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Abstract-The electrical conductivity of the working medium of a combustion driven MHD generator is 
increased by introducing a low-ionization potential additive (seed). This seed is in the form of a fine spray 
of an aqueous solution of K&O, by an atomizer. However, the electrical conductivity depends strongly 
on the evaporation process and the evaporation in turn depends on the size of droplets. In this paper, the 
effect of seed droplet size on evaporation (and hence on electrical conductivity and plasma temperature) 
have been analysed by formulating a single step finite rate evaporation model. Experiments were conducted 
to measure plasma temperature and conductivity on a potassium seeded combustion plasma system by 
introducing seed droplets of different sizes. The measured and the predicted values have been compared 

to substantiate the model. 

1. INTRODUCTION 

IN AN OPEN cycle MHD generator, to increase the 
electrical conductivity of the working medium, a low 
ionization potential additive, called seed, is added. 
Normally, potassium in the form of a fine spray of an 
aqueous solution of K,C03 is added by an atomizer 
[l]. Since the potassium in the solution takes a finite 
time before getting ionized, the electrical conductivity 
of the combustion plasma strongly depends on the 
evaporation process. Thus, it is essential to analyse 
this phenomenon since the MHD power generated is 
directly proportional to the electrical conductivity of 
the working medium [2]. In this paper, with the help 
of the single step model developed, the effect of droplet 
size on the evaporation process is analysed. Experi- 
ments were conducted on combustion plasma 
(LPG+O*+ seed) system to measure electrical con- 
ductivity and temperature by introducing seed drop- 
lets of different size. The measured temperatures and 
conductivity have been compared with the predicted 
values. 

2. FORMULATION OF THE MODEL 

2.1. Mechanism of seed evaporation 

The droplets of seed introduced into the com- 
bustion products (C.P.) by an atomizer undergo the 
following processes before part of the potassium 
atoms are ionized : 

(a) heating of aqueous seed solution from ambient 
temperature to the boiling point ; 

(b) evaporation of water leading to a saturated 
solution of K&O3 ; 

(c) crystallization of potassium carbonate ; 

heating of crystals of K,C03 ; 
melting of K$O, ; 
heating of molten K,C03 ; 
evaporation and dissociation of K,C09 ; and 
ionization of potassium atoms. 

The study of evaporation of a single droplet using 
the multistep (steps (ak(h) above) evaporation model 
was done by Golovin and Perochin [3]. This was 
extended by Sharma et al. [4] for a droplet distribution 
as occurs in a spray. In these models, the steps 
described above (steps (a)-(h)) occur one at a time on 
each of the droplets. 

In this paper, a simplified single step model has 
been developed. In this model all the droplets are 
assumed to have the Sauter mean (s.m.) diameter 
of the distribution calculated using the Nukiyama- 
Tanasawa relation [5] and travel with the same vel- 
ocity of gas. 

Evaporation occurs over a thin shell of the droplet 
which goes through all the processes described earlier. 
The rest of the droplet is at the initial temperature. 
Further, the droplets are assumed to be spherical and 
the spray to be dilute so that the collisions between 
the droplets are not important and hence no dis- 
continuous processes like coalescing, breaking up of 
droplets takes place. 

2.2. Mathematical modeIling of droplet evaporation 

When the seed solution is introduced by an 
atomizer, the diameter of the droplets is governed by 
the flow rates of solution, atomizing gas, in addition 
to viscosity, surface tension and density of the solution 
[5]. The diameter, which is the Sauter mean diameter, 
is calculated using the Nukiyama-Tanasawa relation. 

