



 
 



 

1.2 Hot-Wire Anemometers

The operation of a constant temperature hot-wire anemometer in air is

quite well documented, so only a brief explanation of its operation will

be given. The hot-wire operates by heating a thin wire to a temperature

well above the ambient air temperature with an electric current and then

maintaining this temperature constant throughout the period of

operation. This operation is performed by the electronics maintaining

the resistance of the hot—wire sensing element constant. If the sensor

is then placed in a moving airstream, thermal convection will remove

energy from the wire. By varying the current passing through the wire,

the energy supplied to the wire is varied to maintain the temperature

constant.

The basic electronic circuit used for constant temperature hot-wire

anemometers is the Wheatstone bridge. In this circuit, Figure 1.1, the

resistance of the hot-wire is held constant by varying resistance R4.

This varies the current that passes through the hot-wire. As the current

through the hot-wire varies, so must the voltage drop across the wire.

By calibrating this voltage against an air velocity, a functional

relationship can be obtained between the two quantities.

A considerable amount of research has been performed to yield the current

understanding of the operation of hot-wires in air. King (1914) first

obtained the result that hot-wires obey a heat-transfer law of the form

2 2 1/2
E = E0 + kV

This relationship was later more closely examined by Collis and

Williams(1959). They found that hot-wires, operated normal to the

oncoming velocity vector, tend to behave according to the law



 

  
   

 



2
E : E02 + ka

where m may vary from 0.35 to 0.5 depending upon the individual hot-wire.

For operational reasons, it is desirable to operate a hot—wire not only

normal to the air velocity vector, but also at other angles. A single

hot-wire, positioned normal to the oncoming velocity vector, can only

resolve the streamwise velocity component. This probe arrangement is

typically called a u-wire because in a wind tunnel, the streamwise or u

velocity component, is measured with this type of probe arrangement.

To resolve two velocity components of the air flow requires the use of

two hot-wire sensors, neither of which is normal to the oncoming velocity

vector. These types of probes have the hot-wire sensors positioned at

approximately 45° to the mean velocity vector and the wire axes ortho-

gonal to one another. The resultant arrangement is typically termed an

X—wire or V-wire array, depending upon the probe arrangement. The

spatial separation of the two wires is typically 1 mm.

To allow the use of the Collis and Williams relationship on a probe that

is not normal to the oncoming flow vector, the angle between the hot-wire

axis and the flow must be considered. Friehe and Schwartz (1969)

proposed the replacing the actual fluid velocity with an effective

velocity calculated from the equation.

2
v .92[1-cosl/Zs]}
EFF = VACT {1'

Because of the relative ease of use and documented favorable response

characteristics to high frequency flow fluctuations, hot-wires have been

used for velocity measurements in many types of fluid media. This

widespread use has demonstrated that hot-wire response can easily be

effected by contaminants on the hot-wire. It is known that when hot-



 

 



wires are operated in media containing dirt and other contaminants

voltage drifts occur. Morrow and Kline (1974) investigated the effects

of operating a hot-wire anemometer in dirty water. They concluded the

dirt formed a coating on the sensor which resulted in increased heat

transfer resistance. The size of the coating would increase in time.

This would cause the parameters of the Collis and Williams relationship

to change with time. Morrow and Kline also noted that the energy spectra

showed considerably more noise at high frequencies.

The more subtle changes in the hot-wire's response when operated in a fog

of mineral oil droplets, also termed "smoke”, have also been examined.

Investigations by Falco and Abell (unpublished) and Falco and Sniegowski

(unpublished) have been performed using a similar oil fog as in this

investigation. Falco and Abell found hot-wires were effected but

slightly by the oil fog for resistance ratios of 1.6 and greater. The

mean and rms voltage measurements made showed an increase in both

quantities. Falco and Abell concluded a coating of oil developed on the

hot-wire. They proposed a model in which an oil coating build up on the

hot-wire due to oil deposition up to some point, then broke off. This

process would continually repeat itself. Falco and Abell did note the

size of the coating appeared to be dependent upon resistance ratio. At a

resistance ratio of 1.3, the oil accumulation upon the hot-wire caused a

slow increase in the mean output voltage followed by a sudden return to

normal. During this time the frequency response was found to decrease.

Measurements performed by Falco and Sniegowski also indicate that the oil

fog has a large effect on hot—wire anemometers. Their data suggests that

for resistance ratios less than 2.0 substantial errors could occur in

velocity measurements. In addition, the oil fog caused large changes of

the parameters m of the Collis and Williams relationship.

Since the results of previous investigations are somewhat contradictory

the object of this study was the careful measurement of the changes in

the heat—transfer characteristics of hot-wires operated a fog of mineral



 



oil droplets. All of the previous data was obtained at velocities of 15

m/s and higher. Due to constraints on the intensity of available light

sources, typical flow visualization experiments currently operate at less

than 6 m/s. This consideration resulted in all of the experiments in

this investigation occurring in the range 1.9 m/s - 19 m/s. This then

allows the data to be more helpful to researchers using these

techniques. It also provides some overlap with the previous studies with

oil fogs.

To verify that meaningful data can be obtained from a hot-wire operating

in an oil fog contaminated atmosphere, it will be shown that the basic

heat transfer relationship governing the hot-wire, the Collis and

Williams relationship, is still valid. This will show that the hot-wire

will not experience gross changes in its heat transfer characteristics.
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CHAPTER 2

EQUIPMENT

2.1 Oil Fog Contaminants

The oil fog contaminants used in this investigation are generated from a

white mineral oil marketed by Witco Chemical under the trade name of

Blandol. This oil has a viscosity between 0.16 and 0.18 cm 3s at 38°C.

Boiling occurs at approximately 290°C.

The apparatus used to generate the fog was a C. F. Taylor 3020 smoke

generator. This device created the oil fog or "smoke” by forcing mineral

oil through capillary tubes where sufficient heat was supplied to

vaporize the oil. The vaporized oil was then passed through a nozzle to

condense the vapor into droplets. The droplets were then mixed with air

to create the oil fog and introduced into the wind tunnel at a slight

overpressure through a pipe network. According to literature supplied by

the manufacturer, the diameter of the oil droplets produced by this

device varied between 0.5 pm and 5.0 pm.

2.2 Hot-Wire Characteristics

The hot-wires used for this experiment were constructed from tungsten

wire. The wire had a diameter of 5 micrometers and a sensing length of 1

millimeter, giving a length to diameter ratio for this wire of 200.

