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UDK 532.529.6 NUMERICAL STUDY OF GROWINGDROPLETS DYNAMICS IN UNSTEADYTHERMAL CONVECTION FLOWR.S. Galeev , W. Holl�ander, S.K. ZaripovAbstratA mathematial model desribing the unsteady thermal onvetion �ow and deposition ofgrowing droplets in an expansion-type Kelvin spetrometer is developed. The model inludesthe Navier � Stokes equations to desribe the gas dynami proesses and a droplet growthmodel aounting for vapor depletion due to ondensation. The evolution of gas temperatureand veloities and growing droplet dynamis inside the spetrometer hamber are studiedusing CFD (omputational �uid dynamis) ode Fluent. The relative droplet onentrationsand mass densities of ondensed vapor on all droplets as a time funtion are investigated. In sodoing it has been taking into aount the droplet growth by ondensation, sedimentation, heatondution, thermal onvetion, droplet evaporation. It is shown that the droplet life time inthe measuring hamber is limited by two proesses: deposition on the walls and evaporation.The relative ontribution of evaporation and sedimentation depends on the initial saturation.IntrodutionInstruments apable of measuring droplet onentrations at given supersaturationsare alled Kelvin spetrometers. They are important for reliably haraterizing atmo-spheri partiles. An expansion-type Kelvin spetrometer has been designed in the lab-oratory of Aerosol Tehnology of Fraunhofer Institute Toxikologie und ExperimentelleMedizin [2℄. The design of this Kelvin spetrometer has a number of advantages om-pared with other measuring devies, espeially, with di�usion hambers.The Kelvin spetrometer onsists of two ylindrial hambers. The measuring ham-ber is onneted through a valve with a bu�er hamber in whih the gas is evauatedbefore the measuring yle. Upon opening the valve between measuring and bu�erhambers the pressures in both hambers equilibrate. The rapid pressure drop in themeasuring hamber is aompanied by an adiabati temperature derease, whih maylead to su�ient supersaturation followed by droplet growth. The hamber wall alwaysremains at the start temperature T10 while immediately after expansion the interioris at a temperature T11 . Heat ondution will inrease the interior temperature andredue the supersaturation ratio. Any hamber wall temperature nonuniformities maylead to a natural onvetion �ow that also an disturb the saturation ratio homogeneity.The droplets generated inside the measuring hamber due to nuleation proess grow invapor medium. They move inside the measuring hamber due to gravity and onvetion�ow ation and an deposit on the hamber walls. À ompromise must be found sinesmall L (L is the typial hamber dimension) are required for suppressing onvetion,while the large L are needed for obtaining large times of droplet growth undisturbed byheat ondution from the wall. To optimize the instrument it is required understandingthe physis of the thermal onvetion proesses ativated by gas expansion and furthertemperature dynamis in measuring hamber. Suh understanding an be obtained on



126 R.S. GALEEV ET AL.the base of the mathematial simulation of the natural onvetion �ow and growingdroplets dynamis in the hamber.We developed a mathematial model desribing the unsteady thermal onvetion�ow and the deposition of growing droplets in the expansion-type Kelvin spetrometer.The model inludes the Navier � Stokes equations to desribe the gas dynami proessesand droplet growth model aounting for vapor depletion due to ondensation. Numer-ial alulations of gas �ow by means of CFD ode Fluent (Version 6.2, Fluent In.,NH) show that the evolution of proesses inside the spetrometer hamber an be di-vided into two main stages. The �rst stage is the adiabati gas expansion. During thisstage the pressure in the hamber establishes very quikly. The gas temperature fallspratially uniformly in the entire hamber volume. The next stage is haraterized bya slow temperature inrease beginning from regions near the walls. The temperaturegradient auses the development of a gas �ow upwards near the wall whih is then trans-formed into a global vortex �ow inside the hamber. To study numerially the dropletdynamis we neglet the expansion stage in view of its small duration and alulate thetemperature and onvetion �ow development starting with the uniform temperaturedistribution inside the hamber and a onstant wall temperature larger than the inte-rior gas temperature. Using the gas �ow veloity and temperature distribution in thespetrometer hamber from CFD alulations we alulate the droplets paths takinginto aount their growth resulting from the loal super-saturation.1. Model of motion of growing dropletsA Lagrangian approah is used to alulate the droplet trajetories in a supersatu-rated vapor. The equations of motion of a single droplet negleting all fores exept theaerodynami drag and gravity are written as
dv̄p

dt
=

ū − v̄p − v̄s

τ
,

dr̄p

dt
= v̄p, (1)where v̄p = v̄p(r̄p, t) is the droplet veloity, r̄p is the radius vetor of droplet position,