Consider a unit volume of gas containing n, droplets 
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NOMENCLATURE 

A area of cross-section [m’] n, droplet number density [m-‘1 
B transfer number 41 heat loss to the droplet per unit volume 
CB specific heat of gas [J kg-’ K-‘1 Iwm-‘I 
C, specific heat of gas at mean film qw heat loss to the walls per unit volume of 

temperature [J kg-’ K-‘1 plasma [W m ‘1 
do initial diameter of droplet [m] r radius of droplet [m] 

e, evaporation rate of seed solution per unit Tg temperature of plasma [K] 
volume of gas [kg m-‘1 T, mean temperature of the shell of the 

f fraction evaporated droplet [K] 
G,” mass flow rate of the gas [kg] u gas velocity [m s _ ‘1 
G, mass flow rate of the solution [kg] u, droplet velocity [m s-‘I. 
h plasma enthalpy [J kg-‘] 

h, enthalpy of droplets [J kg- ‘1 
h thermal conductivity at mean film Greek symbols 

temperature [W m-’ K-‘1 P gas density [kgme3] 
L enthalpy per unit mass required to heat up ps droplet density [kgm-3] 

the droplet from the ambient temperature 0 plasma electrical conductivity 
to the boiling point [J kg-‘] [S m-‘I. 

of radius r. The total evaporation rate per unit volume function of time t, with the initial conditions, that, 
e, is given by [6] f=Oatt=O 

n,4nr2h0 
e =-------ln(l+B). s /- (1) 

If E is the thermal conductivity at mean film tem- 
perature, then, it can be shown, for the present case, 
that 

ho = k, 
r 

The transfer number B is given by 

B = c,(T,- f’JL. 

The radius r can be expressed in terms of the initial 
droplet diameter do and the fraction f by 

r = (1 -f)‘13do/2. 

The number of droplets n, can also be represented in 
terms of the seed solution flow rate Gp, density ps and 
the initial velocity of the solution u. by 

G: = n,(~nd~p,)uoA. 

Substituting these values in the equation for e,, we 
obtain 

e s = &(l -f)‘13 [gin (1 + cg(T~-“)}]. 

(2) 

Since the evaporation rate can also be given by 

the equation can be solved to give f as an explicit 

A plot of f against 4t/di is shown in Fig. 1 in which 
a comparison between multistep modelling [4] and 
single step modelling is made. It is seen that for a 
given droplet diameter (do), the single step modelling, 
compared to the multistep model, slightly over- 
estimates the evaporation time (N 15%). 

- - - Shorma's model 

- Pment model 

/ 

OL 
I I I 11111 

0.1 1.0 7.0 

4r/GJ*$ (s plTT2) x 104 

FIG. 1. Fraction evaporated as computed by multistep and 
single step modelling. 
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2.3. Flow modelling 
The flow in a duct, as in the present case, is in 

general a three-dimensional phenomenon and an 
exact analysis is extremely difficult. However, when 
there is a dominant flow direction, a one-dimensional 
or quasi-one-dimensional analysis can be made. Thus, 
the present problem of flow of evaporating seed drop- 
let in hot combustion products can be treated as quasi- 
one-dimensional two phase flow of an inviscid gas (no 
friction) with heat transfer to the walls. 

The conservation equations of mass, momentum 
and energy with implicit approximations for the two 
phase flow are given in ref. [7]. Further, in the present 
problem, the process is near atmospheric and droplets 
and the gas move with the same velocity. Therefore, 
the momentum conservation equation need not be 
evaluated. The basic equations are thus : 

conservation of mass 

(i) gas : 

(ii) droplet : & (p,u,) = -e, 

conservation of energy 

(i) gas: &{P++;)}= --q,,,-% (6) 

(ii) droplet : g (PsUsk) = 4s. 

The equation can in principle be solved to yield the 
unknowns p, pS, u, u,, h if h, and h(p) are available. 

In a practical problem, the important variables are 
the temperature T, and the fraction ‘f’ of the seed 
solution that is evaporated. Thus, equations (4k(7) 
can be simplified to yield explicit expressions for T 
and f. 

