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Abstract 

Abstract 

Philips is interested in the performance of facial saunas meant to clean the facial skin. In re lation to 
this, the physical aspects of the flow of a facial sauna were examined. The purpose of this project was 
to investigate the physical properties of the flow and describe the processes occurring in the flow that 
determine the physical properties. 

The flow produced by a facial sauna is aso-called turbulent two-phase jet. Temperature- and velocity 
distributions of the flow of a facial sauna are measured and a first attempt is made to describe the 
processes in the flow that determine the temperature, humidity, velocity, droplet size, etc. First a 
numerical simulation of a turbulent dry jet is made. The results of this numerical model are compared 
with the available literature on dry jets and if possible with experimental results. Th is model of a dry 
jet is a good starting point for further rnadelling of a turbulent two-phase jet. 

The important processes occurring in a two-phase jet, i.e. phase transition and droplet formation are 
also investigated. Droplet size measuréments are performed and a simple model is used to make a 
first calculation of the droplet si ze distri bution in the flow of a facial sauna. These calculations are 
compared with droplet size measurements and are reasonably similar. The knowledge on droplet 
formation should be used for further rnadelling of a two-phase jet. The presented model and 
calculations are a first attempt to make an accurate description of the real flow of a facial sauna but 
they have to be improved. 
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Subscripts 
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pertains to the local gas vapour mixture 
pertains todroplet 
pertains to entraioment 
pertains to gas 
pertains to heat transfer 
tensor subscript; uij means 8u/8x + 8v/ày + 8w/8z 
pertains to liquid 
pertains to mass transfer 
pertains to the centerline position 
pertains to the initia! state 
pertains todroplet surface 
pertains to saturation 
pertains to turbulent 
pertains to vapour 
pertains to water in vapour and liquid phase 
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Introduetion 

1. Introduetion 

1.1 The Personal Care lnstitute 

This master project for the study applied physics has been executed at the Philips Personal Care 
Institute. The Philips Personal Care Institute is a division ofthe Philips Research Laboratories in 
Eindhoven. The Personal Care Institute is engaged in research for electrically driven personal care 
products, which are developed and produced by Philips Dornestic Appliances and Personal Care 
(DAP). Th is includes a broad diversity of products for skin, body and hair treatment, like shavers, 
electrical tooth-brushes, hairdryers, facial saunas, etc. The research carried out in the Personal Care 
Institute can be divided into different parts; 

Generating scientific knowledge on the mechanical and physical behaviour of skin and 
hair. 
Investigations on the primary function of personal care products to provide options for 
teehoical innovation. 
Product performance. 

' Product perception. 

1.2 The facial sauna 

Philips is interested in the performance of facial saunas meant to clean the facial skin. A facial sauna 
is a device that produces a hot water spray that is directed into the users face. It can be used for three 
purposes; 

Relaxation. 
Treatment against diseases (common cold, cough, allergie rhinitis). 
Cleaning the skin. 

For treatment against diseases the hot spray is mostly mixedwithall kind of additives like 
eucalyptus, peppermint or medicine. Although there are many differences between various studies, 
some scientific research [1,2,3] has proved that a hot spray treatment can positively change the 
course of illness and give re lief of symptoms. For this kind of research it is very hard to create 
similar circumstance and this will partly explain the difference in the results (no two subjects will be 
the same ). Wh ether or not a facial sauna gives re lief to eertaio diseases depends on the physical 
properties of the water spray one will inhale. In man, the average temperature of the nasal mucosa is 
35°C, a temperature under which rhinoviruses thrive [4]. However with temperatures above 37°C 
rhinoviruses have difficulty developing. On the other hand a high temperature can also damage the 
nasal mucosa. A second important parameter for the effectivity is the droplet size. Only small 
dropiets (:5: l5J..tm) [5] are able to reach the small bronchi. Large dropiets (over l5J..tm) will precipitate 
in the mouthor stomach and lose their healing power. Excessively fine particles (smaller than 2J..tm) 
are inhaled, but remain ineffective, since they are mostly exhaled (as a smokelike aerosol) [6]. 
Whether or not the dropiets reach the bronebi can be measured by making the dropiets visible with 
radio-active particles [7]. 
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Introduetion 

If a facial sauna is used for cleaning the skin other physical properties are demanded. The most 
important properties are the temperature and humidity. From the body sauna different combination of 
humidity and temperature are known like the Turkish and Finnish bath. The skin reacts differently to 
these circumstances and as a consequence this will change the extension of the cleaning process. 
Because now the facial sauna is not meant as a healing device, dropiets do nothave to reach the small 
bronchi. So in the best case the droplet size should be over 15 J..Lm. 

humidity temperature 
Turkish bath ~ 100% ~4ooc 

Finnish bath 10- 12% 60- 95°C 

Table 1.1: The physical properties of different kinds of body saunas. 

1.3 Problem definition 

Philips is interested in facial saunas meant as a cleaning device for the facial skin. Therefore in vivo 
experiments will be performed to examine the effect of a hot water spray on the skin. To be able to 
evaluate these experiments the physical conditions ofthe spray near the skin must be known. If 
modifications are needed to reach better cleaning results also the physical processes occurring in the 
water spray must be understand. These processes determine the physical properties ofthe spray near 
the skin. 

First the physical aspectsof a facial sauna have to be investigated befare examining the cleaning 
effects on the skin. The purpose of this project is to examine the physical aspects of a facial sauna 
and will contain the following parts; 

Investigate the physical properties of a hot water spray produced by a 
facial sauna. 
Describe the physical processes occurring in the water spray. 

References; 

[I] Tyrell D., Barrow 1., and Arthur J., Local Hypertherrnia benefits natura! and experimental common colds, British Medica! 
Joumal, 13 may 1989. 

[2] Newsletter Rhinotherrn, lsrael Export institute, 18 June 1987. 
[3] Yerushalmi, Karman and Lwoff, Treatment ofperennial allergie rhinitis by local hypertherrnia, Proc. Natl. Acad. Sci. USA, 

1982. 
[4] Mackin M.L., Mathew S. and vanderBrug-Medendorp, Effect of inhaling heated vapour on symptoms of common cold, Joumal 

ofthe American Medica! Association, 1990. 
[5] Swift D.L., Generation and Respiratory Deposition ofTherapeutic Aerosols, Am. Rev. Respir. Dis., vol. 122, p 71 - 77, 1980. 
[6] Sympatec GmbH, Spray measurements, Application Report 1/93, I July 1993. 
[7] Test inhaliergeräte, Test 6/83. 
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The facial sauna 

2. The facial sauna 

A facial sauna, the so-called Esthe Jeune is used for measuring the physical properties of a spray 
produced by a facial sauna. First the operation and possibilities ofthe Esthe Jeune are described. 

2.1 Esthe Jeune 

ionising electrode ...... . 

W<lter rescrvoir .... 

vapor --7 y~er 
• HXfC 

electrical heating 
elem:nt 

Figure 2.1: Schematic picture ofthe Esthe Jeune. 

The Esthe Jeune is an uncomplicated device. lt 
contains a water reservoir, a heating element, 
ionising electrades and some electrooie circuits. 
Inside the Esthe Jeune the water in the reservoir is 
electrically heated till I oooc and just by the 
increasing pressure the steam is forced to leave 
the sauna. The mass flux is determined by the 
power ofthe heating element. To make the spray 
more visible the Esthe Jeune has an option for 
spray ionisation (6.4 Ionisation). Additives have 
to be dissolved in the water. 

maximum power heating element 550W 
nozzle diameter 3.6x!O- m 

water flux 13 mi min-

flow 21 I min-

Tab ie 2.1: Characteristics of the Esthe Jeune. 
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3. Spray generation 

3.1 Introduetion 

This chapter will deal with the literature search on spray generation. Many different techniques to 
produce sprays have been developed over the years. Th is chapter is a short review of some different 
possibilities for producing sprays, the physical principles, the consequences for the dropiets and the 
disadvantages and advantages of the different methods. In the future some of these techniques may 
be used as an alternative way of producing sprays for a facial sauna. 

3.1.1 Spray gun atomiser 

The spray gun atomiser is commonly found in such applications as insecticide sprayers, scent 
sprayers or is used for cambustion of liquid in boilers, furnaces and airblast fuel injectors [ 1]. lt 
generates dropiets by gas flow, making use ofthe variation ofpressure along a streamline. The basic 
elements of such a device are shown in Figure 3.1: 

D 

Figure 3.1: Principle of gas pressure driven 
atomiser: A pump, B fine tube, C 
liquid, D fine spray. 

The air is pumped from the pump A, and comes out in B 
as a high-speed jet. The pressure at this point is low 
because along the streamline the relation between the 
pressure and velocity is given by Bernoulli: 

gz + t v2 + p =constant 
p 

(3.1) 

where gis the acceleration due to the gravity, z is the 
height, p is the pressure of the gas, p the density and v the 
speed ofthe gas. As aresult ofthe low pressure at B the 
liquid rises in the vertical tube and is blown out ofthe 
nozzle as a fine spray. 

For the spray gun atomiser the main variabie cantrolling the atomisation is the velocity ofthe gas 
driven by pump A. The advantage of this methad is that it is simple and robust. Th is is also the 
disadvantage, because there is no way to control the droplet size. An example of a spray gun atomiser 
is the nebulizer described by Wright (2] for the production oftherapeutic aerosols and as a humidifier 
in medical applications. 
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Literature search: Spray ~en~Eatio~~ 

3 .1.2 Droplets from capillary tubes 

Small drops can be formed at the end of a capillary tube, as in a pipette, but to obtain fine mists other 
forces must also act on the liquid to disrupt it into fin er drops. If the drops are generated at the tip of 
a hypodermie needie in place of a glass capillary tube, the tube may be made to vibrate by an 
electramagnet that is activated by an AC current in a frequency range 50-3000 Hz, giving dropiets in 
the range 1-150 ~-tm. In this case the jet from the capillary tube receives acoustic stimulation and the 
drops formed are about twice the jet diameter or even smaller. Other methods to make the capillary 
tube vibrate are also possible, for example with a piezoelectric transducer. It appears from different 
investigations [3, 4] that the droplet size is determined by the diameter ofthe needie and the physical 
properties ofthe liquid and the surrounding gas. 