On both sides of the sensing region a copper coating was plated onto the

wire. This allowed the wire to be soldered onto the probe supports. The

wire supports were composed of 2 jeweler's broaches held in alignment by

an epoxy body. This was then mounted on a brass sting. (See Figure

2.1).



 

 

 



In this investigation two hot-wire operating geometries were employed.

The first geometry consisted of the hot-wire being operated normal to the

flow direction, designated a straight or u-wire probe. In the second

geometry employed, called the slant wire probe, the hot-wire was operated

at a 45° angle to the oncoming velocity vector. These two configurations

are shown in Figure 2.2. Additional configurations were not deemed

necessary since these two geometries are the basic building blocks for

all other configurations normally used in practice. The hot-wires were

used in conjunction with Disa 55 M01 constant temperature anemometers.

The sensitivity of the wire, the ability of the wire to differentiate

small changes in velocity is governed by the difference between the wire

temperature and the ambient fluid temperature. The parameter which

governs the hot-wire operating temperature is the ratio of resistance a

wire has at the operating temperature to the resistance of the wire at

the ambient air temperature. This ratio is termed the hot-wire resis-

tance (R) or overheat ratio. From this ratio the operating temperature

of the hot-wire can be determined using the relationship

T =T + 1 [R-l] in 0c
0 A ’TUOfi ’

The resistance ratios that are normally used in practice with hot-wire

probes constructed of tungsten fall between R = 1.8 and R = 1.3. In this

investigation, three resistance ratios were investigated. These are 1.8,

1.6, and 1.45 which correspond to temperatures of 224°C, 174°C, and 150°C.

When the hot—wires were initially used, a slight amount of oxidation would

take place. This oxidation increased the resistance of the hot-wires,

thereby causing the output voltage to drift and subsequently yielding

errors in measurement. To prevent this from effecting the results

obtained, the hot—wires were operated at a resistance ratio of 1.8 for a

period of 24 hours to allow them to stabilize. Operation at higher



 

 

 



resistance ratio caused severe oxidation of the tungsten to occur, often

resulting in the destruction of the wire.

Many investigators use platinum wire as the sensing element of the hot-

wire. This allows the hot-wire to be operated at a much higher resistance

ratio without causing the destruction of the sensor. This material was

not used for these experiments due to the possibility of the mineral oil

and the platinum reacting chemically.

2.3 Wind Tunnels

The majority of the experiments performed in this investigation utilized a

wind tunnel especially designed for the study. The wind tunnel is a ver—

tical type. It is a 2-dimensional design with a 1.2 m long test section

that is 15.25 cm high and 30.5 cm wide. The experiments performed in this

wind tunnel required only the first 15 cm of the working section and were

performed along the centerline of the wind tunnel. To insure a steady air

flow into the working section, a 9.71 area ratio contraction was used in

conjunction with screens and a honeycomb. A fan of sufficient size was

employed to allow the flow velocity to be varied from 0.15 m/s to 22 m/s.

Figure 2.3 shows this wind tunnel. Also shown is the pipe network used to

introduce the oil fog in the flow field. This network consisted of copper

pipe of 1.27 cm inside diameter with a 90° elbow that brought the oil fog

from the outside of the wind tunnel to the center of the contraction.

Over this elbow was placed a 2.54 cm inside diameter pipe 60 cm long. It

was suspended by a 0.976 cm rod running through it 11.4 cm from its upper

end. This allowed further carburizing of the oil fog. The upper end of

the large pipe ended 5 cm inside of the wind tunnel test section. The

hot-wires to be tested were positioned 0.63 cm over the pipe outlet,

directly in its center line. The pipe provided the benefits of containing

the oil fog over a precise area and also providing a visually uniform oil

fog distribution over the hot—wire for all the flow velocities used. This

arrangement, with the wind tunnel exhausting into the atmosphere, allowed



 



the hot—wire to be subjected to a constant oil fog concentration for long

periods of time.

The experiments performed in boundary layers required a different wind

tunnel. This wind tunnel, shown in Figure 2.4, was specially constructed

for continuous flow visualization studies using an oil fog (see Falco

1980). The maximum velocity attainable in this facility is 6.4 m/s with

an associated free stream turbulence level of 0.3 percent of the mean free

stream velocity. The experiments were performed on a flat plate at a

distance of 5.8 m from the leading edge.



 



CHAPTER 3

PROCEDURES

3.1.1 Measurement of Relative Oil Fog Concentration

The relative oil fog concentration in the neighborhood of the hot-wire was

monitored using an optical technique. A coherent beam of light, supplied

by a laser, was directed through the air stream immediately below the hot-

wire sensing element. The opacity of the oil fog was then measured using

the apparatus shown in Figure 3.1.

The primary components of the apparatus included a 1mW Helium-Neon laser,

two photodiodes with their associated signal amplifying circuits, a

voltmeter to monitor the photodiode output voltages, and a beam

splitter. The two photodiodes and their circuits were identical. One

photodiode unit was used to measure oil fog concentration while the other

was used to monitor the variations in the output of the laser. The beam

splitter was used to direct one-half of the laser emission to each of the

photodiodes.

The photodiode and its circuitry were housed in the enclosure shown in

Figure 3.1. The circuitry is shown in Figure 3.2, and is diagrammed in

Figure 3.3. The photodetector used was a Hewlett-Packard model 4220 pin

photodiode. The important properties of this device are shown in Table

3.1. Both the photodiode and its amplifying electronics exhibited a

linear voltage response. The only adjustable parameter in this system was

a d-c offset which allowed the output voltage to be nulled when there was

no radiant larger radiation input to the photodiode.

The Spectra-Physics laser used in this apparatus emitted radiation at a

frequency of 633 nm. The nominal output of 1mW was found to vary

approximately i§%'

10
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3.1.2 Calculation 0f Relative Oil Droplet Concentration

The attenuation of a coherent beam of light by a fog of oil particles is

governed by the equation

12': exp {-aL}

0

also known as the Beer-Lambert Law. In this relationship I/Io is the

fraction of light transmitted, a is the extinction coefficient of a unit

volume of aerosol, and L is the optical path length through the aerosol.

