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Abstract

In the last thirty years, Direct Contact Heat Exchangers (DCHX) have found a great success in different
power engineering applications. In fact, due to the direct contact of hot and cold working fluids, it is
possible to reach very high mass and energy transfer efficiencies. Despite their high performance, it is
still quite difficult to predict the correct heat transfer as a function of plant operation conditions, which
constitutes a fundamental parameter to correctly operate heat exchangers. Therefore, in this work, a
DCHX used in the Thermo-Hydraulic Laboratory of Ecole Polytechnique de Montréal, has been
studied. It consists of a vessel where superheated steam is cooled by mixing it with sub-cooled water
via a nozzle that sprays the water under the form of tiny droplets (i.e., of about 200 xm in diameter). A
thermodynamic model that takes into account the statistical distribution of droplets and their
temperature evolution is developed. To this aim, the Droplet Distribution Function (DDF) based on
Rosin-Rammler’s equation is used. In the proposed model, the thermal energy exchange between liquid
and steam takes into account both convection and evaporation heat transfer mechanisms. A comparison
of model’s predictions with experimental data shows very good agreement for steam pressures of 1.6
and 2.1 MPa, however at higher pressures the model over predicts the experimental trends.

Keywords: Direct contact heat exchanger, droplet statistics, nozzle spray, convection, evaporation.

1. INTRODUCTION

Direct contact heat exchangers are extensively used in numerous power applications, among other in
nuclear power stations, cooling towers, petroleum, thermal and chemical plants.*? Due to their high
performance to transport both energy and mass the heat transfer from liquid droplets has been studied
by many researchers. Marshall ) studied heat and mass transfer from a liquid spray to air during air-
drying processes by including the effect of the size of droplets. In his modeling approach, the droplet
evaporation rate is explicitly included in the energy balance equation. Using experimental data,
Marshall has proposed a correlation for the Nusselt number (Nu) as function of Reynolds (Re) and
Prandtl (Pr) numbers. Srinivas et al.®* presented a model by writing the conservation equations of
spherical droplets. Based on their modeling approach, Srinivas et al. estimated the behavior of key
physical properties, i.e., surface tension o, droplet surface velocity v, Nu and surface shear stress z, as a
function of time and droplet angular position. Celata et al. ! studied the trend of droplet temperature
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established in a condensing steam environment. As initial conditions, they assumed the droplets at sub-
cooled liquid condition and the vapor at saturation. Assuming conduction heat transfer inside the
droplet, Celata et al. have calculated the spray-droplet mean temperature by solving the energy
conservation equation obeying the aforementioned initial conditions. Furthermore, to take into account
the effect of liquid circulation inside the droplet, they introduced a coefficient as a function of Peclet’s
number which permitted a better agreement of model’s predictions with experimental data to be
achieved. Takahashi et al. ™ have compared the predictions of Celata et al. model with their own
experimental data. Thus, they were able to show that the model was not adequate to evaluate the liquid
temperature for non-dimensional distances lower than 6 (the non-dimensional distance is defined as
X = x/D, where x is the distance from nozzle and D is the droplet diameter).

When liquid is sprayed into a gas atmosphere, it should be expected that droplets will have
different physical dimensions; therefore the use of a Droplet Distribution Function (DDF) is
mandatory. Moreover, the DDF becomes a key function when condensation and/or evaporation occur,
because these two processes affect their physical dimensions. Using statistical moments as a function
of time to compute DDF and including droplet collisions and break-up mechanisms, Beck and
Watkins © were able to determine the evolution of droplet sizes. A relatively simple way to compute
the DDF consists of using droplet size distribution laws, as those proposed by Rosin-Rammler or
Nukiyama-Tanasawa !}, in conjunction with empirical correlations to estimate factors required by these
laws. One of these factors corresponds to the Sauter mean diameter (D,,) that is given as .

Zn: n; Di3
_ 3

z n,D?

i=1

D, (1)

It represents a ratio of the entire volume (index 3) occupied by the droplets to their entire surface area
(index 2). Several correlations are available in the open literature that allows D3, to be determined.
Lefebvre ™ has proposed a correlation as function of the geometry of the nozzle and thermodynamic
inlet conditions of the liquid to estimate D3;.