Using the mass conservation equation, we obtain 

&(G,) = %((I-f)~:) = -e,A 

or 

df e,A -=_ 
dx Gj’ 

Equations (4) and (6) yield 

&(h+u2,2) = - 
qW+qs+e,(h+u2/2) 

PU 

= _ qw+q,+e,(h+a2/2) 

;K$+fW 

(8) 

(9) 

In the model, T, remains constant, h, remains 
constant, solving equation (7) we obtain 

45 = -kP,. 

Thus in equation (9), neglecting u2/2 being extremely 

small in the present case in comparison with h and 
substituting for qs and writing C, = dh/dT, we obtain 

dT q,+e,(h-h,) A p= 
dx C, G,“tfG:’ 

(10) 

Thus, making use of equations (2), (8) and (lo), one 
can estimate the evaporation rate of a droplet, fraction 
of the droplet evaporated and fall of temperature 
along the length of the channel. The fraction of seed 
evaporated, as estimated above, can in turn be used 
to determine the plasma electrical conductivity which 
can be compared with that of the experimental value. 

3. EXPERIMENT 

The measurements were carried out in an LPGa2 
combustion rig. The experimental set up consists of a 
combustor, mixing chamber, test section, an extension 
duct, spray cooling chamber, and exhaust as shown 
in Fig. 2(a). The details of the relevant parts are given 
below. 

Combustor : The combustor is completely water 
cooled and incorporates the seeding nozzle in the cen- 
tral part. The oxidizer comes from the peripheral 8 
holes of 1.5 mm diameter at an inclination of 30” to 
the axis whereas the fuel comes through 4 holes of 1 .O 
mm diameter parallel to the axis. The seed solution is 
introduced through an S.S. tube of id. 1 mm and o.d. 
1.5 mm. It is positioned in the central plug with a hole 
of 2.5 mm diameter. The atomizing gas (0,) comes 
through the tapered annular space as shown in Fig. 

2(b). 
The combustor operates with a large back radiation 

from the mixing chamber walls facing the combustor. 
A few design alternatives were made on the combus- 
tor, seeding nozzles, etc. Of these, the present design 
performed well with a stable flame, without overheat- 
ing or clogging of the seed solution. It is also possible 
to retract completely the seed nozzle for cleaning and 
to reintroduce at the time of measurements. 

Mixing chamber: It is a cylindrical double walled 
chamber, internally lined with ZrO,. It has an internal 
cross-section diameter of 50 mm with two ports, for 
introducing pilot flame and flame detector. 

Test section : It is a double walled chamber with an 
internal C.S. after A120S lining, of 50 mm x 50 mm of 
length 150 mm. It has two diagnostic ports on 
opposite walls. These diagnostic ports were used for 
measuring the plasma temperature by the spec- 
troscopic line reversal technique and the electrical 
conductivity by radio-frequency ‘Q’ probe [8]. 

The seed solution is stored in an S.S. tank with 
needle valve and flow meter for monitoring the seed- 
solution flow. The tank can be pressurized to 1.5 atm 
by nitrogen to ensure uniform flow of the solution. 

Seed atomization : Experiments were carried out to 
measure the seed droplet sizes, under ambient tem- 
perature conditions [5]. For the given geometry of the 
combustor nozzle assembly, seed flow rate and oxygen 
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Drain i 
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FIG. 2(a). Schematic ofthe experimental rig: 1, combustor ; 2, mixing chamber; 3, test section ; 4, connecting 
channel ; 5, spray cooling chamber ; 6, exhaust fan : 7, control console. 

(b) 

8-21.5at 30* taper eq.spcl 
on 30 P.C.D. as shown 

4- 16 eq. sped on 15 t?C.D. 