3 .1.3 Spinning di se atomiser 

Another way of producing sprays is by using a rotating di se [5]. The liquid falls in the centre of the 
rotating disc and is thrown to the edge ofthe disc. The liquid will forma small film on the disc and at 
the edge the liquid will break up into small droplets. The droplet size is determined by the angular 
speed. Walton and Prewett [6] found the following relation for the most probable size of droplets: 

dp y, 
roRP(-1 ) 2 =constant 

cr 
(3.2) 

ro is the angular speed of the di se, RP the principal droplet radius, d the disc diameter and p1 and cr the 
mass density and surface tension ofthe liquid. Fordroplet production in the aerosol range, formed by 
high speed rotation, experiments have shown that the constant is about 2.2, but for larger dropiets (~I 
mm in radius) the constant is 1.6. The advantage ofthe spinning disc atomiser is that it has a large 
output but the dropiets are not directed. Insteadof a rotating disc it is also possible to use a rotating 
cup. 

3 .1.4 Ultrasonic atomisation 

Experiments have indicated that a mist of dropiets can be generated by an intense beam of high 
frequency sound waves. The beam is focused on the liquid surface. Wh en the intensity of the 
ultrasonic beam is large enough, a liquid spout called an ultrasonic fountain rises into the gases 
overhead, and a dense fog evolves from the base ofthe spout. Fog formation by acoustic vibration 
has been attributed to cavitation, the formation and collapse of cavities induced by the intense sound 
waves. However, Green and Lane [7] have described the formation of dropiets by ultrasonic 
atomisation as aresult of a violently oscillating surface. When the amplitude ofthe asciilating 
surface is large enough, the crest may break up in small droplets. The droplet size depends on the 
wavelength ofthe ripples and the frequency ofthe ultrasound. A lot of research has been done to the 
probable droplet size as a function ofthe amplitude and frequency ofthe ultrasound, the surface 
tension and liquid density. Peskin and Raco [8] found for the probable droplet size in case of a thick 
liquid layer the next model: 
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d ::::::(~)3 
ac r2 

Puo 
(3.3) 

Jo is the acoustic excitation frequency. Ultrasonic atomisation has the advantage to be able to produce 
a high concentration aerosol with small droplet size. The droplet size is easy to alter just by varying 
the frequency ofthe ultrasound. The concentration is determined by the intensity ofthe sound waves 
and the gas flow. This means that concentration and droplet size can be altered independently. 

3.1.5 Electrostatic atomiser 

Electrastatic atomisation of liquids is based on the existence of repelling forces between the electric 
charges present on the liquid surface [9]. These charges reduce the surface tension ofthe liquid and if 
they are large enough the surface will become unstable. On a small protuberance on the liquid 
surface the charge density is higher and so the repulsive forces become larger. When these repulsive 
forces are large enough to overcome the surface tension the protuberance will collapse into small 
drop iets. Huneiti et al. [ 1 0] described an electrastatic atomiser. They used an alternating current 
superimposed on a direct current. The theoretica! basis ofthis technique is based on the Rayleigh 
break-up mechanism: A jet of liquid is unstable with respect to an axially symmetrie sinusoidal 
perturbation wave ifthe wavelength ofthe surface wave is greater than the circumference ofthe 
liquid jet. If a liquid jet is excited at a steady frequency to create such a perturbation, then the droplet 
size is only governed by the driving frequency. It is easy to control the droplet size just by altering 
the wavelength. Some atomisers combine a mechanica! atomisation method with an electrastatic 
atomiser. An example is described by Marcbant [11], who described an electrastatic spinning disc. 

3.1.6 Partiele formation from supersaturated vapours 

A nother way of producing sprays is by using thermadynamie processes. If a vapour can be brought 
into a supersaturated state, dropiets may arise. There are basically two thermadynamie processes by 
which supersaturation can be achieved in a vapour. The first involves adiabatic expansion of the gas, 
decreasing the temperature and pressure beyond saturation conditions and the second is mixing of the 
hot moist gas with cool, dry gas. 

The expansion can be achieved in an expansion chamber or in a steady state process invalving flow 
in the diverging section of a nozzle, generating supersonic flow. In a good approximation, the 
temperature and pressure in such system can be related by the expression for anideal gas; 

y 

P.mt =(~u/)1=1 
P," T;" 

(3.4) 

Since y > 1 for gases, a reversible adiabatic expansion leads to a decrease in both temperature and 
pressure of an initially unsaturated gas to the point where considerable supersaturation can be 
reached. Ifthe supersaturated state is reached condensation may take place. Normally adiabatic 
expansion will not occur at the nozzle of a facial sauna, because of the relative low pressure 
difference between P;" and Pout (ilP:::::: 103 Pa). 
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The production of a spray by mixing can occur when a condensable vapour is mixed with a cool gas 
as for exhaled air at body temperature. As mixing with the ambient air takes place, the temperature 
drops, favouring condensation, but dilution tends to discourage condensation. Whether saturation 
conditions are reached depends on the relative rates of cooling and dilution during the mixing 
process. 

3.2 Conclusions 

The Esthe Jeune produces a spray according to the thermadynamie mixing principle, which will be 
explained in chapter 4 and 6. The principle has the advantage that the flow rate is easy to controL 
However the droplet size depends on the mixing process and cannot be controlled. To obtain an 
adjustable droplet size ultrasonic or electrastatic atomisation is a better way of producing a spray. 

References; 

[I] Michelson D., Electrostatic Atomisation, Adam Hilger, Bristol, 1990. 
(2] Wright B.M., A new Nebulizer, Lancet 2, p 24-25, July 1958. 
(3] Merrington A.C., Richardson E.G., The Break-up ofliquidjets, Proc. Phys. Soc. 59, pI- 13, 1941. 
[4] Schneider J.M., Hendricks C.D., Souree ofuniform-sized liquid droplets, Rev. Sci. Instrum. 35, p 1349- 1350, 1964. 
(5] Hidy O.M., Aerosols; an 1ndustrial and Environmental Science, Academie Press, Orlando, 1984. 
(6] Walton W., Prewelt W., Proc. Phys. Soc., London, sect. B 628, 341, 1949. 
[7] Green H., Lane W., Particulate Clouds: Dusts, Smokes and Mists, 2nd ed. Van Nostrand-Reinhold, Princeton, New Jersey, 

1964. 
[8] Peskin R., Raco R., J. Acoust. Soc. Am., vol. 35, p 378, 1963. 
[9] Davies C.N., Aerosol Science, Academie Press, Orlando, 1966. 
[10] Huneiti et al., Harmonie Spraying ofConducting Liquids Employing AC-DC Electric Fields, IEEE, p 1493- 1499, 1995. 
[11] Marchant J.A., An Electrostalie Spinning Disc Atomiser, Am. Soc. Agric. Eng. p 386-392, 1985. 
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4. Fluid dynamics of a jet 

4.1 Introduetion 

The flow produced by the facial sauna is a so-called jet. 
A jet is a souree of mass, momenturn and energy and 
blows a fluid or gas into a reservoir. In the case of a 
facial sauna the reservoir is the surrounding air. Consider 
the jet shown in Figure 4.1. Mass, momenturn and energy 
enter the control volume through the nozzle and the 
control surface. The nozzle supplies a eertaio 
incompressible flow at velocity u0, temperature tl.To and 
species concentration tl.C0 and as aresult ofthe 
entraioment surrounding air enters through the control 
surface. Incompressibility is assumed for the flow 
because of the low Mach number. The equations of 
conservation of mass, species and momenturn can be 
applied to the control surface in Figure 4.1 with a 

nozzle_:_ :··---Jr-------J,~~-----.J, ....... .J, .. . 

--.. 
control surface ---. 

: .... ·t······t·v~·-·t······t··· 

Figure 4.1: Schematic picture of a jet. vc is the 
entraioment velocity, u0 and um the 
initial velocity and velocity on the 
axis. 

uniform pressure field in the absence ofany other forces and a quiescent reservoir [1]: 

conservation of mass: u0 A0 + 2v e A,. = J udA (4.1) 
A 

conservation of species: tl.C0 u0 A0 = J tl.CudA (4.2) 
A 

conservation of momenturn: u~ A0 = J u2 dA (4.3) 
A 

where A is the right-hand si de of the control surface, A0 is the nozzle areaandAs the area of one 
lateral si de of the control surface. Although equations 4.1, 4.2 and 4.3 look very simplistic, they are 
complicated by the fact that a two-phase flow occurs (chapter 6). Equation 4.3 states that the flux of 
axial momenturn of a jet is conserved even if the jet disperses. Th is is one of the most powerful 
concepts in the analysis of jets. Since the jet develops free of externally applied constraints, the jet 
becomes self-preserving some distance from the nozzle. This means that the flows at various axial 
positions are similar if non-dimensionalized by locallength and time scales. These scales and their 
evolution with the flow determine the properties of the fully developed jet. 