Skinner and Boas-Traube (1947) have suggested that the extinction

coefficient per unit volume can be expressed as

EX C

where AEX is the droplet specific projected extinction area and MC is the

droplet mass concentration. By inserting this equation into the Beer-

Lambert Law and solving for MC, the expression

1
M. = ln (I/I )

C AEXE o

is obtained which would allow the calculation of the droplet mass con-

centration in the neighborhood of the hot-wire is AEX where known. The

fraction of light transmitted is merely the ratio of the photodiode sensor

output when oil fog is presented in the flow to the output obtained in

clean air. This is a result of the linearity of the photodiode sensor

response. Because AEX was unknown, the above expression was used as a
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basis for the definition of a relative, nondimensional oil fog concen-

tration C, defined as

C = 2n (I/IO)

3.2 Mean Flow Velocity Calibrations

Measurements were made to calibrate hot-wire anemometer output voltages to

the corresponding air velocity. The calibrations were in the Collis and

Williams format of E2 versus Vm, where E is hot—wire voltage and V is air

velocity in m/s. The hot-wire calibrations were performed in clean air

and three relative oil fog concentrations (0.18, 0.32, 0.47). Each

calibration was obtained by maintaining the hot-wire resistance ratio and

oil fog concentration constant while varying the air velocity. The air

velocity was changed incrementally from 1.8 to 19.0 meters per second.

Because the flow field the hot-wires were calibrated in was turbulent,

time averages were necessary. The reference air velocity was derived by

measuring the static pressure in the neighborhood of the hot-wire and

employing Bernoulli's equation.

For increased accuracy a computer controlled data acquisition system was

used to obtain the calibration points. This system allowed the averaging

of a sufficiently large number of hot-wire voltage values to obtain a

statistically stationary mean hot-wire voltage value (175,000).

The data acquisition system consisted of a T196OA mini-computer that

sampled voltage from a Disa 55MOI hot-wire anemometer and a Decker 308-3

pressure transducer. The analogue voltage outputs from the hot-wire

anemometer and the pressure transducer were converted to digital form by a

10 bit analogue-to-digital converter. The hot-wire anemometer signals
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were first analogue filtered at 20 kilohertz before they were digitized at

a rate of 1.75 kilohertz.

An assembly language computer code named CALTAP controlled the data

acquisition. Once the program obtained the required number of data

points, the average of both the hot-wire anemometer and the pressure

transducer voltages would be calculated. The program would then convert

the mean pressure transducer voltage to a static pressure (in inches of

water) using a second order polynomial calibration equation. The mean

pressure value, h, was then converted to the mean velocity by the equation

v =13ng JF—

where

T = ambient temperature

b = ambient pressure

The hot-wire voltages and corresponding air velocities for each calibra-

tion were subsequently fitted to the Collis and Williams relationship on

an IBM 1800 computer using a Fortran program named CALFT (see Appendix).

The program outputted the values of the parameter E02, k. 60d m 0f the

Collis and Williams relationship that provide the best fit to the data.

Also calculated by this program were values of the hot—wire sensitivities,

dV/dE, and the standard deviation of the calibration data.

The manner in which CALFT calculates the values of E02, k and m is via a

non-linear estimation. The value of m is initially assumed to be 0.45. A

linear regression analysis is then performed on the hot-wire voltage and

velocity points to compute values of E02 and k. The hot-wire voltage data

points are then converted to velocities using the calculated parameters.

The standard deviation of the calculated velocity values and the measured
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values is then determined. A new value of m is then chosen and the

processes is repeated until the standard deviation of the calculated

velocity values to the measured ones is minimized.

To allow additional insight to be obtained into the effects of the oil fog

on the hot—wire, the parameters E02 and k were calculated assuming m fixed

at a value of 0.45. This was performed by performing a linear regression

upon the data points obtained by the CALTAP code. The analysis was per-

formed with a Hewlett-Packard HP-55 calculator. In addition, an estimate

was obtained of the accuracy with which the data points could be repro-

duced with the calculated linear relationship. This estimate, designated

F, was determined using the equation

A value of 1 indicates a perfect fit to the data points.

The data acquisition system and the two programs CALTAP and CALFT were

developed by Dr. J. F. Foss of Michigan State University.

3.3.1 Measurements of Fluctuating Quantities

These measurements were obtained in the same wind tunnel as the mean flow

measurements. As before the hot-wires (u and slant) were operated at a

selected resistance ratio and air velocity. The oil fog concentration in

the neighborhood of the hot—wire was then set to the desired value. The

hot-wire was then operated under this “steady state” condition and the

measurement made. The experiment was then repeated until the entire range

of oil fog concentrations (from clean air to a relative oil fog concentra-

tion of 0.47) had been traversed. The air velocity was then incremented

and the above procedure repeated. Upon completing the measurements for
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the various velocities, the wire resistance ratio would be altered (from

1.45 to 1.8). This procedure was employed for both types of hot-wires.

A Thermo Systems Inc model 1076 rms voltmeter was used to measure the rms

voltage of the unfiltered hot-wire anemometer signal. The rms voltage

output from this device was then averaged for a period of 7 minutes by a

Disa 52B20 integrator to obtain a stable value. For each permutation of

the parameters, from 4 to 6 experiments were performed and the results

averaged.

The rms voltage values from the hot-wire and the voltage from the photo-

diode detecting the oil fog opacity were input minually into a VAX

computer. The program RMSREDU (see Appendix) was then used to calculate

the relative oil fog concentration for each data point. The experiments

comprising each permutation were then averaged together to obtain a mean

hot-wire resonse curve to oil fog concentration. Hot-wire rms voltage

value were calculated for incremental oil fog concentration values by

linearly interpolating between the data points from each experiment.

These value were then averaged for like permutations of the hot-wire

parameters to obtain the rms voltage response curves.

3.3.2 Hot-Wire Anemometer Spectral Response

Energy spectra for hot-wires operated in both clean air and a relative oil

fog concentration of 0.32 were obtained at two velocities. To obtain the

amount of flow energy at various frequencies, a Hewlett-Packard wave

analyzer was used. The wave analyzer acts as a precise narrow band pass

filter operating in the frequency domain. With the hot—wire resistance

ratio, air velocity and oil fog concentration held constant during an

experiment, the rms voltage was measured at predetermined frequencies

between 100 Hz and 20 Khz. The rms voltage passed by the wave analyzer at

a given frequency was measured with the T51 model 1076 rms voltmeter. The

voltage output from the voltmeter was then averaged by the Disa 52820

integrator for a period of 7 minutes.
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When this experiment was completed, the oil fog concentration was in the

neighborhood of the hot-wire was varied and the experiment was repeated.

Next, the air velocity was changed and the process repeated again.

To obtain the spectral data a Hewlett Packard wave analyzer was inserted

into the above chain of instruments after the anemometers and before the

rms voltmeters.

3.4 Instantaneous Measurements

The photographs of the boundary layers with the oscilloscope tracings of

hot-wire and photomultiplier signals were supplied by Dr. R. E. Falco.