In this paper, a thermodynamic model has been developed to estimate the heat transfer rate in a
DCHX currently in use at our laboratory. The main purpose of this thermal equipment, identified with
a “Quenching Chamber” technical designation in Figure 1, is to cool superheated steam produced at the
outlet of a test section used to perform choking flow experiments with water above supercritical
conditions. As shown in the figure, cooling water is sprayed and mixed with steam coming from the
test section. Since droplet sizes depend on the type of nozzle (i.e., its geometry) and the temperature of
the injected water, we estimate the DDF using a methodology that is presented in the following section.
Thereafter, the heat transfer from the steam to the liquid, both by convection and evaporation is
introduced in the calculations. Finally, the predictions obtained applying the proposed approach are
compared with experimental data collected under two system pressures during supercritical water
experiments carried out in our laboratory.
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Figure 1. Portion of the flow diagram of the supercritical-water facility.

2. DROPLETS (Size) DISTRIBUTION FUNCTION

In order to predict heat transfer in DCHX’s an appropriate estimation of droplet sizes is necessary;
however, this evaluation is not an easy task. In fact, the droplet size distribution function depends on
many factors, including the liquid temperature, the liquid flow rate and the geometrical characteristic of
the nozzle®*3. To this purpose, several statistical laws are proposed in the open literature which
provide distribution functions for liquid particles (e.g., log-normal, Nukiyama-Tanasawa, upper-limit,
root-normal, etc.). One of the simplest laws available is the Rosin-Rammler cumulative distribution
function, where the probabilit]y of having droplet volume fractions for droplets with diameters smaller
than a given D is defined by ©";

F(D):l—exp{— D } @

where D, q,, is a representative diameter for which 63.2% of the droplet population has diameters
smaller than D, .., and g is a measure of the distribution width (i.e., skewness of the distribution
function) . It is apparent that the application Equation (2) requires a previous computation of D, .., and

g. Experimental studies performed by Lefebvre ! have shown that for most types of sprays, the value
of q varies between 2 and 2.8. Furthermore, Zhao et al.'@ have demonstrated that Dggs, can be
determined as a function of Sauter’s mean diameter (Eq. 1) and q, as:

D0632 |: 1:|
—0s2 _l1-= 3
D, q ®)
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where I"is the gamma function. Nevertheless, the use of Equation 3 necessitates the value of D,, given

by Equation 1 which is not necessarily easy to handle. Therefore, in this work we have used an
empirical correlation proposed by Ashgriz ! who has presented all existing correlations for every type
of nozzles, from air-blast to electrostatic ones, encountered in industrial applications. In particular, for
a swirl nozzle similar to the type used in our experimental facility shown in Figure 1, we have selected
a relationship developed by Lefebvre [ that is given as:

2 0.25 0.25
D,, =452 ZX_ | (tcos0)®+0.39) L | (tcoso)” (4)
P, AR Py AR

where ¢ is the surface tension [N/m], », is the dynamic viscosity of the liquid [Ns/m?], p, and p,, are the
density of the liquid and the steam respectively [kg/m], AP, is the pressure difference in the nozzle

chamber [Pa], t is the sheet film-thickness outside of the discharge orifice [m], and @ is half the spray
cone angle. The sheet film-thickness is calculated as [

(- 2.7{m} | (5)

VA AR

where d, is the discharge orifice diameter and FN is the flow number defined as:
n.']I
Vo AR (6)

with m, the liquid flow rate given in kg/s. Finally, Zhao et al. (% have shown that the lower and the
upper limit of the distribution function can be estimated, respectively by:

D0.1 = DO.632 (0-1054)1/q (7)

FN =

and

Do.ee0 = Doz (6-9077)Uq (8)

In these equations, Do and Dggg9 represent values that produce 0.1 and 0.999, respectively when they
are used in Equation (2).

