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Introduction .

to open cyc le MHD power generation, power i s

generated by passing seeded, hot combustion products of a

f o s s i l fuel through a magnetic f i e l d . The power produced

per «ni t volume i s direct ly proportional t o the e l ec tr i ca l

conduettvligr of the combustion products (plasma). Bence,

the conductivity of the plasma ehould Ise aaxiawn i n order

t o g ê n a n t s naxiuma poner for «mit volóme« Seeding becomes

necessary s i n c e **»« e lactriest l conductivity o f the plasma

obtained from combustion i s very sna i l . Seeding i s done

with a s a l t which i s readi ly ion isable , i . e . has a low

ionisation potential. Salts of the elements of the 1st

group are preferred, moat coonoaly used being those of Pota-

ssium. Although Césium has s t i l l lower ionisation potential

i t s use i« limited due to high cost of the material»

Theae sa l ts can be introduced in the plasma either

in dry state« I . e . in the form of a finely divided powder

or alternatively in wet state« i we« in the form of a.solution.

$ry Injection Is preferrable frost the energetics point but

i t has « host of practical probleos associated with it} like

the non-uniformity in the particle s ises , hygroscopic nature

of sane salts,'dogging of parts, non-uniform distribution

of seed in the plasma etc. Therefore, this wet injection,

i«e. in the form of a solution, i s preferred.
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The most, common method of introducing the solution

in the plasma is in the form of a spray with the help of

an atomizer« The spray so formed contains droplets of diff-

erent sizes and a distribution over a range of sizes is

obtained. The size of the droplets, jto a large extent, de-

termines the time of evaporation and so in effect determines

the conductivity of the plasma which in turn fixes the power

«utput per/^unit volume. ïhe smaller the droplets, smaller

will be the time for evaporation and so for a given pre MHD

channel length, more will be the vaporisation. Hence, need

fora finer droplet distribution is self-evident.

Seed solutions used are mostly aqueous solutions of

potassium carbonate, potassium sulphate, potassium hydroxide

etc. Water has a large heat of vaporization, hence introdu-

ction of seed in form of an aqueous solution lowers the plasma

temperature considerably and so lowers the conductivity.

Therefore., a solvent with a low heat of vaporization or pre-

ferably which itself will burn and give out heat of combustion

should be used. Potassium hydroxide dissolves in Ethyl Alcohol

to a considerable extent, hence such a solution will be quite

suitable in small experiments where economics is not the main

consideration.

In* an experiment, it is always preferable to estimate

the drop sizes initially. But, the estimation of particle

size distribution requires values of some physical properties

such as density, viscosity and surface tension of the seed
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solution. These rätoes are not available in literature

for the solution desired, hence they have to be determined

experimentally.

2. Method of Atomization and Theoretical Drop Size

Calculations

2.0 Methods of Atomlzatlon

The seed solution nay be atomized by any of the

following methods t,

2.1*1 Pressure atomizatlon in which the fluid is under

pressure and is broken up by the Inherent instability and

its impact on the atmosphere or. by its impact on another jet

or a fixed plate.

2.1.2 Rotating or spinning atomization in which the fluid

is fed at low pressure to the centre of a rapidly rotating

disc or cup. Centrifugal force causes the fluid to be broken

up into droplets.

2.1.3 Pneumatic atomization in which the fluid is subjected

to the disrrupting effect of a high velocity jet of a gas.

The last method mentioned» i.e. pneumatic atomization

involves no moving parts and gives a finer droplet size dis-

tribution. Also, its design is very simple. Hence, it is

found suitable in our case.

2.2.0 Mathematical Representation of Droplet Size

Distribution

Mathematically, the droplet slee distribution from

a spray can be represented by a distribution function and

2 parameters, one of which is a mean diameter of some kind
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and the other a measure of the dispersion of the Bpray or

the deviation from the

Mean Diameters,

Various kinds of mean diameters with different physi-

cal meanings and applications have been reported. Theoreti-

cally, all the various mean diameters may be computed from

the expression for the frequency distribution curve f(x) if

a suitable function can be established. The mean diameters,

of course, can also be determined directly from the experi-

mental data.