As an example of self preservation, assume that the ratio of the local axial velocity u to the centerline 
velocity urn is only a function of the non-dimensional coordinate rlx, where x and r specify the 
di stance to the nozzle of the jet in axial and radial direction: 

ulu111 =J(rlx) (4.4) 

Equation 4.3 can be written in a form to incorporate equation 4.4: 
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f u2dA =u;, Jeu I u111 )
2 

dA =U~ A0 =constant (4.5) 
A A 

where ul A0 is the initial momenturn flux of the jet. F or an axisymmetric jet, the element of the 
control surface is an annular ring, dA = 2nrdr, and equation 4.5 becomes: 

(4.6) 

The integral is constant and so the coefficient um2i must be constant in order keep the right-hand 
si de of equation 4.6 constant. So the centerline speed of an axisymmetric jet must be inversely 
proportional to the axial distance x: 

A ;; 
um o ro - = const1 -- = const2 
U0 x x 

(4.7) 

with r 0 the radius of the nozzle. A similar argument can be used to deduce the rate of decrease of the 
species concentration 11Cm along the centerline of an axisymmetric jet: 

11C A 15 r0 
--

111 = const 3 -
0
- = const 4 

11Co x x 
(4.8) 

The species concentration is determined by the extension of the mixing process with surrounding, 
cool air. However this mixing process is also an important mechanism of cool ing. So the temperature 
is related to the species concentration and bath equations 4.2 and 4.8 are also valid for the 
temperature. Equations 4. 7 and 4.8 are only valid for a distance from the nozzle larger than 5 nozzle 
diameters because near the nozzle the jet is dependent on the details ofthe nozzle. According to 
Blevins [ 1] const2 and const4 equal 12 respectively 10. Finally Blevins deduced equations for the 
axial velocity profile and temperature profile as a function ofthe radial distance fora turbulent jet; 

U -94(r/x) 2 

-=e (4.9) 
um 

(4.10) 

4.2 Turbulent jets 

Velocity measurements show for the Esthe Jeune an exit velocity u0 of 35 ms-I ( chapter 5). Th is 
speed corresponds toa Reynolds number (Re= pu0d/11) of about 7600 (p = 0.6 kgm-3

, 

11 = 1 o-5 kgm-Is-I, nozzle diameter d = 3.6x1 o-3 m). Jets with a Reynolds number over 3000 are 
turbulent and so the Esthe Jeune produces a turbulent jet. If gravitational and buoyance farces are 
neglected the jet is axisymmetric. Figure 4.2 shows an axisymmetric turbulent jet. 
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One can identify three different regions, an initia! region, a transition region and a fully developed 
region. The initia! region consists ofthe core flow and the surrounding shear layer. According to 
Blevins [1] the initia! region has a lengthof 10r0. Inside the core the speed equals the exit velocity u0. 

The core flow is surrounded by a turbulent mixing layer or turbulent shear layer, which forms the 
boundary between the core flow and the surrounding air. In the initia! and transition region the flow 
is determined by the details ofthe nozzle. Further away the turbulent eddies in the shear layer will 
dominate and the jet is fully developed or self-preserving. 

virtual origin .. 

2r0 

~ ~ ~~ ==a"" Hmmt3"' H :;>·"·H H 
~ ~ : . . 

initia! 
region 

transition >i fully developed jet 

Figure 4.2: An axisymmetric turbulent jet. The jet becomes self-preserving some distance after 
the two mixing layers near the nozzle have merged. 

4.3 Transport equations 

The jet can be described by the Navier-Stokes and energy equations. As will be shown in chapter 6 
condensation and evaporation will occur in the flow, so actually two sets of equations are needed, 
one for the liquid and one for the gas phase. As a starting point one phase is assumed without phase 
transition. Further investigation must be focused on implementing two-phase flow. For an 
incompressible, Newtonian, laminar flow without body forces the equations of motion, energy and 
conservation of fluid mass can be written in the following form [2]; 

U-. =Ü 
1,1 

( 4.11) 

p(ou; +u .u . . ) = -p. + [11(u :+u.·)] 
81 J '·1 ·' ,,) ),, _1 

(4.12) 

pc (ar+ u .T .) = (t...r.) . + TJ<l> 
p at 1 '1 ,) .1 

(4.13) 

where the equations are denoted in index notation and ,i means 8/ox;, u; are the velocity components, 
p the fluid density, p the pressure, 11 the dynamic viscosity, cP the specific heat at constant pressure, À 

the thermal conductivity, Tthe temperature and TJ<D is the viscous dissipation. In order to convert 
these equations to the turbulent case consider turbulence as a small scale, random time dependent 
fluctuation about the mean flow. The flow field is the sum of a mean component plus a rapid time 
dependent deviation; 
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(4.14) 

where x i are Cartesian coordinates and Ç stands for ui, Tand p. The mean component of the flow is 
defined as the average over a long period of time 1: compared with the time scale of the turbulent 
motion: 

1 t 
Ç(x;) =- fs(x; ,t)dt 

't 0 

(4.15) 

After substituting equation 4.14 into equation 4.11 - 4.13 and the resultant equations are averaged 
over time, the governing equations become; 

U-· =Û 1,1 
(4.16) 

(
OU; ) [ ( ) -, 1 ] p -+u u = -p + 11 u +u. - pu u Of ./ I,J ,I 1,) j,l 1 1 ,j 

(4.17) 

(4.18) 

Due to the non-linearity ofthe equations 4.11-4.13 the averaging process has introduced unknown 
relations between fluctuating veloeities and between velocity and temperature fluctuations. 
Physically, these relations represent the transport of momenturn and heat due to the fluctuating 
motion. Equation 4.16 - 4.18 can only be solved for the mean values of velocity, pressure or 
temperature when the turbulent correlations can be determined. A turbulence model must be 
introduced which approximates these relations. The mostly used approach to model Reynolds 
stresses is the Boussinesq approximation; his eddy-viscosity concept assumes that, in analogy to the 
viscous stresses in laminar flow, the components ofthe Reynolds stress are proportional to the mean 
velocity gradient i.e.; 

- p u' . u' . = 11 (u. . + u .. ) I ./ I 1,) ),1 
(4.19) 

The proportional parameter Tlt is termed the eddy viscosity and unlike the molecular viscosity TJo, 
which is a fluid property, it depends on the turbulence of the flow and hence is a function of position. 
Now the total turbulent viscosity can be written as the sum of laminar and eddy viscosity; 

(4.20) 

Similarly the thermal conductivity can be rewritten as the sum of laminar and turbulent thermal 
conductivity; 

(4.21) 

where cr1 is the turbulent Prandtl number. The Boussinesq approximation shifts the problem of 
turbulence modeHing to the determination ofthe eddy viscosity. The different unknown relations in 
equation 4.16 - 4.18 are now reduced to one unknown parameter. 
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4.4 K- E turbulence model 

Still the problem remains how to describe the eddy viscosity, llt· Various morleis have been 
developed during the years. One of the mode is to describe a turbulent jet is the so called k-E 
turbulence model. In the k-E turbulence model the turbulent field is characterised in terms of two 
variables, the turbulent kinetic energy, k, defined as; 

k=J.u•. u'. 2 I I 
(4.22) 

and the viseaus dissipation rate ofturbulent kinetic energy, E, defined as; 

E = .!]_ u' . . u' . . p I,.J 1,] 
(4.23) 

Now the eddy viscosity is assumed to be directly proportional to the kinetic energy squared and 
inversely proportional to the kinetic dissipation rate; 

(4.24) 

Transport equations for k and E can be obtained from the Navier-Stokes equations by a sequence of 
algebraic manipulations. Application of a number of modeHing assumptions simplifies these two 
equations to the equations of turbulent kinetic energy and viseaus dissipation of the k-E turbulence 
model [2] [3]; 

u .. =0 
1,1 

p(Bu; +u u .. ) =-p +11(u .. +u .. ) at } 1,) ,I I,.J .J,I ,j 

(4.25) 

(4.26) 

(4.27) 

(4.28) 

(4.29) 

These equations contain empirica! constants. Over the years, these constants ofthe k-E model have 
been tested and optimised fora wide range of different flows. Fora turbulentjet issuing into a large 
space Jones and Launder [4] proposed the following values forthese constants; 

cTJ = 0.09, ak = 1.00, crE = 1.30, c1 = 1.44, c2 = 1.92 
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4.5 Non-dimensionalized equations 

lt is common to rewrite the transport equations in a non-dimensionalized form. Dimensionless 
formulation of the variables with respect to typical values provides a measure of the relative 
importance ofthe various termsin the equations and identifies the dominant physical phenomena. 
Non-dimensionalization means choosing a characteristic value for each variabie and relating the 
actual value ofthe variabie to the characteristic value. For non-dimensionalization ofthe equation of 
conservation of mass, momenturn and energy the following characteristic values are introduced; 

• • 2 • L • xi = Lxi, ui= Uui, p = pU p , t = -t , 
u 

u . 
T=-T +7: L o' 

(4.30) 

where the asterix denotes dimensionless variables. Now equation 4.26 - 4.28 have the following form 

u* = 0 
1,1 ( 4.31) 

au i· • • • 1 [ • ( • • )] - + u. u . . = -p . +- TJ u . + u . . at I I,J ,I Re 1,) ),1 ,j 
(4.32) 

ar· *r*- _1 (~ *r*) m* +U· ·- 11. . +TJq.. at 1 '1 Pe '1 ,J 
(4.33) 

• • where Re= pULITJ0, TJ = 1 +TJ/TJo, Pe = cPpULIÀ and À =1 +'A/'A0. A characteristic length scale L 
and velocity scale U for the jet of a facial sauna are 10-3 m respectively 10 ms-1

• For non
dimensionalization ofthe turbulent transport equation the samesealing as before is used and the 
following new characteristic values are introduced; 

2 • u3 • • 
k=U k' E =-E' TJ, =pULTJ, 

L 
(4.34) 

Now the non-dimensionalized turbulent transport equations for k and E have the following form; 

ak. • k. - ( TJ; k.) • • • -+u - +TJ,<l> -E at .i ,j - cr k •1 . 
,J 

(4.35) 

• ( • ) • *2 aE • • TJ 1 • E • • E - + u1.E 1. = -E 1. + c1 -. TJ 1<l> -c2 -. at · cr E • . k k 
,} 

(4.36) 
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4.6 Numerical simulation 

Equations 4.30- 4.36, which describe a turbulent one-phase jet, cannot be solved analytically. 
Nevertheless fora dry jet, merging gas into a quiescent air it is possible to make a reasonable 
approximation ofthe physical properties from available experimental and analytica! results in the 
literature. But actually we are dealing with a turbulent two-phase flow, impinging on a complex 
geometrie object, the face. The flow of an impinging jet will alter dramatically compared to a free jet. 
Not the undisturbed part ofthe flow but the impinging part ofthe flow near the face is of our interest, 
because the physical properties in this part of the flow determine the effect of a hot spray on the skin. 
In order to be able to predict the flow near the face the transport equations must be solved with a 
numerical simulation. 