Equation (4) shows that D3, depends both on thermodynamic properties and on geometric
characteristics of the spray nozzle. Figure 2 compares the behavior of the DDF as a function of the
working pressure (i.e., the steam pressure in the quenching chamber of Figure 1). As shown in Figure
2, the DDF significantly changes with pressure, even though the value of g = 2.1 is kept constant. The
inlet water flow rate of the nozzle is also constant (= 2.25x10™° m®/s) while the temperature is 144.4°C
and 186.3°C for 0.8 and 3.1 MPa, respectively. It is known that the sizes of the droplets decrease with
increasing the working pressure, the mass flow rate as well as the liquid temperature ™. Hence, it is
apparent that the results shown in Figure 2 satisfy this general behavior.
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Figure 2. Behavior of the DDF with working pressure.

3. HEAT TRANSFER

To model the heat transfer between steam atmosphere and water droplets, it is assumed that the
droplets are spherical and that the steam temperature does not change during the cooling process, i.e.,
its partial condensation affects the mass of steam in the “Quenching Chamber” of Figure 1 without
changing its temperature. However, it must be pointed out that the temperature of the steam that enters
into the Quenching Chamber (i.e., the DCHX) is not known a priori. However, the conditions of
supercritical-water at test section inlet (see Figure 1) are accurately known. Therefore, the discharge
across the test section should correspond to one of the following thermodynamic transformations:

» Constant enthalpy transformation or
« Constant entropy transformation.

Since the exact flow evolution is not known, it is assumed that the temperature of the steam at the
outlet of the test section can be approached by an average value calculated as:

T, = %(TS +T,) (9)

Ts corresponds to the steam temperature for an isentropic evolution and Ty for an isenthalpic one.
Thus, the knowledge of the initial water temperature, the steam temperature given by Equation (9) and
the droplet size distribution from Equation (2) should make it possible to determine the heat transfer
between the steam and the droplets. The overall procedure consists of applying Equations (7) and (8) to
generate N droplets having diameters ranging from Dg 1 to Dg.gg9, hence:
_ Doggs = Dos (10)
dD

with dD =10 m. Thereafter, a temporal scale with a time step of to 10 ms is created in such a way that
for each diameter and for each time step, properties such as the droplet size (i.e., when evaporation
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occurs), the drag coefficient, the droplet velocity, the residence time, the heat transfer coefficient, the
temperature and the evaporation rate as a function of time are calculated. More details about the
methodology is given in the following sections. It is important to mention, however, that possible
effects associated to droplet collisions and/or droplet break-ups have been neglected. This hypothesis
assumes that the number of droplets in the chamber is low enough; therefore, the probability of their
mutual interaction is very low. Furthermore, their diameter is so small and the velocity of the steam is
so low, that the surface tension overwhelms any probability of breaking them up.

3.1 DROPLET CONVECTION HEAT TRANSFER

The water that enters into the quenching chamber (Figure 1) is at sub-cooled state, while the steam may
be at saturation or super-heated state; therefore, during the first interaction of droplets with the steam,
heat is transferred to liquid only by convection. Let us assume that the temperature distribution inside a
spherical droplet of radius R can be determined from a conduction heat transfer equation written in
spherical coordinates as [*!):

o7 20T 1o an
or’ ror a ot
where the temperature depends on the droplet radius r and on time t (i.e., the effects of others spatial
coordinates are neglected). To solve this equation, the following boundary conditions are imposed:

 Uniform initial temperature distribution inside the droplet; T (r, 0) = Tj,

« Continuity of heat flux at the droplet surface; —k Z—I =h[T(R,t)-T,],

» Symmetry at the center of the droplet; Z—T =0.

r r=0

The convective heat transfer coefficient h is estimated using the Ranz and Marshall ! correlation
expressed as:

Nu =2+0.6x Rel/*x Pr® (12)

where Rey is the steam Reynolds number based on an observer moving with respect to the steam at the
velocity of the droplets. Thus, this equation requires a previous knowledge of the droplet velocity that
is obtained by solving the following differential equation ©:
zD% d zD? (13)
———Vv, =3zu,D f(v, —vy )+
,O| 6 dt D 7Z'/Jv ( v D) pl 6 g
where v, is the droplet velocity, v, is the velocity of the steam, f is a drag factor and g is the

acceleration of gravity. As usual, the drag factor is calculated as a function of a drag coefficient Cp and
the Reynolds number as:
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Co == Re,(L+0.15xRe®) if Re, <10°
24 v (14)
C, =04 if Re, >10°