The various types of diameters which may be required

for different applications are given in Appendix A. These

diameters may be defined in terms of f(x), xffi and x Q where,

f(x) •* distribution function

xm « upper limit of droplet s ize

x o »s lower limit of droplet s ize

Length Kean
>XIA,

(1)

Surface Mean

Xs
(2)
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i 5 s

Volume Mean

^ «S,

L* f«.*
Surface-diameter Mean

r
Volume-diameter Mean

(3 )

(4)

(5)

Volmne-Surface or Sauter Mean

L'Vjfodx
(6)

^ _
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Other mean diameters may al3o be defined such as

geometric mean diameters etc« In our case, the interest

l ies in finding the Sauter-Mean diameter, which is the most

•suitable for the study of evaporation processes.

firoplet Size Distribution from Pneumatic Atomizers

A number of equations have been proposed for droplet

size distribution'from pneump+ic atomizers. The most comm-

only used is one given by Nukiyama and Tanasawa (1) I t

relates Sauter-Me ah diameter of the spray to the various

physical properties of the solution. The equation i s :

(7)

where * Sauter mean diameter of the drop, microns

». Surface tension of solution, dynes/cn

- VAscosity of the solution, poise

« Relative.velocity between atomieing
gas and liquid, m/s

= Density of the solution, g/cc

* Volumetric flow rate pf liquid
e Volumetric flow rate of gas

Nukiyama and Tanasawa also proposed that the droplet

size could be correlated by the following empirical distri-

bution function:

Qx.

(8)
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where. H - number of drops with diameters between 0 and

X in the entire sample. For high gas velocities and for

large ratios of volumetric flow rates of gas and liquid,

** are reported in literaturem « 2, various values of

etc.( 4\like 1, 1/2, 1/3,

Drop size frequency curves and cumulative drop

sise frequency curve are plotted in Fig,3 ft 4i Droplet size

distribution is given by equation (8),

As noted earlier (4), the value of m is taken as 2.

Then the equation (8) can be rewritten aa

Hence, if log \p ^ \ le plotted against t it will

give a straight line with.a slope C • 0 is a. design para-

meter and depends upon the nozzle design as such, though it

lo constant for a given nozzle. Reported values of " are

1, 1/2, 1/3, 1/4 etc.'*'.' These various values of 0 were

tried and it was found that a value of 1/2 gives a straight

line when plotted according to equation (8). These plots

are given In Fig.5.

It is constant for a given atomizer over a wide

range of operating conditions, but Is quite sensitive to

nozzle design as such.



3. Basic Parameters Necessary, for Droplet Size

Determination and Their Measurement

From N-T equation (7), we see that density, surface

tension and viscosity values are required for the seed solu-

tion. Since for the present system of potassium hydroxide

in ethyl alcohol» these values were not available, they were

determined experimentally.

These methods are described briefly in the following

paragraphs :
a ) Density Measurement

• Density was measured by means of specific gravity

bottles . Weighed amount ofKOH was dissolved in ethyl alco-

hol. The solution was brought down to room temperature and

weighed in specific gravity bottles using electromechanical

balance. Density of pure ethyl alcohol was also determined

in the same manner.

Density values are tabulated in Table 1 and plotted

in Fig.1 as a. function of percentage weight concentration

of KOH in the solution.

b) Viscosity Measurement

Viscosity of the seed solution was measured using

the standard capillary pressure drop method.

Fressure drop is related to the flow rate by .the

formula

(9)



: 9 :

(V
where *} * Viscosity of the solution, poise

Radius of the capillary» cm
*

»length of the capillary over which
pressure dröp is measured, cm

» Pressure drop, dyne/cm

Q * Vol. flow rate, cc/sec.