This is the first reason to use a numerical simulation to predict the flow near the face. A second 
reason is the prediction of the droplet behaviour. Two-phase flow with phase transition can only be 
described numerically. Also the implicit droplet growth equation, chapter 6, can only be solved 
numerically. Although two-phase flow will be treated during following projects, this is the reason 
why the fluid dynamics analysis package FIDAP is used. This numerical package is capable to 
compute two-phase flow and partiele tracking. 

A third reason is that if a numerical simulation of the flow is constructed, this model is a tooi for 
modifying the facial sauna. For every modification ofthe facial sauna the consequences for the 
physical properties can easily be calculated. Calculations can be made for different values of the 
nozzle aperture, outlet temperature and outlet speed ofthe steam. 

During this project a numerical simulation of a one-phase or dry jet is made. This is clone with the 
fluid dynamics analysis package FIDAP. FIDAP is a general purpose finite element program for 
simulating a wide variety of fluid flows plus the effect of heat transportand reaction of chemica! 
species. The flow may be laminar or turbulent and may include two phases. The results of the 
numerical simulation are shown in the following chapter and the FIDAP simulation problem input 
file is described in appendix A. 
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5. Experimental and numerical results 

5 .1 Introduetion 

In this chapter first the results of the velocity and temperature measurements of the flow of a facial 
sauna will be presented. Th en the results of the numerical simulation of a jet will be shown. These 
experimental and numerical results will be compared tagether with the general equations for a dry jet 
deduced by Blevins (chapter 4) for temperature and velocity as a function ofthe distance to the 
nozzle. 

5.2 Velocity field measurements 

The speed ofthe spray from the facial sauna is measured with a Dantee 57NIO Burst analyser. This 
device measures the speed ofthe draplets with the Laser Doppier Velocimetry technique. A pair of 
coherent beams of laser radiation is focused down to create interference fringes at the optica! probe 
volume formed by the intersection ofthe two beams [1]. The fringe spacing is a function ofthe 
optica! wavelength and the angle between the beams. Scattered light from dropiets passing through 
the probe volume contains a Doppier frequency proportional to the partiele velocity. 

T = 1/fooppler 

V oe f Doppier 

Time 

Figure 5.1: Doppier pulse obtained from light 
scattered by droplets. 

A Doppier burst signa! is caused by light scattered by the dropiets passing through the probe volume. 
The signa! amplitude modulates at the Doppier frequency as the partiele moves altemately through 
bright and dark fringes. The velocity component orthogonal to the fringes is determined from the 
frequency corresponding to the transit time between the adjacent fringes of known fringe spacing. A 
lens with a focallength of 400.3 mm is used. The measurements lasted for 15s or till I 0.000 draplets 
were counted. 
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5.2.1 Results 

The velocity field is measured for the Esthe Jeune. The speed is measured as function of the axial 
distance to the nozzle as wellas a function ofthe radial distance to the axis ofthe cloud. Figure 5.2 
shows the non-dimensionalized results of the velocity measurements and the velocity according to 
Blevins on the axis ofthe spray ofthe Esthe Jeune. The actual centerline velocity drops from an 
initia! velocity ofroughly 35 ms-1 to 2 ms-1 at 0.3 m distance from the facial sauna. The decay is 
approximately inversely proportional to the distance. The velocity decay is determined with the least 
square methad and has the following farm; 

u(x) = 0.75x-O.S? (5.1) 

By measuring the initia! mass flux (0.22 gs-1
) and the nozzle radius (r0 is 1.8x1 0-3 m) the axial 

velocity right after leaving the facial sauna can be calculated. Taking a density for steam of 1 00°C of 
0.6 kgm-3

, leads to an initia! speed u0 of35 ms- 1 for the Esthe Jeune. 

)I( measured velocity 

--velocity fora dry jet according to Blevins 

0 0.05 0.1 0.15 0.2 0.25 0.3 

axial distance (m) 

Figure 5.2: Experimental and theoretica! results for the non-dimensionalized axial velocity 
on the axis ofthe spray ofthe Esthe Jeune. 

The measured velocity on the axis of the jet is lower than the theoretically expected velocity. Th is is 
perhaps because the calculation of the velocity does nat account for the effect of condensation. 
Purthermare the measurements were nat exactly taken on the axis ofthe spray. The position ofthe 
intersection ofthe laser beams was checked visually. Finally the uncertainty in the theoretica! values 
of the axial velocity is a bout 10%. 

1.5 

-2.4 -1.6 -0.8 0 0.8 

radial distance rib 

t:. measured velocity 
x=O.llm 

0 measured velocity 
x= 0.16m 

)I( measured velocity 
x=0.26m 

--velocity for a dry jet 
according to Blevins 

1.6 2.4 

Figure 5.3: Experimental and theoretica! results for the non-dimensionalized axial velocity profile of 
the spray ofthe Esthe Jeune. The profiles are measured at 0.11 m, 0.16 mand 0.26 m 
from the facial sauna and calculated according to Blevins. 
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Experimental and numerical results 

Figure 5.3 shows the experimental and theoretica! results for the non-dimensionalized velocity 
profile of the spray of the Esthe Jeune as a function of the radial distance. The velocity is non
dimensionalized by dividing the axial velocity by the centerline velocity Um. The measured centerline 
velocity is for x= 0.11 m, 0.16 mand 0.26 m respectively 5.6 ms· 1

, 2.8 ms· 1 and 2.3 ms· 1
• The radial 

distance is non-dimensionalized by dividing by the radial distance b needed for the axial velocity to 
fall to one-half of the centerline velocity, for x= 0.11 m, 0.16 m and 0.26 m respectively 1.3x 1 o·2m, 
2.3xl0"2 mand 3xl0-2 m. We see that the flow is self-preserving at these distances. The asymmetry 
in the results probably arises from draught. 

Despite some differences between theoretica! and experimental velocities, we can conclude that the 
velocity field of the Esthe Jeune behaves in accordance with the general rul es for turbulent jets 
deduced in chapter 4 in the region from the sauna to 0.3 m distance from the nozzle. 

5.3 Temperature measurements. 

The temperature field is measured with an AGEMA 470pro infrared thermocamera. The operation 
principle of an infrared camera is as follows . Any hot object wil! emit radiation in amounts 
depending on its temperature. Fora black body the speetral distribution ofthe radiation is described 
by Plank ' s law; 

(5 .2) 

where W61.. is the black body speetral emittance at wavelength À, c the velocity of light, h is Planck ' s 
constant, k Boltzmann ' s constant and Tthe absolute temperature. The energy emitted by a thermal 
radiator occurs as discrete energy quanta, photons. The energy of a photon E is given by; 

E= he 
À 

(5.3) 

By dividing the speetral distri bution of the radiation by the energy of one photon, he/À. we obtain; 

(5.4) 

where N61.. is the speetral photon emittance fora blackbody at wavelength À. 

The infrared camera measures the energy of photons within the band of 2 and 5 f...Lm and converts it to 
an electric signa!. Because most objects do not radiate as a black body the emissivity factor E must be 
taken into account for calculating the object temperature. With Planck's law and a calibration 
function, which describes the electric signa! as a function oftemperature and emissivity, the signa! is 
transformed into an object temperature. 
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5.3.1 Results 

The temperature is measured for a flat surface parallel to 
the axis of the flow and a flat surface perpendicular to the 
axis of the flow for the Esthe Jeune as shown in Figure 
5.4. Because of the low radiation of the spray an indirect 
measurement is used to measure the temperature of the 
spray. The spray heats a thin cardboard surface and now 
the radiation from the cardboard surface is measured. As 
a result we have to be careful interpreting the 
experimental results, because now some errors arise 
during measuring. First the flow will be affected by the 
cardboard and secondly the cardboard will promote 
condensation. Comparing the results obtained with the 
infrared camera and measurements with a chromium
aluminium thermo-couple on the axis of the spray show 
no large difference (Figure 5.6). 

cardboard 

spray 

infrared 
camera 

Figure 5.4: Top view of a temperature 
measurement of a nat surface 
parallel to the axis of the spray. 

Figure 5.5: Results of the temperature measurements of the spray produced by the Esthe Jeune. A: Temperature as a function of the 
distance to the facial sauna measured in a surface parallel to the axis. 8 : Temperature as a function of the radial distance at 
0.3 m from tbe facial sauna, measured fora surface perpendicular to the axis of the spray. TI!e distance between the marked 
spots is 0.1 m. 