Close to the nozzle, the Reynolds number Rey is higher than 10%[®
Knowing the boundary conditions, Equation (11) is now solved using the method of separation of
variables. Schneider*? provides the space-averaged solution of the heat transfer problem with the

mean temperature T obtained from:

T=T+ S;?m R3-[47” (r)dr (19
The complete solution of Equation (11) is expressed as 2
'r Too Z“’: [sing, —¢, cosg, |* exp (_ gﬁFO) (16)
- “~ o2 g, —sing, cosg, |
where Fo is the Fourier number and ¢, are the roots of the following equation:
1-¢, cotg, =Bi (17)

and Bi the Biot number. In this work we have used only the first five roots of this equation. These
values were taken from the Schneider*?. The heat transferred by convection at a given instant ty can

then be estimated as:
R 18
Qconv = .[47Z-r2plcp,l [T(r'tD)_Ti ]dr ( )
0

It is obvious that under some particular conditions the heat transfer problem can be simplified.
For instance, when Fo > 0.2 the solution of Equation (11) can be approximated by considering only the
first term of Equation (17); hence:

-]T_Too _E[Singl_glcosgl]z (19)

- : exp(- ¢/Fo

T-T. ¢ [s—singcosg] 51

with ¢, the first root of Equation (17). In turn if Bi << 0.1 then the lumped parameter approach can be
applied, this gives:

T-T, ~exp| - t (20)
T-T, 75
with
B 4/37ZR3p|Cp’| _ ER PiCp, (21)

TR 3 h
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3.2 DROPLET CONDENSATION HEAT TRANSFER

When droplets reach saturation conditions, they start evaporating. Marshall® has studied the
evaporation of sub-cooled droplets in a hot-air environment. Assuming that the heat transferred to a
droplet from the steam by convection is used by the droplet to vaporize itself, then for a single droplet
the following energy balance equation can be written:

AD?h[T, - T, Jdt =h, dm (22)

evap
with hy, the latent heat of vaporization. This equation allows the rate of mass transferred to the steam to
be calculated as:

_ dmevap _ ﬂDZh[Tv _Tsat] (23)

m =
evap dt h

fg
It is apparent that this mass transfer plays an important role in the physics of the problem. In fact
the value of m,, provides a direct indication of the amount of thermal energy that is transferred along

the phase change process taking place in the droplets. Equation (23) shows that m,,,, depends on the

diameter of the droplet that decreases with increasing the evaporation rate and the heat transfer
coefficient, both are functions of time. Therefore, it cannot be assumed that the evaporation rate will be
the same for each droplet at each time step.

3.3 THERMAL POWER TRANSFERRED IN DCHX SYSTEMS

For a droplet having known dimension and thermal conditions, the knowledge of the heat transfer
between a single droplet and the steam permits the total power exchange to be estimated as follows:

Qtotal = ZN: NiQi (24)

where Qtotal is the total thermal power exchanged in the DCHX, N is the rate of droplet population
having a diameter D, and Q, the thermal energy transfer to droplets of diameter D, . For a given droplet
diameter, the droplet population rate is determined by:

Ni =P (Di )Ntotal (25)

with a probability density p, function expressed as:

(D)= = (26)
Ntotal Ntotal é‘t
It is obvious that this probability density function corresponds to the derivative of the cumulative
probability given by Equation (2); it can be evaluated by assuming that under steady state conditions
the total flow rate of droplets can be estimated by the following expression:
N = 8 Vi (27)

total — _ ~3
7 D,
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where D, is the mean statistical diameter of the droplets. Then, from Equation (24) the total thermal
power becomes:

Qutal = i N,Q = Ny ZN: n(D,)Q (28)

with N the number of droplets given by Equation (10).