These were obtained using special facilities. A flow visualization wind

tunnel was used that allowed the introduction of the oil fog into a

laminar boundary layer. The boundary layer was then tripped to cause it

to become turbulent. A hot-wire of the U type was installed in the wind

tunnel a large enough distance from the wall to allow the hot-wire to come

into contact with the oil fog filled regions of the boundary layer and

clean air regions of the free stream for an approximately equal amount of

time. The photomultiplier tube was then focused immediately underneath

the hot-wire. A 5 watt argon-ion laser was then used to illuminate a 2

millimeter thick vertical slice of the boundary layer in the same plane as

a probe. Light from the laser was spread into a sheet by allowing the

beam to strike a cylindrical lens. When the probe entered an oil fog

containing region, laser light scattering off the oil fog particles was

detected by the photomultiplier tube. The signals from the hot-wire

anemometer and the photomultiplier tube were then displayed on the

oscilloscope. Through the use of mirrors the image of the oscilloscope

screen was then photographed with the boundary layer. These photographs

resulted in 20 events of the hot-wire entering a oil fog contaminated

region. The hot-wire signals were then digitized and normalized in time

and voltage and ensemble averaged.
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3.5 Boundary Layer Experiments

Two experiments were performed in fully turbulent boundary layers. The

first consisted of measuring a turbulent intensity distribution in a

boundary layer. For this experiment a hot—wire was traversed through a

boundary layer. Measurements were taken at preselected heights from the

wall. Turbulence intensities were intially measured in clean air and then

in oil fog contaminated air using the same hot-wire probe. For these

measurements a TSI 1076 true rms voltmeter was used to obtain the rms

voltage of the signal. The rms voltage signal was then averaged for a

period of 7 minutes by a Disa Electronics 52820 Integrator.

The second boundary layer experiment consisted of digitizing hot-wire

voltage records of a hot-wire operated in clean air and a hot—wire oper-

ated in oil fog contaminated air. A 10 bit analog to digital converter

was used for this purpose in conjunction with Disa 55M01 constant tem-

perature anemometers. The output voltages from the anemometers were high

passed filtered at 20 kilohertz to remove noise and then digitized at a

rate of 1.75 kilohertz. All of the velocity records contain 1,050 data

points.



 

 

 



CHAPTER 4

RESULTS

4.1 Mean Flow Calibration

Figures 4.1 - 4.5 demonstrate the effect oil fogs of various mass

concentrations have upon the voltage-velocity calibration curves of hot-

wire anemometers. Quantitatively using the clean air data as a baseline,

the data exhibited four trends:

(1) The change in the calibration increased as the oil fog

concentration was increased;

(2) The change in the calibration, for a given oil for

concentration, decreased with increasing probe temperature;

(3) The slant wire demonstrated less sensitivity to the oil fog

than did the straight wire;

(4) The standard deviation of the data points increased with

increasing oil fog concentration.

The manner in which the numerical values of the Collis and Williams

parameters E02 and k are altered by the oil fog is tabulated in Tables 4.1

(m is constant) and 4.2 (m is allowed to vary). The oil fog has the

greatest effect upon the parameter k (Table 4.1).

4.2 Hot-wire Sensitivity

An examination of hot-wire sensitivity values (Table 4.3) yields

additional insight. Straight wires experienced an increase in the

sensitivity as the oil fog concentration was increased. The percent

increase was greatest at the lowest velocities and decreased as the
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velocity was increased. The operation of straight wires at lower

temperatures resulted in greater relative increases in the sensitivity for

a given oil fog concentration.

Slant wires demonstrated a much more complex behavior. The change in the

sensitivity for the slant wires tended to be less than for straight wires

given similar conditions. In addition, the slant wire's sensitivity at

the highest oil fog concentration tested was at all times less than the

wire's sensitivity in clear air.

4.3.1 RMS Voltage Measurements

Figures 4.6 — 4.9 show the effect oil fog has upon the rms voltage

measured by a hot-wire. The measurements show that the oil fog introduces

only very small errors into the rms measurement. For both types of hot-

wire geometries, the largest error measured for a hot-wire operated at a

resistance ratio of 1.8 was 4.5%.

The rms voltage measured in the oil fog contaminated air was dependent

upon the oil fog concentration. The degree to which the oil fog effected

the measurement was strongly dependent upon the operating temperature of

the sensor. The oil had increasing effect upon the not-wire measurement

accuracy as the sensor temperature was decreased.

A behavior was observed for all instances except for the lowest speed

slant wire results. At low oil fog concentrations the measured rms

voltage was less than the clean air value. As the oil fog concentration

increased, so would the measured rms voltraged. A second interesting

phenomena evidenced was as the velocity was increased from 1.9 m/s to 4.5

m/s the rms voltage measured would decrease. As the velocity was in-

creased further, to 9 m/s, the rms voltage value increased to a value

larger than the 1.9 m/s value.
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Figure 4.10 compares straight and slant wire rms voltage response as a

function of oil fog concentration. The resistance ratio is constant at

1.8. At each of the three velocities, the straight and the slant wire

results are very close in form. They differ only in that the slant wire

curves generally fall above the straight wire curve.

Figures 4.11 and 4.12 show oscillograms of the hot-wire signal as a

function of velocity and concentration. For both figures the straight-

wire was operated at a resistance ratio of 1.8. Figure 4.11 demonstrates

the effect increasing the oil fog concentration has upon a hot-wire

operated at 1.9 m/s. The oil fog causes large, positive voltage spikes

that increase with concentration. The increased temporal resolution

oscillograms show that the spikes consist of a sudden voltage increase,

indicating a sudden cooling of the hot-wire, followed by an exponential

type decay to the apparent mean voltage. The time duration of the spikes

are typically .01 msec or less and they have amplitudes ranging up to .1

Volts.

Figure 4.12 shows that a similar situation occurs at the higher velocity,

9.4 m/s. At the higher velocity, the spikes are much less evident and

appear only to occur at high relative oil fog concentrations, 0.53. At

this flow velocity, it is difficult to distinguish the spikes from the

turbulent fluctuations.

4.3.2 Energy Spectra

The energy spectra obtained in clean air and at a concentration are shown

for the two velocities in Figures 4-13 and 4-14. At low velocities, the

effect of the spikes is clearly visible between the frequencies of 1200

hertz to 10 kilohertz. The lower frequencies show a higher energy due to

the oil fog. This may be due to aliasing of the oil fog spike signals.