Seed solution 

FIG. 2(b). Details of burner. 

flow rates were measured. The specific nozzles used 
are shown in the figures. The drop size was measured 
by using impingement of the droplets on glass slides 
which were vacuum coated with a thin film of 
aluminium. The slides were held at a distance of 20 
cm from the nozzle. Potassium hydroxide solution 
was used which etched away the aluminium coating. 
To stop further etching with time, the slides were 
immediately washed with water after exposure. Thus 
a permanent record of droplet size was obtained and 
actual measurements were made with an optical 
microscope by counting the number and sizes of drop- 

lets. Typical histograms are given in Fig. 3. The his- 
tograms were smoothed out to give droplet size fre- 
quency curves. 

Nukiyama-Tanasawa also proposed that the drop- 
let sizes could be correlated by the empirical dis- 
tribution function given by 

dn 
dx  = bxrn e-‘$. 

For high gas velocities (15&200 m SC’) and large 
volumetric ratio of gas-liquid (~2000), m = 2 
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FIG. 3. Histograms of droplet distribution. 

whereas 6 can take a variety of values l/2, l/3, l/4, ment the seed solution does not crystallize in the tube 
etc. The above equation can be written as itself at low flow rates. 

Various values of 6 were tried and it was found that 
6 = l/2 gives a straight line. The plots are given in 
Fig. 3(d). 

The calculated and measured Sauter mean dia- 
meters were compared and sm. diameter in the range 
30-60 pm, the maximum difference between cal- 
culated and measured values was 15%. From this it 
was concluded that the Nukiyama-Tanasawa equa- 
tion can predict the droplet sizes for the given 
geometry, with relevant physical parameters of flow 
and solution. 

The actual dimensions of the seed spray nozzle are 
given in Fig. 2(b). The slightly changed dimensions 
were chosen so that at the high temperature environ- 

4. RESULTS AND DISCUSSIONS 

The equations of Section 2.3 have been solved for 
20 kW thermal input and the results are compared 
with those of measured values. Figure 4 shows the 
variation of tem~rature along the length of the sec- 
tion for a mean droplet diameter of 50 pm. The drop 
in temperature occurs due to heat loss to the coolant 
through walls due to the evaporation of the seed solu- 
tion. The fraction of the seed evaporated along the 
length of the section for a typical flow rate of seed, 
corresponding to 1% potassium in C.P., is shown in 
Fig. 4. From the curve, we see that the larger the 
diameter, the amount of seed vaporized is less. For a 
diameter of 70 pm, the amount of seed evaporated at 
a distance of 20 cm from the burner is slightly more 
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FIG. 4. Variation of plasma temperature along the length of 
the channel. 

than 50%. In other words, almost 50% of potassium 
is still in the condensed phase and does not contribute 
to the electrical conductivity. Taking the temperature 
of the plasma and the fraction of seed droplet evap- 
orated, from Figs. 4 and 5, the actual conductivity of 
the plasma is determined using Fig. 6. The con- 
ductivity along the length of the channel is plotted in 

Fig. I. 
For comparing the effect of partial evaporation on 

conductivity, with that of complete evaporation, the 
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a: I 

FIG. 6. Estimated plasma electrical conductivity as a function 
of temperature for different seed percentage in C.P. assuming 

instantaneous evaporation. 

calculated values of conductivity for a diameter of 50 
pm for 1% potassium, are plotted in Fig. 8. It can be 
clearly seen that as one proceeds downstream, more 
and more seed evaporates and both the curves become 
nearly identical (at a distance of 20 cm from the 
combustor). 

The measuring point is located at 19.5 cm from the 
inlet. So, the calculated values of conductivity at 19.5 
cm for different diameters are shown in Fig. 9. The 
general pattern of the curves can be explained as fol- 
lows: when the diameter is small, the evaporation is 
complete before the measuring point ; the addition of 
extra seed, above 1% leads to a drop in temperature 
resulting in reduced conductivity. On the other hand, 
with a large diameter, seed evaporation is less and 
hence the increase in the quantity of seed leads to 
an increase in conductivity. However, for in between 
these extreme diameters, there are optimum values of 
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FIG. 5. Fraction f evaporated along the length of the channel for different droplet diameters. 
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FIG. 7. Variation of plasma electrical conductivity along the 
length of the channel. 
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FIG. 8. Comparison of plasma electrical conductivity esti- 
mated by single step and complete evaporation model. 