4. COMPARISON OF THE PREDICTIONS OF THE MODEL WITH DATA

In this section the prediction obtained using the proposed modeling approach is compared with
experimental data obtained using the facility shown in Figure 1. Data were collected for three values of
steam pressure (Pqen = 1.6 MPa, Pgen = 2.1 MPa and Pqyn = 3.1 MPa) over a wide range of cooling
water flow rates. Figure 3 shows a comparison of the predictions of the model with data. These data do
not take into account thermal losses to the environment thought the thermal isolation of the quenching
chamber. In fact, these losses are estimated by considering both heat conduction across the thermal
insulation of a steel cylinder and external and internal convective heat transfer resistances; it has been
has been estimated to be less than 240 W.
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Figure 3. Comparison of predictions of the model with data.

The results presented in Figure 3 show that for low steam pressure (Pgh = 1.6 MPa, Pgen =
2.1 MPa), in general the agreement of the model with the data is very good. However, this is not
necessarily true at high pressure. In fact, it seems that the proposed model significantly overestimate
the thermal power. Several aspects, which are not taken into account in the present model, can probably
explain this behavior. One of the possibly factors concerns the skewness of the DDF shown in Figure 2
(skewness that has been optimized in order to fit the data). In fact, this figure indicates that for a
constant skewness coefficient g = 2.1, the pressure strongly affects the overall shape of the DDF.
Therefore, the same calculations were repeated using three values of q (0 =2.1, g=2.4 and q=2.8));
the results are shown in Figures 4 to 6. In fact, for a constant value of Sauter’s diameter D3, (Equation
1), Dos32 increases with increasing g (Equation 3). Consequently, the probability of obtaining droplets
with big diameters also increases (Equation 2). However, as shown in these figures, this is not a
sufficient condition that can completely explain the discrepancy between the predictions obtained with
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the model. As expected from Figure 2, higher is the pressure the higher is the effect of q on the DDF,;
however, this behavior is not able to completely correct the predictions. These results show that the
statistics of droplet size distribution is an important factor that has a strong control on heat transfer both
at high and low steam pressures (Figure 4 to 6). Nevertheless, the influence of statistics on heat transfer
changes with pressure. At low pressure, the heat transfer increases with increasing g (Figure 4 and 5);
on the other hand, at high steam pressure, the heat transfer increases with decreasing g. This behavior
may be caused by the physics of the droplets.
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Figure 4. Heat transfer rate as a function of liquid volumetric flow rate and q.

In fact, the physical effects of droplet size on heat transfer are not easy to understand. For
instance, if a comparison between the behavior of tiny and big droplets is performed, at first glance it
can be argued that tiny droplets should evaporate faster than big ones. This is not necessarily true
because the residence time of big droplets can be substantially reduced due to the increase of the
Reynolds number and consequently the drag coefficient (Equation 14). Therefore, it is not obvious that
small droplets will increase the overall performance of DCHX’s. Therefore, to two outcomes are
possible: 1) the best heat transfer should occur for a large population of droplets having diameters close
to a mean statistical value; 2) there is an apparent trade-off between droplet population and size
distributions (i.e., velocities) that can be responsible of the inversion effect observed on the heat
transfer as a function of g.

The observed discrepancies cannot be necessarily related to the simplifying assumptions used to
develop the model. The fact that droplet interactions and break-up are neglected must not affect its
overall performance. The effect of surface tension increases with decreasing droplet surface
temperature, which it can be assumed that decreases with decreasing the steam pressure, i.e., lower
steam saturation temperature. Thus, an increase in the droplet surface temperature should increase the
probability of break-up, which is necessary to obtain higher heat transfer rates, i.e., higher surface area
and droplet population. It must be pointed out, that our model without taking into account droplet
break-up mechanisms shows the right trends (i.e., higher heat transfer rate at high pressures and lower
heat transfer rates at low pressures). Since the model over predicts heat transfer at high pressures,
including a droplet break-up mechanism should further deteriorate its performance. Nevertheless, the
fact that when pressure increases an inversion effect of g on the heat transfer is observed requires a
further study about the statics that controls the droplet population distribution.
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Figure 5. Heat transfer rate as a function of liquid volumetric flow rate and g.
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Figure 6. Heat transfer rate as a function of liquid volumetric flow rate and q.