Seed solution was made to flow under constant pressure

fron a nitrogen cylinder. Flow rate was measured using gradua-

ted cylinder and a*stop watch. Pressure drop was measured using

mercury manometer. Both ends of the manometer were connected

to the bore of the capillary with a measured length between them.

Viscosity values axe tabulated in Table 1 and plotted

in Pig.6 as a function of concentration.

Viscosity of aqueous solution of potassium carbonate

was also determined by the same method. These values are

plotted in Pig .7.

c) . Surface Te ns ion

Surface tension of the seed solution was determined

using drop weight method by counting the number of drops

falling from the tip of a ground capillary and weighing the

amount collected. .

Surface tension of water and plire ethyl alcohol and

potassium carbonate was also determined by the same method to

checV the accuracy. A reasonable agreement was found between

the experimental and literature values.

Surface tension data are tabulated and plotted in

Table 1 and Pig.1 respectively as a function of weight per-
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centage'of KOH.

Potassium carbonate data are shown in I"lg.7 alongwith

theoretical values taken from International Critical Tables**\

Experimental Determination of Droplet Size Distribution

A horizontal spray of seed solution was obtained by

passing seed solution through a nozzle and oxygen through an

annular space. A schematic diagram of the gystem is given in

Seed flow rate and oxygen flow rate were measured by

rotameters. Seed was under a pressure of about 0,2-0.3 atm

gauge. So, variables in the experiment were seed concentration,

velocity of oxygen, ratio of volumetric flow rates of oxygen ;

and seed solution.

Drop size was measured experimentally by using impa-

ction or impingement of the droplets on the glass slides which

were coated with a thin film of Aluminium. Potassium hydroxide

in the solution etched away the Al coating. To stop the further

etching with time, the slides were immediately washed with water

after the exposure. Thus, a permanent recording of the droplet

size distribution was made.

Actual measurements were done with an optical micros-

scope by counting the number and sizes of the droplets-.
*

Theoretically the distribution of the droplet sizeB

is given by N-T equation as mentioned earlier. Concentration

of the seed solution used was 19JÉ XOH by weight. At these

concentrations various physical parameters have the following

values :
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Densityg g/ce

Surface tension* dyne/cm

Viscosity, poise ,

Also area for gas| flow, m'

0*932 . .

25.5

.045

1,228x1(T6

2016 ,

0.976

26.3

.078

1,228x10

Now for various flow fates» 1st and 2nd terns of

Rukiyama-Tanaeawa equation are computed and l i s t e d below t

Vol.. Flow Rate
of Oĝ EPM̂ _

10.0

12.5
15.0

17.5
20.0

25.0

Qa/Qc

500

1000

1500

2000

2500 .

3000

4000

5000

Telocity
r in^s

136

170

204

235

272

340

,1000 Qç/Q*1/5

• ' + • ""

2.82

1.0

0.543

0.354

0.253

0.192

0.125

0.090

1st Term
"1596 KOH ZCj

22.6

16.0

15.0

13.0

11.3

9.0

2nd Te
1586 KOH

•i

210,6

74.7

. 40.6

26.4

18.9

14.3 |

9.3

6.7

K KOH

22.3

17*9

14*9

12.9

1 1 . 2

8.9

r¿n
2OJ6 KOH

156.0

96.7

49.3

32,1

22.9

17.4

11.3

8.2
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Theée values show the relative effect of the two

turns and also of concentration variation of KOH. In fig.4

Sauter mean diameter is plotted as a function of 1/V with

Qa/Qc as a parameter. Hence, from N-T equation, we have for

the given conditions í

15* solution

solution (11)

Table 2 contains the theoretically calculated values

and experimental values of Sauter mean diameters for various

values of the parameters.