However, due to difficulties in interpreting energy spectra care must be

used when drawing conclusions from this result. At higher velocity the

effect of the spikes at higher frequencies is not visible in the data. At

the lower frequencies the higher power due to the oil is again present.
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4.4 Instantaneous Data Measurements

During the acquisition of the rms data, hot-wire signal fluctuations

similar to those observed by Falco and Abell were observed. When the hot-

wire was operated at resistance ratios of 1.45 and relative oil fog

concentrations above 0.32 very large low frequency voltage fluctuations

were observed. The mean voltage could be observed to slowly increase in

value well above the magnitude of the largest turbulence fluctuation.

This increase would occur slowly over a period of approximately 1

minute. The amount of time required was dependent upon the oil fog

concentration. The voltage would then suddenly return to normal in a very

short time, considerably less than a second. During the time this

phenomena was occurring to the mean hot—wire voltage, the rms voltage was

also affected. The rms level would slowly decrease during the period of

time that the mean voltage was increasing. At the time the mean voltage

achieved its maximum, the rms voltage was very near zero. The rms voltage

would then return very quickly to normal at the identical time that the

mean voltage returned to normal.

Figure 4—15 is a typical photograph used to examine the impact of a tran—

sient oil fog concentration. The photograph shows a hot-wire being

operated in the intermittent region of a oil fog contaminated boundary

layer. The two traces are those of the hot-wire anemometer output and the

photomultiplier output. The photomultiplier was used to indicate whether

the hot-wire was in a oil fog contaminated region. 20 such events were

ensemble averaged to yield Figure 4-16. The 20 digitized events were

ensemble averaged two ways. First all 20 were averaged. Second the

signal that had a voltage increase upon entering a oil fog contaminated

region were averaged separately from those that had a voltage decrease

upon entering a oil fog contaminated region. 0f the 20 signals, 12

increased upon entering a oil fog contaminated region.
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From Figure 4-16 it can be seen that there is no appreciable bias of the

hot-wire signal introduced when the hot-wire strikes the oil fog boundary.

Once inside the oil fog contaminated region the velocity begins to drop as

it should in the boundary layer. There is no sharp discontinuity in the

voltage signal brought about by the hot-wire contacting the oil fog con—

taminated region. When the hot—wires exit the oil fog contaminated

regions the signals once again vary very smoothly across the boundary,

showing no sign of discontinuity.

4.5 Boundary Layer Measurements

Because the data presented suggests that a hot-wire operated at a resis-

tance ratio of 1.8 may not require special calibration when used in an oil

fog, the turbulence intensities in a boundary layer were measured in clean

air and an oil fog concentration of the measurements were performed on a

flow with a free stream velocity of 3.2 m/s which resulted in a Reynold's

number based on the momentum thickness of 2,700. The reduced data is

shown in Figures 4-17 and 4-18. Figure 4-17 shows the data obtained in

the outer part of the turbulent boundary layer being compared to data

obtained by Klebanoff (1954) and Blackwelder and Kovasznay (1970) in

turbulent boundary layers. The clean air values and the data obtained in

the oil fog agree quite well throughout the boundary layer. The data also

agrees quite well with the data obtained in the wall region of a turbulent

boundary layer. The data obtained by Klebanoff and Ueda and Hinze (1975)

is also plotted for comparison. The data obtained in clean and in oil fog

contaminated air show very good agreement. The difference in the values

is much less than the scatter that occurs from one experimenter to

another. These measurements do indicate that the largest difference

between clean air and oil fog measurements occur when the turbulence

intensities are highest.

The effect the oil fog has on data obtained digitally is shown in

Figure 4-19. This figure shows four hot-wire voltage records of 1,050

points each. A sampling rate was fixed at 1.75 kilohertz and the flow

velocity is approximately 2 m/s. Records a were obtained in clean air
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while records b were obtained in oil fog comtaminated air at a relative

concentration of 0.32. The difference in the signals is the presence of

the very high voltage spikes in voltage signals of the hot-wires operated

in the oil fog. These spikes were composed of a single point on the data

records. The spikes are due to the same phenomenon shown in the

oscillograms in Figure 4-11. Of the data records examined for spikes,

most contained one or no spikes.

 



     

 



CHAPTER 5

DISCUSSION

5.1 Operational Considerations

The results obtained in this series of experiments show that accurate hot-

wire measurements can be made in an oil fog. When making hot-wire mea-

surements in this type of environment the hot-wire should be operated at a

resistance ratio of 1.8 and at the lowest oil fog concentration possible.

If a hot-wire is operated at a resistance ratio of 1.8 and a relative oil

fog concentration of less than 0.47 errors of less than 3% can be expected

in average velocity measurements for a hot-wire calibrated in clean air.

If additional measurement accuracy is required , the hot-wire should be

calibrated in a flow containing the oil fog concentration expected. In

addition, if the flow velocity is kept below 5 m/s, errors in the average

rms voltages measured are negligable. This allows accurate intensity

measurements to be made in an oil fog with a hot-wire calibrated in clean

air.

The oil fog can cause difficulties during the calculation of higher order

statistics, correlations and energy spectra when unfiltered or improperly

filtered hot-wire signals are used. These difficulties are due to the

high frequency spikes on the hot-wire signals caused by the oil fog.

To obtain accurate data, care must be taken to ensure that the signal

frequency of the oil fog spikes is not contained within the frequency

range of the turbulence. If the spikes are outside the range of the

turbulence the signal can be low pass filtered to remove the oil fog

spikes. For some applications, the oil fog spikes in the unfiltered sig-

nals may significantly contribute to the variance of the velocity measure—

ments. The skewness of the fluctuations will be biased because the oil

fog spikes are always positive. Finally, the kurtosis of measurements

made in an oil fog will be increased because the oil fog spikes are a high
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frequency phenomena. The resolution of energy spectra will be reduced

because the oil spikes appear as an additional noise source.

All of these effects can be removed for low speeds ( 5 m/s) by digitally

filtering the hot-wire signal. The digitized signals shown in Figure 4.19

show that due to the high frequency nature of the oil fog spikes (2kHz),

the oil fog spike is only identified by a single digital data point. In

addition, the frequency content of the turbulence is below the frequency

of the oil fog spikes. The effect of the spikes can be removed by either

frequency filtering or locally smoothening the hot-wire signal.

5.2 Physical Model

The changes in hot-wire calibrations demonstrate that oil fog has a definite

effect. The increase in slope of the calibration curves is a result of an

increase in the transfer of energy from the hot-wire to the air. To assist

in the interpretation of the cause of this the hot-wire sensitivity results

must be examined. The difference in a hot-wire's sensitivity when operated

in oil fog as compared with clean air is similar to the sensitivity dif-

ference resulting from the comparison of hot-wires of differing diameters.