seeding when the conductivity is maximum, at the 
measuring point. Also indicated on the same figure 
are the experimental values. We see that for a mean 
droplet diameter of around 40 pm, as calculated for 
the given geometry, the estimated values of con- 
ductivity maxima occurs around l&1.6% cor- 
responding to complete evaporation, leading to a con- 
ductivity of around 4.25 S m-‘. The experimental data 
agrees reasonably with the calculated conductivity, 
the maxima occurring around 1.7-l .8% of potassium, 
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FIG. 9. Plasma electrical conductivity for different diameters 
at 19.5 cm from the combustor. 
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FIG. 10. Comparison of estimated, and measured plasma 
electrical conductivity. 

the value of electrical conductivity (measured) being 
4.5 S m-‘. 

The validity of the model is further substantiated 
in Fig. 10 in which measured conductivity, estimated 
conductivity using the instantaneous evaporation 
model [lo] and single step model are plotted. We see 
that the measured conductivity values are much less 
than the estimated ones when compared with the 
instantaneous evaporation model whereas the same 
agree well with the estimated ones using the single 
step finite rate evaporation model. 

The calculated temperatures at the measuring point 
using the single step model and the measured ones are 
plotted in Fig. 11. We see there is a good agreement 
at the lower seed percentage, whereas with increased 
seeding they are less than the calculated ones (- 1.2 at 
2% potassium in C.P.). This is because, with increased 
seeding, the amount of seed in the gas phase increases 
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leading to strong self-absorption in the boundary 
layers. This self-absorption increases the error in the 
measurement by a little more than 30 K. Such obser- 
vations are also made by other workers [9]. 

It is also seen that as the seeding increases from O- 
2%, there is around a 200 K drop in the plasma 
temperature. This is due to the fact that an addition 
of 1 kg of potassium in combustion product involves 
an addition of 1.77 kg of K&O, and hence 3.54 kg of 
50% aqueous solution. Therefore, the large drop in 
temperature arises due to the addition of the com- 
pound along with water in the seed solution. A com- 
parison with the corresponding temperature drop in 
theoretically calculated flame temperature including 
the thermal losses in the system [8] shows full con- 
firmity. 

2650 r Droplet diameter : 40pm 
LPG: IOLmin-1 

0, : 60 L min-1 

As catcutoted using 
single step made1 

24wI 
2 2.5 

Potassium % in CR (by wt) 

FIG. 11. Comparison of measured plasma temperature with 
the estimated ones using the single step model. 

5. CONCLUSIONS 

Electrical conductivity of a combustion plasma 
seeded with potassium in the form of an aqueous 
solution of K,C03 was measured for different droplet 
diameters. Measured values were found to be less than 
the theoretical ones, estimated based on the instan- 
taneous evaporation model. However, the measured 
values matched well with the single step finite rate 
evaporation model. Hence, it can be concluded that 
the lowering of conductivity can be attributed to the 
partial evaporation of the finite sized seed droplets, 
which is an important point to be considered while 
designing an MHD channel, etc. 
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EFFET DE L’EVAPORATION DUN ENSEMENCEMENT DE GOUTTELETTES SUR LA 
CONDUCTIVITE ELECTRIQUE ET LA TEMPERATURE DES PLASMAS DE 