Figure 5.5 shows the results of the measurements with the infrared camera of the spray of the Esthe 
Jeune. The temperature at the nozzle in Figure 5.5A is out of range of the infrared camera but 
together with the results from the thermo-couple we can see that the temperature drops from 1 00°C at 
the facial sauna to 36°C at 0.3 m distance from the facial sauna. At 0.3 m distance the temperature is 
less than 42°C, the so called pain-limit. In the manual of the facial sauna a distance between face and 
facial sauna of 0.3 m is recommended in order to prevent injuries. 
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Figure 5.5B shows a rather axisymmetric temperature distribution fora surface perpendicular to the 
flow. The flow is of course dramatically changed by the cardboard, but this is interesting because the 
same happens when a face is put into the flow. The undisturbed temperature profile is shown in 
Figure 5.6B. These results will be compared with the results ofthe numerical simulation. 

Figure 5.6A and Bare deduced from Figure 5.5A. The axial temperature profile ofthe spray is shown 
in Figure 5.6A and compared with temperature measurements from the thermo-couple and the 
theoretica! temperature calculated according to Blevins. The measurements with thermocamera and 
thermo-couple match reasonably but the theoretica! temperature is totally different. The latter is due 
to the neglect ofthe heat of evaporation and is explained in the next chapter. Although the theoretica! 
temperature, calculated according to Blevins, does not describe the real situation, it is an important 
tool to analyse the numerical simulation, described in the next paragraph. Finally Figure 5.6B shows 
the measured radial temperature profile and the calculated temperature profile ofthe undisturbed 
spray. 

A 

::K temperature measured 
with a thermo coup Ie 

---temperature measured 
with an infrared camera 

- - - • temperature for a dry jet 
according to Blevins 

20+-------~-------r------~ 

65 -

B 

---temperature measured 
with an infrared 
camera, x= 0.1 m 

• • • • • · temperature measured 
with an infrared 
camera, x= 0.2m 

- - - - temperature for a dry jet 
according to Blevins, 
x=O.Im 

0 0.1 

distance (m) 

0.2 0.3 -0.05 -0.03 -0.0 I 0.0 I 0.03 0.05 

radial distance (m) 

Figure 5.6: A: Temperature profile along the axis ofthe spray measured with the infrared camera and a thermo-couple and calculated fora 
dry jet according to Blevins. 8: Temperature profile along a line perpendicular to the axis at 0.1 m and 0.2 m from the facial 
sauna calculated for a dry jet and measured with an infrared camera. 

5.4 Numerical simulation 

Because of the complicated nature of the flow of a facial sauna, making a numerical model is divided 
into three parts; 

Making a numerical model of a one-phase turbulent jet. 
,, Expand the modeltoa two-phase flow. 
o Model a two-phase turbulent jet impinging on a face. 

During this project the first part is executed; making a model of a turbulent one-phase jet. The 
numerical results of a turbulent one-phase flow do of course not describe the real flow, but only if the 
one-phase turbulent jet is modelled properly the second step can be executed. So the purpose of this 
paragraph is purely to examine the correctness ofthe modelso far. Chapter 6 is a set up for the 
second part ofthe numerical simulation and describes the governing processes in a two-phase flow. 
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Information on the theory of the fini te element metbod can be found in several publications for 
example Finite Element Methods and Navier Stokes Equations, publisbed by Van Cuvelier et al. [2] 
[3]. 

For the numerical simulation the flow is simplified toa two dimensional axisymmetric flow and 
described by the k- E turbulence model. The constants in the equations of turbulent energy and 
viscous dissipation are set to the values proposed by Jones and Launder; cll = 0.06, crk = 1.00, crE = 

1.30, c1 = 1.44 and c2 = 1.92. In accordance with the literature [4] the non-dimensionalized values of 
k and E fora turbulent jet are putto 0.1 respectively 0.03. The initial velocity and temperature are 
respectively 35 ms·1 and 100°C and the temperature ofthe surrounding air is 20°C. Figure 5.7 to 
Figure 5.9 show the results ofthe flow ofthe facial sauna calculated by the simulation program. The 
used simulation problem input file is shown in appendix A. 

lOOmm 

300mm 

Figure 5.7: Streamlines ofthe one-phase flow ofthe facial sauna, calculated with the finite element method. 

Figure 5.7 shows clearly that besides the main turbulent flow, entraioment will take place. 

8mm 

solid nozzle wa11 

4.2mm 

1.8mm inlot 

axis of symmetry 

Figure 5.8: Velocity field ofthe one-phase flow ofthe Esthe Jeune, calculated with the finite element method. 
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Figure 5.9: Temperature field ofthe one-phase flow ofthe Esthe Jeune, calculated with FIDAP. 

The lowest line of constant velocity in Figure 5.8 and the lowest isotherm in Figure 5.9 are not 
straight lines. This is due to the fact that it is difficult to model a flow containing both turbulent and 
laminar flow. Numerical probierus occur when the quiescent entrainment flow blends with the 
turbulent flow of the facial sauna. 

5.4.1 Velocity field 

Por analysing the velocity field two arbitrary cross-sections are shown in Figure 5.1 0. The axial 
velocity on the axis ofthe spray calculated with FIDAP decreases in accordance to Blevins. The 
velocity decay along the axis ofthe spray has the following form; 

u(x) = a,x·' (5.5) 

where Blevins deduced for a1 the value 0.76 and calculations with the finite element metbod 
produced a value of0.71. The axial velocity as a function ofthe radial distance to the axis ofthe 
spray shows a slower decay than calculated according to Blevins. The velocity as a function of the 
radial distance is described by; 

(5.6) 

According toBlevins a2 has the value 94. With the least square metbod the value of a2 is calculated 
for the experimental and numerical results and is 53 respectively 64. The velocity profiles calculated 
with FIDAP and from the experimental results show a slower decay than the profile according to 
Blevins. Perhaps this is due to the shape ofthe nozzle. 
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Figure 5 .I 0: A: Axial velocity as a function of the distance to the facial sauna, calculated with the numerical simulation. 
8: Velocity profile as a function ofthe radial distance to the axis ofthe spray at 0.11 m from the nozzle, calculated with 

the numerical simulation program. 

5.4.2 Temperature field 

In a one-phase turbulent jet no phase transition occurs. Therefore the temperature decay must behave 
in accordance with the relations from Blevins deduced in chapter 4 ( equation 4.8 and 4.1 0). Th is 
re lation can be used to analyse the temperature calculations of the numerical simulation. The 
temperature profiles for two arbitrary cross-sections are shown in Figure 5.11. The temperature decay 
calculated with the numerical simulation is similar to the temperature profile according to Blevins for 
the temperature as a function of the axial di stance and the radial distance. 
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Figure 5.11: A: Temperature on the axis ofthe spray calculated with the fini te element method and according to 8levins fora dry jet. 
8: Temperature profile as a function ofthe radial distance to the axis ofthe spray at 0.11 m from the nozzle, calculated with 

the fini te element package FIDAP. 
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The velocity and tempemture field ofthe flow ofthe facial sauna calculated with the finite element 
method is a proper description of the flow of a one-phase jet. The numerical model so far is a good 
starting point to model a two-phase turbulent jet. 

However special attention must be paid to the numerical probierus occurring at the border between 
the turbulent main flow and the entminment flow. The border between main flow and entminment is 
a souree of numerical instability. lt is also important to keep searching for efficient numerical solvers 
during further modelling. Modelling a turbulent two-phase jet will increase computation time and 
disk storage considembly. 
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6. Droplet behaviour 

6.1 Introduetion 

The size of inhaled particles determines the position of deposition in the human respiratory tract. 
Lippmann [ 1] found out that at a breathing rate of 30 L per min, all the particles larger than 15 ).liD 

and none of those smaller than 2 ).liD were deposited in the mouth, although a large variation was 
observed by the variabie geometry of the oral passage. The rest of the respiratory tract is in 
simplified models often divided into the upper airways, trancheobronchial airways and alveolated 
region [2]. Maximal deposition in the trancheobronchial region during normal breathing occurs for 
particles 6 to 8 ).liD in diameter. Trancheobronchial deposition approaches zero for 2 ).liD particles; 
most deposition of particles smaller than this occurs in the alveolated region of normallungs during 
normal breathing. Pulmonary deposition is maximal for particles 3 to 4 ).liD in diameter. Larger 
particles are deposited by impaction in the bronebi and upper airways, which prevents them from 
reaching the pulmonary spaces. 

So the size ofthe dropiets is the most important parameterfortheir deposition in the respiratory tract. 
In order to prevent unwanted inhalation of dropiets one should know the droplet size distri bution and 
concentration of the spray produced by a facial sauna. Th ere is of course a Iapse of time between the 
production of a spray and its inhalation. Therefore it is necessary to distinguish between the original 
droplet size distribution and the size distribution ofthe aerosol near the face. 

The physical effects that influence the size distribution of dropiets during transportation are known. 
Bes i des coagulation, there are evaporation and condensation of solvent water which depend on the 
relative humidity ofthe surrounding air. The droplet size distribution also depends on whether or not 
some foreign particles for example ions or dust particles are present. 