This effect is documented in data obtained by Richardson and McUuivey

(1968), Figure 5.1. Here it can be seen that as the diameter of the sensor

is increased the sensitivity increases. By comparison the oil fog must be

creating a coating on the hot-wire. A thin coating of oil would both

increase the heat transfer and increase the apparent sensitivity of hot-

wire. Similar conclusions can be reached from heat transfer considera—

tions. The rate of heat transfer from a hot-wire with or without an oil

coating will be controlled by the convection process. If the assumption is

made that there is an oil coating upon the wire, conduction of heat will

occur from the wire to the mineral oil, at a much higher rate than the

convection process. A heat balance between this conduction and
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convection from the outer surface of the oil film to the air shows that

the rate of heat flow through the hollow cylinder of oil

2"L(T1'Tw)

q = “("0er 1
+—..—

K r h

o

is inversely proportional to the logarithm of the outer radius. Because

the heat dissipation is directly proportional to the outer radius the heat

transfer may be enhanced or retarded depending upon the thickness of the

oil coating.

The thickness of the oil coating appears to be velocity related. At high

velocities, a hot-wire's sensitivity characteristics (Table 4.3) are

altered to a smaller degree than at low speeds. The coating thickness

also appears very strongly dependent upon the sensor temperature. Apart

from the initial oil build-up, the coat must remain relatively constant in

size, maintaining a balance between oil evaporation, fluid dynamic drag

attempting to remove the coating, flow along the sensor support needles

and impinging oil droplets. This behavior is unlike dirt coatings. Dirt

tends to accumulate on a hot-wire causing the heat transfer character-

istics to constantly change. When operated in an oil fog at a given air

velocity and oil concentration, hot-wire calibration remains constant over

time.

The shape of the curves of the hot-wire rms voltage data could result from

these competing effects. At low oil fog concentrations, the rms voltage

signal is only slightly damped, if it is effected at all. At higher oil

fog concentrations the rms voltage shows an increase over the clean air

results. When this data is interpreted in light of the oscillograms

showing large voltage spikes, definite conclusion can be drawn. At low

oil fog concentrations the oil coating is decreasing the sensor's

frequency response very slightly, more than the spikes contribute to the

rms voltage because the number of spikes are few. As the oil fog
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concentration increases, the number of spikes increases which causes an

increase in the rms voltage. As the oil fog concentration becomes large

enough the rms voltage increase due to the voltage spikes becomes larger

than the decrease due to oil coating on the wire.

The oscillograms of the oil fog spikes reveal a substantial amount of

information. The spikes are periods of enhanced heat transfer from the

hot—wire. Goldschmidt and Householder (1969) showed that when small oil

droplets of approximately 16 micrometers in diameter were dropped on a

5 pm hot-wire, a characteristic cooling signal resulted, Figure 5.2.

Goldschmidt, et. al., concluded that the signals were due to the hot-wire

heating the oil droplets to the hot-wire's operating temperature, where

they evaporated. Since the voltage spikes obtained in this investigation

have a very similar shape to those obtained by Goldschmidt and

Householder, there is a prossibility they are due to the energy input

required to heat the oil droplets impacted upon the hot-wire. Another

hypothesis is that the spikes are a result of oil ripping off of the hot-

wire. Which hypothesis is true cannot be determined from the available

data. An additional mechanism, the evaporation of the oil, may affect the

size of the oil coating on the wire, however, the importance of this

mechanism is not known.

The oscillograms taken at 9.4 m/s reveal voltage spikes of smaller

amplitude than those for the lower velocity case. The data indicates that

less oil is being deposited upon the wire when an oil droplet impacts upon

the hot-wire resulting in less oil remaining on the wire. Possible

explanations for the lower amplitude spikes are:

1. Smaller oil droplets striking the hot-wire

2. Oil droplets shatter upon impact with the hot-wire

3. Smaller oil droplets ripping off the hot-wire

The first explanation, while possible, is unlikely as during the course of

the experiments, no changes were made to the particle generation

apparatus. Therefore, it is assumed the same particle size distribution
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was generated throughout. The second explanation is much more

plausible. Figure 5.3 reveals the maximum velocity with which an oil

droplet can impact a solid object without shattering. Droplets of

5 un diameter or larger cannot withstand an impact at a velocity of 10

m/s with a hot-wire without shattering. This would leave less oil on the

hot-wire. The third explaination is equally plausible as the aerodynamic

drag on the oil coating would be higher, reducing the steady-state size of

the oil coating. This would imply that each oil droplet ripped off would

be smaller in size than those ripped off at lower speeds.

Examination of the energy spectra shows a definite increase in energy

throughout the frequency range measured. This occured at both high and

low velocities. At low velocities the frequency range containing tur-

bulent energy is below 1500 Hz. The higher frequencies show a substantial

amount of noise. This was found by Morrow and Kline, Figure 5.4, to occur

to hot-wires operated in water contaminated with dirt, demonstrating there

is some similarity in the effect the two types of contaminants have upon

the behavior of a hot-wire. At higher velocities the noise is not

evident. This is consistent with the notion of a decrease in the amount

of oil that remains attached to the hot-wire at higher speeds.

From the data obtained in this series of experiments, a model can be

hypothesized to explain the physics of the phenomena occurring on and near

the hot-wire. This model is similar to the one originally proposed by

Falco and Abell. When a hot-wire anemometer is operated in an oil fog at

temperatures less than the boiling point of the oil, a coating of oil

develops around the wire. The thickness of coating is being maintained

constant by the oil droplets striking the wire and simultaneously the oil

composing the coating being torn off the wire by aerodynamic forces. The

size of the oil coating is dependent upon these mechanisms and upon the

surface tension of the oil, which is in turn dependent upon the wire

temperature. At low velocities, the oil coating would be thicker than at

high velocities due to the aerodynamic drag being Small. Also at low

velocities, an oil particle striking the wire would remain attached to the
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wire due to the droplet having insufficient momentum to shatter as it

strikes the hot—wire.

As the velocity is increased, the size of the oil coating decreases and

the number of oil droplets striking the wire for a given interval would

increase. At high velocity, the oil droplets shatter upon striking the

wire leaving very little oil deposited on the wire per droplet impact. In

addition, aerodynamic drag ripping off droplets would cause the oil

coating to be very small even as a greater number of droplets impact the

hot-wire.