COMBUSTION 

R&rn&La conductivite electrique d’un milieu en combustion pilot&e par un generateur MHD est 
augmentte par l’introduction d’un additif a faible potentiel d’ionisation (semence). Cet ensemencement, 
sous la forme d’un aerosol de gouttelettes dune solution aqueuse de K&O,, est realise par un atomiseur. 
Neanmoins la conductivite Clectrique depend fortement du mecanisme d’evaporation et en retour l’ev- 
aporation depend de la taille des gouttelettes. Dans cette etude, l’effet de la taille des gouttelettes sur 
l’evaporation (et par suite, sur la conductivitt tlectrique et la temperature du plasma) a ete analyi en 
formulant un modele d’bchelon fini, unique, d’tvaporation. Des experiences sont conduites pour mesurer 
la temperature de plasma et la conductivite dun systeme de plasma en combustion et ensemence de 
potassium avec des gouttelettes de differentes tailles. Les valeurs mesurees et calculees ont Bti: compartes 

pour affermir le modele. 
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DER EINFLUSS DER VERDAMPFUNG VON “IMPF”-TROPFEN AUF DIE 
ELEKTRISCHE LEITF~HIGKEIT UND DIE TEMPERATUR EINES 

VERBRENNUNGS-PLASMAS 

Zusammenfaasung-Die elektrische Leitfahigkeit des Arbeitsmediums eines durch Verbrennung getriebenen 
MHD-Generators wird durch Einleiten eines gering ionisierten Potential-Additivs (‘“Impfung”) verbessert. 
Diese Impfung wird in Form eines feinen Sprays einer wlerigen K,CO,-Losung durchgefiihrt. Die elek- 
trische Leitfahigkeit hangt stark von der TropfengrBBe ab. In dieser Arbeit wurden die Einfliisse der Impf- 
TropfengrtiBe auf die Verdampfung (und damit auf die elektrische Leitfahigkeit und die Plasmatemperatur) 
durch Fo~~ie~ng eines Ein~l~h~tt-Verdampfungsmodells untersucht. Versuche wurden durchgef~rt, 
urn Plasmatem~raturen und die elektrische ~itf~higkeit eines mit Kalium geimpften Ver- 
brennungsplasma-Systems durch Einleiten von Impf-Tropfen unterschiedlicher GroBe zu messen. Urn das 

Model1 zu untermauern, wurden die gemessenen und berechneten Werte verglichen. 

B~~~H~E ~CHAPEH~~ KAI-IEJIb ~OH~3~PY~~E~ HOBABKH HA 
3_~EKTPO~~BO~H~Tb M TEMHEPATYPY IUIA3MbI ~~AMEH~ 

Asmoramra-3nercrponpononnocrb pa6oseil cpenbx B MFJI nna3Moreueparope ysenesnnaexn npe 
nnenemin no6amcn c HA~K~M norenn&ianoM nonn3annn, npencraenaiomeii cotjoft Menknfi pacnbrn 
BOJJHO~O pacreopa K&O,, BBOlIWMOrO pacnbIneTeJIeM. OmaKO, 3neKTponpoeonHocTb CAnbHO 3aBHCBT 
OT npouecca ucnapenen, KOTOpbli%, B ~90~) osepenb, 3aBWCHT OT pa3Mepa KaneJIb. B AaHHOfI patio’re 
aniirnirie pa3biepa kanenb JlO6aBKlt Ha miapeewe (w, cnenonareenbno, na 3nercrponpoaonriocrb n TeMne- 
pa-fypy nna3Mbr) ~~H~H3H~~HO c nOMOmbfO n~~o~eHH0~ O~HocTa~~~Ho~ MORenW mxapewin c 

KoHewoii clropocrbw. llpoaeneabl 3mxepmiemb~ no e3hsepeHmo Tebmeparypbx nna3Mbx sf snerrpo- 
nposon~oc~e nna3MeHHoro@aKenanpH BeeReHKH Kanenb K&JIHII pasnerabrx pa3MepoB.&Ino6ocHona- 

HHIl tI&W$.lIO~eHHOiiMO!JeJlEi lIpOBeAE!IiOCpaIiHeH&ie~3yJIbTaTOBH3Me~HIiSiH PaCVeTHbIXnaHHbIX. 