5. CONCLUSION

A thermodynamic model used to estimate heat transfer in a DCHX has been proposed. The model takes
into account the statistical distribution of droplet sizes and two heat transfer modes: convection and
evaporation. The predictions of the proposed model are compared with experimental data collected in a
quenching chamber of a supercritical water facility under operation at Ecole Polytechnique de
Montréal. In general, it has been observed that for low steam pressures (P < 2.1 MPa) a very good
agreement between predictions and data are obtained. For high pressures (P > 3.0 MPa) the model over
predicts the experimental values.

The analysis of the statistical distribution function used to estimate droplet diameters has shown
that it cannot completely correct the observed trends. In fact, even though the skewness of the DDF is
very sensitive to steam pressures, the shape of the distribution is unable to completely overcome the
discrepancies observed at high pressures. In addition, it seems that taking into account some neglected
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physical phenomena such as droplet interaction and break-up cannot necessarily improve the model
efficiency. Nevertheless, additional work is still required to explain the behavior of the model at high
pressure. Despite the fact that at high steam pressures the performance of the model can be
questionable, it provides us the possibility to analyze the heat transfer behavior of droplets having
different diameters. In fact, it has clearly been determined that the overall heat transferred in this type
of thermal unit is partially governed by mean-statistical size of the droplets. Therefore, a correct
optimization of DCHX’s must take into account the use of convenient criteria to choose the geometry
of spray nozzles. It is apparent the best nozzle must produce the largest droplet population having
almost uniform size distribution.

Acknowledgements

The work presented in this paper was possible due to the financial support of NSERC/NRCan/AECL
via a Gen-1V CRD research program and the NSERC discovery grant RGPIN 41929.

References

[1] Takahashi, M., Nayak, A. K., Kitagawa, S., Murakoso, H. (2001) Heat Transfer in Direct Contact
Condensation of Steam to Sub-cooled Water Spray. Journal of Heat Transfer, Vol 123, 703-710.

[2] Marshall,W. R. (1955) Heat and Mass Transfer in Spray Drying. Transaction of ASME.

[3] Srinivas, S. S., Ayyaswamy, P. S., Huang, L. J., (1996) Condensation on a Spray of Water Drops:
A cell model study 1. Flow description. Int. J. Heat Mass Transfer, Vol. 39 (18), 3781-3790.

[4] Huang, L. J., Ayyaswamy, P. S., Srinivas, S. S. (1996) Condensation on a Spray of Water Drops:
A cell model study II. Transport quantities. Int. J. Heat Mass Transfer, Vol. 39 (18), 3781-3790.

[5] Celata, G. P., Cuomo, M., D’Annibale, F., Farello G. E (1991) Direct Contact Condensation of
Steam on Droplets. Int. J. Multiphase Flow Vol. 17 (2), 191-211.

[6] Beck, J. C., Watkins, A. P., (2002) On the Development of Spray Sub-models Based on Droplet
Size Moments. Int. Journal of Computational Physics Vol. 182, 586-621.

[71 Gonzéales-Tello, P., Camacho, F., Vicaria, J. M., Gonzéles, P. A., (2008) Modified Nukiyama-
Tanasawa Distribution Function and a Rosin-Rammler Model for the Particle-Size-Distribution
Analysis. Powder Technology, Vol. 186, 278-281.

[8] Ashgriz, N., (2011). Handbook of Atomization and Sprays: Theory and Applications. New York,
Springer.

[9] Lefebvre, A. H., (1989). Atomization and Sprays. Hemisphere Publishing Corp., New York and
Washington D.C., ISBN 978-0-89116-603-0.

[10] Zhao, Y. H., Hou, M. H., Chin, J. S., (1986) Drop Size Distributions for Swirl and Air Blast
Atomizers. Atomization Spray Technol., Vol. 2, 3-15.

[11] Ozigik, M.N., (1993). Heat Conduction. John Wiley & Sons, Inc., New York.

[12] Schneider, P. J., (1955). Conduction Heat Transfer. Addison- esley Publishing Company, Inc.,
Cambridge.

[13] Schick, R. J., (2006) Spray Technology Reference Guide: Understanding Drop Size. Spraying
Systems Co., http://de.spray.com/Portals/0/pdf/B459c.pdf

- 12 of total pages -