Tilting the wire at a 45° angle to the oncoming flow complicates the above

affect further and may allow additional, unknown forces to occur. At a

resistance ratio of 1.8, the oil fog has no affect on the hot-wire

response at low concentrations. As the concentration is increased, the

hot-wire begins to show the same trends as the U-wire. Figure 4.10 shows

that above a concentration of the curve for the U-wire and the slant-wire

are very much identical with the exception of the 2 percent upward shift

of the slant wire data. The shift suggests that the oil build up on the

slant-wire is not as large as on the U-wire.



 

 



CHAPTER 6

CONCLUSIONS

From the results obtained in this series of experiments, it has been found

that an oil fog does not severely effect the response characteristic of

hot-wires. It was also found that the Collis and Williams relationship

held for hot—wires operated in an oil fog at all resistance ratios

tested. When hot-wires were operated at resistance ratios of 1.8, the

parameters in the Collis and Williams relationship were effected only very

slightly at the oil fog concentrations typically used for flow

visualization experiments (C=O.32). This shows that the heat transfer law

for hot-wire anemometers is basically unaffected bythe oil fog, provided

the hot-wire is operated at a sufficiently high temperature.

The oil fog tended to increase the rms voltage slightly. The increase was

a function of the velocity, wire temperature, oil fog concentration and

orientation of the wire. The error in an rms voltage measurement due to

the oil fog was always less than 3% if the hot-wire was operated at a

resistance ratio of 1.8 and the concentration was less than 1.1. Figure

6.1 depicts the range of the errors to be expected for a given oil fog

concentration.

The energy spectra measured show errors of less than 12% in the frequency

range that contains turbulent energy. At low air velocities, 2 m/s, the

frequency ranges containing turbulence energy and noise are quite

distinct. At higher air velocities, 9.5 m/s, the two ranges tend to merge

into one another.

A model of the physics is presented based on the data obtained in this

investigation. To confirm this model, I sugges that additional research

be conducted on this topic. Basic points that must be examined are:

(1) What actually occurs when an oil droplet strikes the oil coated

wire at various velocities. Experiments employing high speed

photo microphotography would be very useful for this.
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(2) What effects oil droplets of various diameters have upon a hot-

wire's response.

(3) What occurs at approximately 4.5 m/s to cause the oil to have

less effect on the rms voltage measured than at other velocities.

(4) How much is the rms voltage signal damped by the oil coating and

increased by the voltage spikes and more importantly, is the

basic signal modified to an appreciable degree.

The data just summarized in combination with the boundary layer measure-

ments, show the excellent results that are attainable by calibrating a

hot-wire in clean air at resistance ratio of 1.8, then using it in an oil

fog contaminated air flow. A hot-wire can be operated in an oil fog at

any resistance ratio above 1.45 providing a low oil fog concentration is

used and the wire is calibrated in the oil fog.
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FIGURE 1.1 HOT—WIRE CIRCUIT DIAGRAM
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FIGURE 3.2 PHOTODETECTOR CIRCUITRY

 
FIGURE 3.l OIL FOG OPACITY DETECTOR
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FIGURE 3.3 PHOTODETECTOR CIRCUITRY DIAGRAM
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Description

Axial Incidance

Response at

770 nm

Active Area

Flux ReSponsivity

770 nm

Dark Current

Noise Equivalent

Power

Detectivity

Junction Capacitance

Package Capacitance

Zero Bias Speed

((Rise, Fall Time)

Rev. Bias Speed

(Rise, Fall Time)

Series Resistance

5.6 x 1011

1.0

2 x 10-3

300

Data Supplied Courtesy of Hewlett-Packard

Max

6.0

8.1 x 1014

2.0

50
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APPENDIX D

ESTIMATE 0F FORCE REQUIRED TO SHATTER DRUPLETS

F= nod

The momentum of the drop is

= mv = va

= p (4/3 NR3) v

d3

= p (4/3 118—v

3

pTT16-V

Rate of change of momentum is

dM _A_M

Hf ' At

The time required for the drop to be brought to rest is determined by

the distance the drop traveIs before being brought to rest, which is

proportiona] to the drop diameter, i.e., divided by the average drop

velocity. At is then

nd

v/2

The rate of Momentum change then becomes

d3

pTB—V-O _ pfldzvz

__-__7fiT--_— — _—_TZfi___-

V7?



 

 



 

 

 



 



 

APPENDIX E

COMPUTER PROGRAMS
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RMSREDUC.FOR;4 23—FEB-19Bi 09:48:29.63 Page 1

C FILE:RMSREDUC.FOR

DIMENSION BUFIS):CONCENT_DATA(10.20I

DIMENSION RMS_RATIO(10.20).N(10).REF_VOLT(20I

DIMENSION NCIOOI.CALC_RMS_RATIO(10.50)

DIMENSION NUM_VALUES(50).RMS_RATIO_AVE(50I

CHARACTER*1 ANSNERICANSNER

CHARACTER*64 INFILEIDUTFILEIPLOTFILE

CHARACTER*12O COMMENT

REAL MEAS_VOLT(20I

ANSWER=’Y’

50 FORMATI’QINPUT THE NUMBER OF DATA FILES TO BE ANALYZED ’)

54 FORMAT(’$INPUT THE PARAMETER K [CM**3/M**2] ’)

51 FORMAT(’$INPUT THE FILE NAME OF THE DATA FILE W’TIEI

52 FORMAT(’$INPUT THE OUTPUT FILE NAME FOR THIS DATA ’)

53 FORMAT(’ INPUT A COMMENT STATEMENT’I

55 FORMAT(’$DO YOU WISH A PLOT FILE? ’)

56 FORMAT(’$INPUT THE NAME FOR THE PLOT FILE ’)

57 FORMAT(’SINPUT THE CONCENTRATION INCREMENT VALUE ’)

TYPE 50

ACCEPT*,N_DATA_FILES

DD 60 ITPILE=1.N_DATA_FILEs

NRITE(6.51)ITFILE

ACCEPT BOTINFILE

BO FORMAT(A64)

TYPE 55

ACCEPT 92.0ANsuER

32 FORMAT(A1)

1P<CANswER.EG.ANsuER)THEN

TYPE 56

ACCEPT BOIPLOTFILE

OPEN(UNIT=3.NAME=PLOTFILE.TYPE=’NEH’.ERR=301)

ELSE

END IF

TYPE 52

ACCEPT BOIDUTFILE

OPEN(UN1T=1,NAME=OUTFILE.TYPE=’NEN’.ERR=302>

TYPE 53

ACCEPT 51.C0MMENT

81 FORMAT(1x.A120)

OPEN(UNIT=2.NAME=INFILE.READONLV.TYPE=’OLD’.ERR=300)