6.2 Phase transition 

The facial sauna produces saturated water vapour with a temperature of 1 00°C, so initially there will 
not be any droplets. Justafter teaving the nozzle the vapour will expand and the pressure will equal 
the atmospheric pressure. As a result of the en trainment cool and relatively dry surrounding air will 
mix with the vapour and the temperature will decrease. Because of the lower temperature the vapour 
concentration will decrease. However through the mixing process with the surrounding dry air the 
volume has grown and can contain more water vapour. In chapter 4 the following equations were 
deduced for the concentration of water vapour and temperature as a function of the distance to the 
facial sauna ( equation 4.8); 

ro ro 
11C111 = const-11C0 = 10-11C0 (6.1) 

x x 
ro ro 

I:!.T," = const -111'o = 10 -11Ta (6.2) 
x x 
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where .ó.Cm is the concentration difference of water vapour on the axis [kgm-\ r 0 is the nozzle 
diameter, x the distance from the facial sauna, .ó.C0 the difference between the concentration of water 
vapour in the spray at the nozzle and the concentration in the surrounding air, .ó.Tm is the temperature 
difference on the axis and .ó.T0 is the difference between the temperature at the nozzle and the 
surrounding air. Equations 6.1 and 6.2 are valid outside the initia! region if no condensation occur 
and according to Blevins the uncertainty in the constant is about I 0%. With the temperature 
calculated with equation 6.2, we can find the saturation concentration according to this temperature 
from the Clausius Clapeyron equation. Dividing the concentration calculated with equation 6.1 by the 
saturation concentration leads to the saturation ratio S, defined as; 

S= Pv c" 
Pv.vCT) c""(T) 

(6.3) 

where Pv is the partial vapour pressure,pvsC1) the saturation vapour pressure, Cv the water vapour 
concentration and Cvs(1) the saturation water vapour concentration. The saturation ratio indicates 
whether condensation or evaporation will occur in the flow. Calculations ofthe water vapour 
concentrations and the saturation concentration as a function of the di stance from the nozzle are 
shown in Figure 6.1. The surrounding air is assumed to have a temperature of 20°C and a humidity of 
50% and r 0 = 1.8 mm. 
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Figure 6. I: Saturation ratio of a dry jet as a function ofthe distance. The water vapour concentration is caicuiated 
directiy with equation 6. I. The saturation concentration is obtained indirectiy via the temperature and 
the Ciausius Ciapeyron equation. The temperature is caicuiated according to equation 6.2. 

Figure 6.1 shows a hypothetical supersaturated state over the whole path from facial sauna to the face 
if no condensation would take place. However this approximation is not quite correct. Equation 6.2 
doesnotaccount for the heat of evaporation. So the calculated temperature is too low. Comparison of 
the calculated and measured temperature from chapter 5, shows a difference in temperature up to 
26°C. Corrections for the heat of evaporation will raise the temperature and so lower the saturation 
ratio. Also the fact that condensation occurs is not incorporated into the calculation ofthe saturation 
ratio. Condensation will of course dramatically lower the saturation ratio. 
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6.2.1 Condensation 

In the supersaturated state the water vapour is in a 
thermadynamie state of non-equilibrium [3]. The amount of 
water in the vapour is higher than the saturated 
concentration for this temperature. This supersaturated state 
corresponds to a saturation ratio S, which exceeds unity. 
Figure 6.2 shows the cooling and mixing process. Initially 
the saturation ratio equals unity. As the cooling and mixing 
starts the saturation ratio becomes larger than unity and the 
vapour becomes supersaturated. This supersaturated state 
will be cancelled out by phase transition. First stabie nuclei 
arise which will grow to macroscopie draplets till the 
thermadynamie equilibrium is recovered. A droplet surface 
induces an energy harrier for the formation of dropiets so 
the supersaturated state must exist befare phase transition 
starts. 
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Figure 6.2: p-T diagram for cooling and 
mixing of a vapour. 

According to the classica! nucleation theory [4] the height ofthe energy harrier /1G has the following 
relationship to the saturation ratio; 

t::.G oc I 
(In S) 2 

(6.4) 

A higher saturation ratio lowers the energy harrier and promotes formation of droplets. Once a 
droplet is formed, energy is gained by increasing its size. So the condensation will continue till a new 
thermadynamie equilibrium is reached. This kind ofvapour to liquid phase transition, in the absence 
of foreign particles, is called homogeneaus condensation. 

6.2.2 Droplet growth models 

A new bom droplet will start to grow as aresult ofthe supersaturation. Fora uniform droplet 
temperature this growth processis described by the wet-bulb approximation. This means that there is 
an instantaneous balance of heat and mass transfer between a droplet and its environment; 

(6.5) 

where H is the heat transfer rate, M the mass transfer rate, L the heat of evaporation and the subscript 
d indicates a droplet property. Smolders [5] formulated from this assumption the droplet growth law 
in termsof change ofthe droplet radius squared; 

(6.6) 

31 



behaviour 

where the subscript oo indicates a local property of the surrounding gas vapour mixture, NuH is the 
dimensionless Nusselt number for heat transfer, À the thermal conductivity and p1 the liquid density. 
Td is restricted by the wet-bulb conditions. To obtain the droplet temperature Td the wet-bulb 
equation is used; 

(6.7) 

where NuM is the Nusselt number for mass transfer, the subscripts v, g, rand oo pertain to respectively 
vapour, gas, droplet surface and local property ofthe gas vapour mixture and DMthe modified 
diffusion coefficient; 

D = Dpoo 
111 R T 

I' 00 

(6.8) 

where Dis the diffusion coefficient and Rv is the specific gas constant ofvapour. NuHand NuMare 
functions ofthe Knudsen number and also depend on the slip velocity between droplet and gas. We 
shall assume that there is no slip. Equation 6.7 can be replaced by an explicit equation that relates 
droplet temperature to the droplet size and environmental conditions. Once the droplet temperature is 
known, the growth rate can easily be calculated with equation 6.6. Gyarmathy [5] proposed the 
following explicit equation for the droplet temperature; 

T - T = T lnSoo 
d 00 ooc c 

I+ 2 

(6.9) 

where c, and c2 are the following parameters; 

(6.10) 

where the subscript s pertains to saturation. Now the droplet growth is expressed in terms of the 
surrounding gas vapour mixture. The droplet growth still can not be calculated because the local gas 
vapour mixture temperature is unknown. Therefore the enthalpy equation is introduced. During the 
mixing process ofthe gas vapour mixture from the facial sauna and the surrounding air the enthalpy 
h is constant and has the following farm; 

(6.11) 

wherejis the rnalar fraction on the axis ofthe spray, w, v, g and I are respectively the tata! amount of 
water in vapour or liquid phase, vapour, surrounding air and liquid, CP is the rnalar specific heat at 
constant pressure, L the rnalar heat of evaporation and T the temperature on the axis of the spray. The 
rnalar fractions and temperature depend on the position x. The heat of evaporation is assumed to he 
constant. lfwe are able todetermine the changing vapour, gas and liquid fraction as a function ofthe 
distance to the nozzle, the temperature and so the droplet growth in the spray of a facial sauna can be 
calculated. Rewriting equation 6.11 gives the temperature as a function of the rnalar fractions; 

(6.12) 
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Tv and Tg are respectively 100°C and 20°C.fw and/g are described by equation 6.1 and so the molar 
fractions have the following simplified form; 

r. 
fw(x) = 1- fx(x) ~ 10_Q_ 

x 

/,.(x)+ fx(x) + / 1(x) = 1 

In order to deduce fv an equation for the change of the ratio fjfw is introduced; 

/,,(x) 

fAx) 

(6.13) 

(6.14) 

where r d is the droplet radius, N0 is the number of dropiets per mole water in liquid and vapour phase 
and p1 the mol ar density of water. Equation 6.14 is rewritten to the following form; 

d ( fv ) 2 drd 2 drd u(x)- -- = -4nrd N 0 p1 -u(x) = -4nrd N 0 p1 -
dx fw dx dt 

(6.15) 

where u(x) is the velocity on the axis ofthe spray, deduced in chapter 4. Tagether with equation 6.6, 
6.9 and 6.10 we have the following relation for the change ofthe ratiofv!fw; 

(6.16) 

À depends on the temperature but is assumed to be constant. To compute the temperature T, the molar 
fractions and r das a function of the di stance to the facial sauna from equation 6.12 and 6.16 a 
numerical or iterative procedure is necessary. As said before this will be the purpose ofthe following 
part ofthe numerical simulation with FIDAP. Fora first attempt to calculate the temperature and 
droplet growth as a function ofthe position to the facial sauna a simpte iterative program is written in 
Turbo Pascal. This program is shown in appendix C. The results are shown below. Fora first 
estimate NuH is set to 2 and N0 is assumed to be constant. 
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Figure 6.3: Temperature as a function ofthe distance to the facial sauna, obtained from three different methods; 
Temperature calculated according toBlevins without condensation, temperature calculated with the iterative 
program that compensates for condensation and the results of temperature measurement. 
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Figure 6.3 shows different temperature profiles on the axis ofthe spray. Ifthe heat of evaporation is 
taken into account the calculated temperature matches much better with the measured temperature 
than for the calculations without the heat of evaporation. Still there is a difference between the 
experimental results and the calculated temperature. This is due to the estimates made in the iterative 
program. 
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Figure 6.4: Saturation ratio and droplet size as a function ofthe axial distance to the facial sauna, 
calculated for a jet with condensation. 

Figure 6.4 shows that fora two-phase jet the value of the saturation ratio drops quickly when dropiets 
occur, this in contrast to the results of a dry jet in Figure 6.1. Simultaneously with the decrease of the 
saturation ratio the rate of droplet growth reduces till finally the droplet size will decrease. The 
calculated droplet size is about 2 times smaller than the experimental results as shown in chapter 6.5. 
Th is is the result of some estimates used in the program to calculate the droplet growth. The Nusselt 
number in the droplet growth model of Gyarmathy is assumed to he constant and set to 2, the Kelvin 
effect is neglected. This is certainly not true for small dropiets (~ O.lj.Lm). Also the first part ofthe 
flow after leaving the facial sauna is not described by the model. This is an important part where the 
nucleation takes place. This model error is shown clearly in Figure 6.3 where the temperature ofthe 
water vapour dropstoofast just after leaving the facial sauna. Further model errors occur because the 
heat of evaporation L and the thermal conductivity À are assumed constant but actually are functions 
ofthe temperature. 