Conclusion

In Table 2 experimental values of Sauter mean dia of

droplets are tabulated alongwith the calculated values. «It

is seen that there is fair agreement between the two. The

difference arises due to the following possible reasons:

1. Putting the glass slide in front of spray

disturbs it. The smaller diameters dropletâ don't impinge

on the slide but are deflected side-ways in the gas stream.

2. On impingment the droplets, start eroding the

Al plating and it.spreads out. Though it is possible in

some cases, to malee out the original droplet siae under the

optical microscope, but in other cases, it cannot be distin-

guished whether the etched portion corresponds to the original

droplet size or not.

I
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3 . If It i s assumed that there i s no volume change

before and after inpingement the one before impingement i s

proportional to the cube of dia of the drop, while latter i s

proportional to the square of the drop diameter. This effect

has not been taken into account and needs further investigation.

4. I t was not possible to control the flow rate of

liquid and gas very closely nance errors in these might have

caused error in droplet s ize calculations.

5. Error in the measurement of physical properties

of the. seed solution have not been accounted for..

Keeping these points in mind, the agreement between

theoretical and experimental results seems acceptable. I t i s

fe l t that i f proper corrections are made, the agreement could

be made far better.

Therefore, i t i s accepted that Nukiyama-Tanasawa

equation can be used to predict droplet s ize for the given

pneumatic atomisers. Knowledge of droplet s izes wil l help in

predicting the evaporation time of the droplets and hence w i l l

help in combustion chamber design and in predicting conductivity

of the combustion plasma for the MHD generator.
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Table 1 t Properties of Seed Solution

Concentration
v t , % KOH

Density
( / )

Viscosity
(oP)

Surface Tension
(dyne/em)

0

2

4

6

8

10

12

14

16

18

20

22

24

o.eo
0.817

0.835

0.852

0.870

0.888

0,906

0.923

0.940

0.958

0.976

0.994

1.032

1.2

1.3

1.6

1.95

. 2.40

2.90

3.55

4.4

5.4

6.55

7.8

9.2

10.6

20.9

21,2

21.6

21.9

22.3

22.6

22.95

23.3

23.65

24.0

24.35

24.7

25.05



Table 2 : Resulte of Seed Solution Atomization Experiments

Sr.No.

1.

2 .

.3 .

4 .

5.

Seed Plow Rate
cc/minute

6.5

10.0

13.0

10.0

6.5

Oxygen Plow Rate
IPM

e.o
16.5

20.0

22.0

14.0

Gas Velocity

10B-6 .

224.0

272.0,

298.6

190.0

Sauter Mean Diameter
(Microns)

Experimental Predicted
values values

• 103.8

57.5

53.5

4.1.8

49.95

83.0

49.0

50.4

37.9

44.6

% Deviation

25.1

17.3

6.2

10.3

12.0 vn
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Appendix A ; Table of Mean Diameters

Mean Diameter Symbol Suggested f ie ld of Application

linear or
Arithmetic

Surface

Volume

Sur f ace-di ame ter

Volume diameter

Volume-surface or
Sauter mean

Evaporation, comparisons

Absorption or other process where
surface area i s controlling

Comparison of the distribution of
mass in a spray

Absorption

Evaporation, molecular diffusion

Efficiency studies, mass transfer,
reaction

•! • " i
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DIAMETER AS PERCENT OF

FIG. 1. NUKIYAMA-TANASWA CURVES
SHOWING EFFECT OF
PARAMETERS 6 ON THE
DISPERSION OF DROP SIZE.
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FIG.2. CUMULATIVE FREQUENCY CURVES:
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FIG. 3A. EXPERIMENTAL DISTRIBUTION CURVES OF

DROPLET SIZES.
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FIG. 3 B. EXPERIMENTAL DISTRIBUTION CURVES OF
DROPLET SIZES.
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FIG. 4. CUMULATIVE DROPLET SIZE DISTRIBUTION.
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FIG-8. SCHEMATIC DIAGRAM OF SEED SOLUTION ATOMISING SYSTEM
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