TYPE 54

ACCEPT*.VOL_EXTINCT

TYPE 57

ACCEPT*.CONC_INCREM

NSUM=O

MAX_NC=O

DO 1 IA=1.1o

N(IA)=1

DO 2 ITER=1.30

READ(2.10) BUF

1o FDRMAT(3(F10.7.5X))

IF(BUF(1).LE.0.001) THEN

co To 101

ELSE

IF(BUF(1).GE.9.5) THEN

GO TO 101

ELSE

RMS_RATIO(IA.ITER)=BUF(1)

REF_VOLT(1TER)=BUF(2)

MEAS_VOLT(ITER>=BUF(3)

CA=BUF(1)



 

 
 

 



RMSREDUC.FOR;4

101

102

100

30

31

S2

33

34

35

36

37

45

74

CB=BUF(2)

CC=BUF(S)

IF(ITER.EG.1)CE=BUF(3)

CALL SMOKEICA.CB;CC.VOL_EXTINCT.CE.CD)

CONCENT_DATA(IA,ITER)=CD

N(IA)=N(IA)+1

END IF

END IF

CONTINUE

PRINT§,N(IA)

CONTINUE

NCIIAI=1

NB=2

CONCENT=O

CALC_RMS_RATIO(IA.1I=1

DO 3 ITER=2,50

TEST_CONC=CONCENT+CONC_INCREM

IFINB.LE.N(IAI) THEN

IFITEST_CONC.LT.CONCENT_DATA(IA:NB))THEN

CONCENT=CONCENT+CONC_INCREM

IBSNB-I

A=CONCENT_DATA(IA,NB)-CONCENT_DATA(1A.IB)

B=RMS_RATIO(IA,NB)-RMS_RATIO(IA:IB)

AB=CONCENT-CONCENT_DATAIIA;IB)

NC(IA)=NC(IA)+1

CALC_RMS_RATIO(IA.NC(IA))=RMS_RATIO(IA:lB)+(B*AB/A)

HAX_NC=MAX(MAX_NC.NC(IA)>

ELSE

NB=NB+1

END IF

ELSE

GO TO 102

END IF

CONTINUE

NSUM=NSUM+1

IF(BUF(1).LE.0.001)GO TO 100

CONTINUE

CONTINUE

DO 4 IA=1,nAx_Nc

SUM_RMS=O.

NUM_VALUES(IA)=O

DO 5 IB=1.NSUH

IF(IA.LE.NC(IB)) THEN

NUM_VALUES(IAI=NUM_VALUES(IA)+1

SUM_RMS=SUM_RMS+CALC_RMS_RATIO(IB.IA)

ELSE

END IF

CONTINUE

RHS_RATIO_AVE(1A)=SUH_RH5/NUN_yALUES(IA)

CONTINUE

RMS_RATIO_AVE(1)-1.0000

CONCENT=o.ooooo

23-FEB-1981 09:48:29.63 Page 2

FORMATI’ EFFECT OF OIL FOG ON HOT HIRE RMS VOLTAGE RESPONSE’)

FORMATI' THIS DATA IS FOR A STRAIGHT UIRE’)

FORMATI’ THIS DATA IS FOR A SLANT HIRE’)

FORNATISOXIIRHS VOLTAGE RATIO’)

FORMATIISXI'OIL FOG’)

FORMAT(13X1'(SMOKE)’114XI’SMOKE RMS’)

FORMAT(’+’:31X:’ ’I

FORMATI1OX.’CONCENTRATION’.9X.’NO SMOKE RMS’)

FORMAT(9X.’[G/M**3]*10**-b’)
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RHSREDUC.FOR;4 23-FEB-1981 09:48:29.63 Page 3

BB FORMAT(' ’-7X:’ ’)

39 FORHAT(12X:F6.3.15X.F6.3)

4O FORMAT(2(5X,E10.3))

41 FORMAT(’$THE MEAN VELOCITY IS ’1F4.2.’ HETERS PER SECOND’)

42 FORMAT(’§THE HOT HIRE RESISTANCE RATIO IS ’:F4.2)

43 FORMAT(’ ’)

READ(2:10)BUF

UIRE_TYPE=BUF(1)

RES_RATIO=BUF(2)

VELOCITY=BUF(3)*(12./39.37)

CONCENT=O

WRITE(1.30)

URITE(1.43)

IF(NIRE_TYPE.LT.1.5) THEN

URITE(1:31)

ELSE

URITE(1.32)

END IF

URITE(1.43)

HRITE(1.42)RES_RATIO

NRITE(1,43)

URITE(1.41)VELOCITY

HRITE(1.43)

URITE(1,43)

NRITE(1;33)

URITE(1.34)

HRITE(1.35)

HRITE(1;36)

NRITE(1.37)

HRITE(1.45)

HRITE(1.38)

HRITE(1.43)

NRITE(1,39)CONCENT.RHS_RATIO_AVE(1)

IF‘CANSNER.EG.ANSHER)NRITE(3:40)CONCENT.RHS_RATID_AVE(1)

DO 11 ITER=2.HAX_NC

CONCENT=CONCENT+CONC_INCREH

OUT_CONC=CONCENT*1000OOO.

URITE(1:39)OUT_CONC;RHS_RATIO_AVE(ITER)

IF(CANSNER.EG.ANSHER)URITE(3.40)CONCENT.RMS_RATIO_AVE(ITER)

11 CONTINUE

IF(CANSNER.EG.ANSHER)THEN

AFLAG=0.0000

NRITE(3.40)AFLAG.AFLAG

URITE(3.40)NIRE_TYPE.RES_RATIO

NRITE(3.40)VELOCITY:AFLAG

URITE(3.30)

IF(NIRE_TYPE.LT.1.5)THEN

URITE(3.31)

ELSE

URITE(3.32)

END IF

HRITE(3.42)RES_RATIO

URITE(3.41)VELOCITY

CLOSE(UNIT=3,DISPOSE=’SAVE’)

ELSE

END IF

CLOSE(UNIT=1,DISPOSE=’SAVE’)

60 CONTINUE

STOP

300 TYPE 310

310 FORMAT(’ ERROR IN OPENING DATA FILE’)
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STOP

301 TYPE 311

311 FORMAT(’ ERROR IN OPENING THE PLOT FILE’)

STOP

302 TYPE 312

312 FORHAT(’ ERROR IN OPENING THE OUTPUT FILE’)

STOP

END

FILE: SHONE.FOR

SUBROUTINE SHONE(carcayccvaL_EXTINCT,CEscn)

cn=—(LOG(CC/CE)/(2.St10000.)

RETURN

END
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