Th is calculation gives an indication of the droplet growth in the flow of a facial sauna but further 
investigations are needed to improve the accuracy. 
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6.3 Additives 

Sametimes some substances are added to the steam. This can be a simple odour, a skin cleaning 
liquid or a medicament. For the facial sauna common used additives are oil-like products and salts 
(medicinal). The oil-like products will not dissolve and will forma thin layer on the surface ofthe 
water. This will change the surface tension. 

According to classica! nucleation theory [6] the relationship between the nucleation rate J, i.e. the 
number of new bom nuclei per unit of volume and time, and the surface tension cr is the following: 

(6.17) 

where Mw is the molar mass of water, Pv the vapour pressure, p1 the liquid density, T the temperature 
and NA and k are the Avogadro's number and the Boltzmann's constant. A lower surface tension will 
result in a higher nucleation rate. So with a constant water flux oil-like additives willlead to more but 
smaller droplets. 

When the nucleus is soluble, as for salts, condensed phase transition is complicated by the dissalution 
process. A small, dry, hygroscopic salt partiele exposed to increasing relative humidity will remain 
solid up to a characteristic relative humidity less than 100% at which it absorbs water and dissolves 
to forma saturated solution. 

6.4 Ionisation 

The Esthe Jeune has an option for spray ionisation. Ionisation alters the droplet size distribution and 
results in smaller droplets. An explanation is the following. After reaching a supersaturated state 
droplet formation will not start instantaneously. The energy harrier will prevent immediate 
condensation. If some foreign particles as i ons or dust particles are present they will act as 
condensation nuclei. The energy harrier of i ons is rather low and droplet growth starts immediately 
using the foreign particles as nuclei. This will partially decrease the pressure and the saturation ratio. 
If a lot of foreign particles are available the saturation ratio will never be large enough for 
homogeneaus condensation. This results in smaller dropiets camparing to the case without foreign 
particles. 

When using the ionising option for the facial sauna the water vapour is transported through 2 ionising 
electrodes. The voltage over these electrades is pulsating; every 20 msec a voltage of 5-30 kVolt 
appears. This creates spark discharges between these electrades which create ions. These ions will 
behave as nuclei as described above and non-homogeneaus condensation will start. Because ofthe 
smaller dropiets the optica! properties ofthe spray change and this makes the spray white and more 
visible. 
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6.5 Droplet size measurement 

From both medica! and physical point of view it is important to know the droplet size during 
transportation towards and arrival at the face. Therefore the droplet size has to be measured for the 
Esthe Jeune. A measurement has been performed with a Malvem 2600 Partiele sizer, which is a laser 
diffraction instrument using forward diffraction from the dropiets to measure the droplet size. 

. . spray . . . . . . . lens 

I-Ie-Ne laser 

,--------, 
1 output 1 

--;:;..1 I 
L--------1 

beam exrmder detector eletrents 

Figure 6.5: Schematic picture ofthe measuring method of a 
Malvem partiele sizer. The measured intensity at 
each detector element is the summation of the 
intensity from all particles of a given size. 

A low power He-Ne laser illuminates the spray . 
The incident light is diffracted by the dropiets 
and gives a stationary diffraction pattem 
regardless of droplet movement As dropiets 
enter and leave the illuminated area the 
diffraction pattem always represents the 
instantaneous size distribution. A Fourier 
transform lens focuses the diffraction pattem 
onto 31 circular detector elements which 
produce an analogue signa! proportional to the 
received light intensity. A computer collects the 
detector signals and performs the necessary 
calculations. In order to calculate the dropiets 
size distribution from the measured light 
intensity the Lorenz -Mie diffraction theory is 
used. 

The droplet size is measured for the Esthe Jeune at the axis ofthe spray at different positions from 
the nozzle. The used lens has a focallength of 100 mm, which means the spray must be kept in an 
area within 100 mm from the lens. The value of the extinction, the amount of light scattered by the 
spray, must lie between 20 and 30% in order to obtain a decent ratio of signa! and noise. The droplet 
size distri bution is measured for 4 kinds of sprays; With and without ionising and both with or 
without additives. The results are shown in Table 6.1. 

Esthe Jeune ( droplet sizes in micron) 
without additive with additive (Tea tree oil) 

ionisation on ionisation off ionisation on ionisation off 
nr. distance (m) D10 D50 D90 D10 D50 D90 D10 D50 D90 D10 D50 D90 

la 0.12 2.1 3.0 3.7 4.6a 6.la 8.8a 1.2 2.5 4.0 4.0 4.4 5.2 
1b 5.0a 5.9a 7.9a 4.2 4.9 5.7 

1c 0.18 2 3.3 4.2 x 1.8 3.0 3.9 x 
1d 2.5 3.8 4.5 1.4 2.6 3.7 
Ie 2.6 3.4 4.3 
1f 2.6b 3.5b 4.5b 
lg 2.6b 3.4b 4.4b 

1h 0.25 2.3 3.2 3.8 x x 
1 i 2.6 3.4 4.3 

Tab ie 6.1: Droplet size measurement ofthe Esthe Jeune. The values are the droplet size belonging to the I 0, 
50 and 90% cumulative mass fraction. •rhe extinction is very low (4%). b During these 
experiments the spray volume is divided into halves and so the density is twice increased and the 
optica! path through the spray is decreased. 
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Before discussing the results some remarks have to be made about these spray measurements. It is 
very difficult to measure these kinds of sprays for two reasons; The extinction is low and the spray 
size is not constant. The low extinction made it nearly impossible to measure the droplet distribution 
for sprays without ionisation. The spray size fluctuates by itself but is also very sensitive to draught. 
This can cause condensation on the lens and change the measurement position in the spray. The spray 
density and the optica! path length of the laser beam through the spray can also change by draught, 
although the latter two proved to have no effect on the measured droplet size distri bution (Tab ie 6.1: 
nr. 1fand 1g). These disturbances tagether leadtoa fluctuating output signa! from the detector 
elements. 

6.5.1 Results 

The results from the Esthe Jeune show that between 0.12 mand 0.25 m the droplet size distribution 
slightly increases. These measurements ofthe droplet size confirm the course ofthe saturation ratio 
calculated with the iterative droplet growth program; from facial sauna totheface first a large droplet 
growth and then a decreasing droplet growth. As noticed before the calculated droplet size does not 
match with the experimental results. A more extended model is needed for a more accurate 
calculation of the droplet growth. If a correct numerical model is constructed for the two phase jet, 
the droplet growth can be calculated numerically from the implicit droplet growth equation. 

Despite the problems of measuring the droplet size, the results are quite reproducible according to 
measurement 1c- 1g. The average droplet size for 10, 50 and 90% cumulative mass fraction (D10, 
D50, D90) is respectively 2.5, 3.5 and 4.4 )..liD with a standard deviation of0.2, 0.2 and 0.1 )..lm. 

Using an additive, in this case tea tree oil, leadstosmaller droplets. Perhaps the droplet size depends 
on the way of adding the additives and the concentration. More research has to be clone for 
investigating the effect of additives on the droplet size distribution. 

For the Esthe Jeune the dropiets are, without ionisation, about twice the size of dropiets originated 
with ionisation. Th is is not a very reliable result, because this is the result of only two measurements. 
However the low extinction of the measurements without ionisation can also give an indication of the 
droplet size. The extinction is the total energy removed from the incident beam by scattering and 
absorption by the droplets. The transmitted light beam will be attenuated according to the law of 
Lambert-Beer; 

I= I 0 exp(-I3L) (6.18) 

where I 0 is the intensity of the incident light beam, I the intensity of the light beam after scattering 
and absorption, 13 the extinction coefficient and L the optica! path length through the scattering 
medium. 
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If absorption by the dropiets is neglected the extinction coefficient is related to the total intensity of 
light scattered and is given by van de Hulst [7]; 

~ = nnr 2 Qexl (6.19) 

where n is the droplet number density, r the droplet radius and Qext the effective cross section for 
light extinction specified in Kerker, Bahren and Huffman [8][9]. The droplet number density nis 
related to the radius by r-3 so a larger droplet size will decrease the extinction coefficient ~ and will 
decrease the extinction. So the lower extinction measured for a spray produced without ionisation is 
an indication for larger droplet sizes. This confirms the results of measurements la and 1 b in 
Table 6.1. 

From equation 6.18 and 6.19 we can also onderstand why the fluctuations in the spray density and 
optical path length during the measurements have no effect on the measured droplet size. 
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Conclusions and recommendations 

7. Conclusions and recommendations 

The flow ofthe facial sauna, a turbulentjet mixing with surrounding air, is very complicated. To 
create some familiarity with the flow experiments are performed. The temperature- and velocity 
distributions of the flow of a facial sauna are given by these experiments. A first attempt is made to 
describe the processes in the flow that determine the temperature, humidity, velocity, droplet size, 
etc. Therefore a numerical model of a dry jet is made. The results of this numerical model are 
compared with the available literature on dry jets and if possible with experimental results. Despite 
difference between the numerical- and theoretica! results the model of a dry jet is a good starting 
point for further rnadelling of a turbulent two-phase jet. 

The droplet size distribution in the flow of a facial sauna is estimated by the model of Gyarmathy. 
Although a simplified model is used, which introduces model errors, the calculated droplet size 
distri bution is in reasanabie accordance with the ex perimental results. Calculations of the 
temperature ifthe droplet growth is taken into account, arealso in reasanabie agreement with the 
experimental results. 

The presented model and calculations are still far from an accurate description of the real flow of a 
facial sauna. As a consequence of the importance of the temperature for the proper functioning of the 
facial sauna and in order to be able to predict the flow of a facial sauna the physical processes that 
occur in the flow of a facial sauna e.g. the mixing with surrounding air, the phase transition and 
droplet growth, must be better described. In chapter 6 some suggestions are given to imprave the 
droplet growth model. Improvements can probably be obtained by a better model for the first part of 
the flow, where small dropiets occur. So far the presented model and calculations mainly concern the 
properties on the axis ofthe spray. This should be extended to include the area outside the axis also. 