ū = ū(r̄p, t) is the gas veloity, v̄s = τ ḡ is the settling veloity, τ = ρpd
2
p/18µ , ρp isthe droplet density, dp is the droplet diameter, µ is the gas visosity, ḡ is the gravityaeleration vetor. The relaxation time τ relation holds for the ontinuum regimewithout Reynolds orretion.The droplet growth is desribed by the equation [5℄

dd2
p

dt
=

8λ

Lρp
(To − T∞) , (2)where L is the latent heat of ondensation, λ is the arrier gas heat ondutivity, T∞is the medium temperature.For the droplet temperature T0 we use

T∞ − T0 =
L Dv M

Rg λ

(

ps(T0)

T0
−

p∞
T∞

)

, (3)where Dv is the vapor di�usivity, M is the moleular weight, Rg is the universal gasonstant, ps(T ) is the saturation vapor pressure. The partial vapor pressure p∞ withaount made for vapor pressure depletion due to ondensation is expressed throughthe formula
p∞ = (S − β)ps(T∞),where β = Nπd3

pρp/6ρs , N is the initial onentration of growing droplets, ρs =
= ps(T∞)M/RgT∞ . The saturation ratio S is de�ned as the ratio of the atual



NUMERICAL STUDY OF GROWING DROPLETS DYNAMICS 127ambient vapor pressure p∞0 after expansion to the saturation vapor pressure ps :
S = p∞0/ps(T ) .At the atual droplet loation we solve the equation (3) to �nd T0 and inlude itinto (2). The distribution T∞(r̄p, t) and the gas veloity ū(r̄p, t) are found from the gas�ow alulation inside the measuring hamber. The solution of equations (1) and (2)allows us to �nd the atual position and diameter of the droplet.2. Deposition of droplets without onvetion �ow in�ueneDroplets move in the measuring hamber due to gravity and thermal onvetion �owand an reah the hamber walls and deposit on it. The ratio of the number of dropletsdeposited on walls to their initial number haraterizes losses during one measuringyle. In the absene of onvetion �ow and uniform initial distribution of temperaturethe part of deposited droplets an be easily theoretially estimated. For the horizontalorientation of the ylinder we will onsider deposition of droplets in one ross setion asa two-dimensional problem negleting in�uene of the ylinder ends due to large ratio ofylinder height to its diameter. Let n0 be the droplets onentration that an be de�nedas the ratio of the total number of droplets N0 to the area of ross setion of ylinder
n0 = N0/πR2 (R is the ylinder radius). The droplets are uniformly distributed overa ross setion of the ylinder and they fall down by gravity ation with the settlingveloity vs = τg . The relative number nd of droplets that deposits during the timeperiod from t = 0 to t = td (deposition rate) an be expressed by the formula [3℄

nd =
1

π

(

θ +
h

R
cos θ

)

, (4)where θ = arcsin (h/2R) , h is the distane traveled by the droplet. Formula (4) an beeasily obtained by analysing the Fig. 1 (shaded irle is the area of deposited droplets).
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Fig. 1. Geometry of the area of deposited dropletsFor the non-growing droplets the distane h is determined as the produt of thesettling veloity and time h = vstd . If droplets grow the distane h is obtained byintegration of the variable settling veloity
h =

td
∫

0

vs(t)dt.



128 R.S. GALEEV ET AL.3. Adiabati relations of ideal gasTo alulate the initial onditions for measuring hamber after expansion the adia-bati relations of ideal gas an be used. Under adiabati onditions in an ideal gas thefollowing relations (κ ≈ 1.4 is the adiabati oe�ient) an be written (V is the gasvolume)
P (1−κ)/κ T = const,

PV κ = const,

T 1/(−1+κ) V = const.

(5)Using relations (5) it is possible to alulate the gas parameters in the measuring ham-ber after expansion. Let T10 and P10 be ambient temperature and ambient pressure, themeasuring hamber of volume V10 is �lled with air. The bu�er hamber has the volume
V20 and also starts at ambient pressureP10 . Next, it will be quikly (and, hene adi-abatially) evauated to the measured pressure P200 . New temperature T200 of bu�ergas an be found from the relation

T200 = P
(1−κ)/κ

10 P
−(1−κ)/κ

200 T10. (6)Obviously, T200 < T10 but heat ondution makes T200 reah T10 after some timeleading to an isohori pressure inrease from P200 to P20 in the losed bu�er volume
V20 so that with the isohori relation

p

T
=

p200

T200
=

p20

T20
= const, (7)sine we an express P20 as

P20 = P
1−1/κ

10 P
1/κ

200 . (8)Next, the valve between the measuring and the bu�er hambers is opened and pres-sure is equlibrated to P11 in both hambers. Immediately after pressure equilibration,the air mass originally ontained in V10 of the measuring hamber at T10 is adiabat-ially ooled to T11 by expansion to V11 , while the air originally ontained in V20 ofthe bu�er hamber at T10 is adiabatially heated to T21 by ompression to V21 where
V10 + V20 = V11 + V21.Using the adiabati relations we get

V21 =
V20(V10 + V20)

(

P10

P20

)1/κ

V10 + V20

, (9)Inserting V21 into the above adiabati equation we �nally get
T11 =

(
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T10







V10 + V20
(
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1−κ

, (10)
P11 = P10 V κ

10 (V10 + V20 − V21)
−κ

. (11)Equations (10), (11) an be used to alulate the temperature and pressure in mea-suring hamber after expansion. To �nd the saturation immediately after expansion wean use the formula
S0 =

S00 P11 psat(T10)

P10 psat(T11)
, (12)where S00 is the saturation in the hamber before expansion.