The knowledge on the heat and mass transfer should be used for investigating the performance of 
facial saunas meant to clean the facial skin. Therefore the numerical simulation performed with 
FIDAP must be extended to the real two-phase jet. Numerical simulations are a highly suitable tooi 
to visualise such complicated flows as for two-phase turbulent jets. Special areas of interest for 
rnadelling are the effects of changing nozzle apertures, nozzle shape, different initia! veloeities and 
changing outlet temperature. 

The droplet size measurements are an important tooi for verifying the droplet growth model. 
Therefore new and more accurate droplet size measurements are recommended. It is important to 
measure the droplet size over the whole path from facial sauna to the face. If possible the change in 
droplet size as a function ofthe radial distance to the axis ofthe spray should also be examined. In 
view of the limited space near the measuring device the facial sauna must be modified. 

Also the change in droplet size as aresult of additives should be investigated more extensively. The 
influence of different kinds of additives could be examined also. From the droplet size measurements 
the way of adding additives appears to affect the droplet size. Different ways of adding additives are 
dissolving the additives in the water reservoir or pushing the steam through permeable material 
soaked with additive. A third possibility is using the Venturi principle where the additives are mixed 
with the vapour in a similar way as the spray gun atomiser, described in chapter 3 .1. The question 
remains how much damage inhaling additives can cause. 

39 



Appendix 

Appendix A: FIDAP simulation program 

TITLE: SAUNA9U 

FIPREP 
PROB (AXI-, INCO, STEA, TURB, NONL, NEWT, MOME, ENER, FIXE, SING) 
EXEC (NEWJ) 
SOLU (SEGR = 1000, CGS = 0, CR= 0, NCGC = .1 OOOOOOOOOOOE-05, 

SCGC = .100000000000E-05, PREC = 21, NOLI, PPRO, SCHA= .1) 
PRIN (NONE, BOUN) 
ENTI (NAME= "inlet", PLOT) 
ENTI (NAME= "symmetrie", PLOT) 
ENTI (NAME= "nozzlewall", WALL) 
ENTI (NAME= "wall", PLOT) 
ENTI (NAME= "wall2", PLOT) 
ENTI (NAME= "gas", FLUI) 
ENTI (NAME= "face", PLOT) 
DENS (SET= 1, CONS = 1.0) 
VISC (SET= 1, CONS = .100000000000E-02, TWO-, CLIP= 500000000.0) 
SPEC (SET= 1, CONS = 2000.0) 
COND (SET = 1, CONS = .240000000000E-O 1) 
BCNO (UX, ENTI = "inlet", CONS = 3.5) 
BCNO (UY, ENTI = "inlet", CONS = .OOOOOOOOOOOOE+OO) 
BCNO (KINE, ENTI = "inlet", CONS = .1) 
BCNO (DISS, ENTI = "inlet", CONS = JOOOOOOOOOOOE-01) 
BCNO (VELO, ENTI = "nozzlewall", CONS = .OOOOOOOOOOOOE+OO) 
BCNO (URC, ENTI ="symmetrie", CONS = .OOOOOOOOOOOOE+OO) 
BCNO (UZC, ENTI = "wall", CONS = .OOOOOOOOOOOOE+OO) 
BCNO (KINE, ENTI = "wall", CONS = .OOOOOOOOOOOOE+OO) 
BCNO (DISS, ENTI = "wall", CONS = .OOOOOOOOOOOOE+OO) 
BCNO (TEMP, ENTI = "inlet", CONS = 100.0) 
BCNO (TEMP, ENTI = "wall", CONS = 20.0) 
END 

. wall 

nozzlewall 

gas 

symmetrie 

Figure A I: Computational domaio ofthe flow of a facial sauna used for the numerical simulation. 
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PROB command; 

AXI-; 
INCO; 
STEA; 
TURB; 

NONL; 

NEWT; 
MOME; 
ENER: 
FIXE; 

SING; 

SOLU command; 

SEGR; 

CGS; 

CR; 

NCGC; 

SCGC; 

PREC; 

NOLI; 
PPRO; 
SCHA; 

DENS command; 

VISC command; 

TWO; 
CLIP; 

COND command; 

The problem command is used to specify the system of equations to be 
solved, i.e. the problem type. 
The equations are expressed in cylindrical coordinates (r, 8, z). 
An incompressible flow equation is solved 
A steady state analysis is performed. 
The Reynolds averaged equations are solved, i.e. the time averaged 
equations goveming the mean flow quantities. 
The convective terms in all equations are included in the equations 
descretized. 
A Newtonian fluid. 
The momenturn equation is solved. 
The energy equation is solved. 
The fixed command implies that the region under consideration has no free 
surface boundary. 
Single phase flow. 

The solution command is used to specify the method to be used to solve the 
non-linear system of equations which arises in a steady state analysis. 
The segregated algorithm solves a series of smaller linear systems for each 
active degree of freedom at every iteration. 
Conjugate Gradient Squared (CGS) for solutions of non-symmetrie linear 
equation system. 
Conjugate Residual (CR) iterative method for solution of symmetrie linear 
equation system. 
Convergence criterion for iterative solution of non-symmetrie linear equation 
system. 

Convergence criterion for iterative solution of symmetrie linear equation 
system. 
Preconditioning method for iterative equation solver. 
= 21; Gauss-Siedel for symmetrie and diagonal for non-symmetrie systems. 

No line searches are performed. 
Pressure projection form of segregated solution algorithm. 
Convergence criterion. 

The density command is used to input the datafora fluid density property. 

The viscosity command is used to input the data for a viscosity fluid 
property. 

two-equation models are activated using the TWO-equation command. 
k- E turbulence clipping constant in order to preclude unphysical negative 
norlal values for k and E. 

The conductivity command is used to input the data for a thermal 
conductivity fluid property. 
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Appendix B: Droplet growth estimation program 

Program saturation; 

uses crt; 

type real=extended; 

VAR 

fw, fg, fv, fl, x, T, numer, denom : real; 
RHOvs, S: real; 
Dm, pvs, C I, C2, u, r, ddxfvfw: real; 
fv2, fw2, fg2, f12, r3: real; 
wacht: char; 
f: text; 

CON ST 

rO = 0.0018; 
Cpv = 36; 
Cpg = 28; 
Cpl = 75.24; 
Tv= 373; 
Tg= 293; 
L = 40050; 
RHOref= 2.427e5; 
Rg = 8.3144; 
RHOO = 0.598; 
D = 2.2E-5; 
p =lES; 
Pref= 3.5306626EIO; 
lambda= 0.06; 
Nu=2; 
RHOI = 5.56E4; 
NO= lell; 
RHOw= 1000; 

begin 
clrscr; 

{m} 
{J/mol K} 
{J/mol K} 
{J/mol K} 
{K} 
{K} 
{J/mol} 

3 {kg/m } 
{J/mol K} 
{kg/m3

} 

{m2/s} 
{Pa} 
{Pa} 
{J/mK} 

{mollm3
} 

{/mol}· 
{kg/m3} 

Assign( f,'h: \adrie\pascal\f.dat'); 
rewrite(f); 
Writeln(f 'X' I I 'r' I I 'fv' I I 'fl' I I 'T' I I 'S')· 

' ' ' ' ' ' ' ' ' ' ' ' fv :=1; 
x :=0.018; 
r := l.Oe-7; 
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{ variabie for temp} 
{ variabie for S} 
{ variabie for ddxfvfw} 
{ variabie for fv2} 



while x< 0.301 do 
begin 

fw := IO*rO/x; 
fg :=I- fw; 
fl := fw- fv; 

numer:=((fw*Cpv*Tv) + (fw*L) + (fg*Cpg*Tg)- (fv*L)); 
~~nom:=((fv*Cpv) + (fg*Cpg) + (fl*Cpl)); 
T := numer/denom; 

RHOvs := RHOref * exp(- LI(Rg * T) ); 
S := (fv * RHOO)/RHOvs; 
Dm := D*(T/273)*sqrt(T/273)*p/(Rg*T); 
pvs := Pref* exp(- LI(Rg*T)); 
Cl := (T*lambda)*((p/pvs)- S)/(S*Dm*L); 
C2 := LI(Rg*T); 

ifx <= 0.0216 then 
begin 

u:= 35; 
end 
el se 
begin 

u:= 12*r0*35/x; 
end; 

{ calculation of T} 

{ constants of Gyarmathy} 

{ calculation of u( x)} 

ddxfvfw := (-2*pi*NO*r*Nu*lambda*T*ln(S))/(L *(CI+C2)*u); {calculation of ddxfvfw} 

x:= x+O.OOl; {new step} 
fw2 := I O*rO/x; 
fv2 := fw2*((ddxfvfw*0.001) + fv/fw); {calculation offv2} 
fl2 := fw2- fv2; 
fg2 := l-fw2; 

numer:=((fw2*Cpv*Tv) + (fw2*L) + (fg2*Cpg*Tg)- (fv2*L)); {calculation new T} 
denom:=((fv2*Cpv) + (fg2*Cpg) + (fl2*Cpl)); 
T := numer/denom; 
fv := fv2; 

r3 := fl2*3*0.018/(NO*RH0w*pi*4); {calculation r} 
writeln('r3 : ',r3:4,' fv: ',fv:4,' fl: ', fl:8,' x: ',x:8,' T: ', T,' S :',S); 
writeln(F,x:3:4,' ',le6*exp((l/3)*ln(r3)),' ',fv,' ', fl,' ',T,' ',S); 
r:=exp((l/3)*ln(r3)); 

end; 
read(wacht); 
close(f); 

end. 
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