NUMERICAL STUDY OF GROWING DROPLETS DYNAMICS 1294. Results of alulations without onvetion(analytial solution for temperature distribution)As was noted below for horizontally orientated hamber we an neglet the in-�uene of the ylinder ends. Therefore the mathematial problem is formulated astwo-dimensional (Fig. 2). The gas temperature is taken equal to T10 at t =0. Thewall temperature at r = R is Tw (R is the ylinder radius, r =
√

x2 + y2) . Tosimulate the temperature �eld development by ondution ation in the absene of on-vetion �ow the analytial solution of heat ondution problem for ylindrial avityan be used [1℄. The orresponding solution for ross setion of the hamber an bewritten as
T (r̃, t̃) = Tw − 2

∞
∑

n=1

(Tw − T10)
J0(αnr̃)

αnJ1(αnr̃)
exp

(

−α2
nt̃

)

, (13)where r̃ = r/R is the relative hamber radius, J0, J1 are the Bessel funtions ofthe �rst kind of order zero and one respetively, the αn are the positive zeros of J0,
t̃ = t/(R2λ/ρcp) .

Ry

x

Fig. 2. Shematis of ondution problem in a ylindrial enlosureTable 1. Physial data for system of H2O-vapor
ps lg ps(T ) = A − B/T A = 21.18; B = 5367

Dv 2.58 · 10−5 m2
· s−1

M 0.018 kg ·mol−1

Rg 8.3144 J ·mol−1
·K−1

L 2.3 · 106 J · kg
k 0.0261 W ·m−1

·K−1

ρp 1000 kg ·m−3

µ 1.34 · 10−5 kg ·m−1
· s−1

λg 0.65 · 10−7 mUsing solution (13) and physial data for onsidered system of H2O-vapor (Table 1)we studied the temperature and saturation dynamis in the ylinder. The saturationin the hamber before expansion was taken equal to S00 = 0.99 that gives us theinitial saturation after expansion S0 = 1.058 . The temperature and saturation as atime funtion are given in Fig. 3 (T10 = 291.89 K, Tw = 293 K, R = 6 m). Thetemperature inreases with time until it reahes the value of wall temperature. The sat-uration dereases and tends to value S00 before expansion. It indiates the evaporationpossibility in the hamber when the saturation will be smaller than unity. The depen-denies of temperature and saturation on a hamber radius for various t are shown inFig. 4. The saturation dereases in time starting from the walls due to gas temperatureestablishment as a result of heat ondution.The droplet growth in the enter of the ylinder was investigated for temperature�eld given by the solution (13). The omparison of droplet diameters with experimental
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b)Fig. 6. Droplet diameter (a) and saturation (b) for various initial droplet onentrations N ,m−3 )data is given in Fig. 5. Two �gures orrespond to various values of initial saturation andonentration of partiles. The urves T=onst orrespond to the ase with onstantgas temperature T = T10, and T = T (t) does so when heat ondution is taken intoaount using the solution (13). Experimental data were taken from the laboratoryAerosol Tehnology of Fraunhofer Institute Toxikologie und Experimentelle Medizin.We see satisfatory agreement between the theoretial and experimental data.The droplet diameter and saturation as a time funtion for various initial dropletonentration N are shown in Fig. 6. The urves orrespond to droplets starting at thepoint x = 0, y = 0 and are alulated without gravity. Inreasing in�uene of pressuredepletion is observed with the rise of partile onentration. In the absene of waterpressure depletion (N = 1) the droplet grows without limit. On the other hand, forthe larger values of N the maximum droplet diameter redues. Corresponding urvesof saturation after droplet evaporation oinide. (Fig. 6, b)5. Results of alulations with onvetion (CFD solution)In order to identify the in�uene of natural onvetion on temperature, supersat-uration and droplet growth we have studied the �ow using Fluent. The mathematialmodel inludes the Navier � Stokes equations [4℄. The gas is initially steady and adheresto all solid walls (non-slip onditions). The gas �ow in the measuring ylinder an be as-sumed to be laminar beause of the small Rayleigh number. We use the same boundaryonditions for the temperature as in the problem without onvetion.The initial values of gas parameters after adiabati expansion are alulated fromthe ideal gas relations (10), (11). The gas temperature T10 = 300 K after adiabatiexpansion dereases to the value T11 = 295.7 K. We have two values of initial saturation
S0 = 1.06 and S0 = 1.2 that orrespond to the values of saturation S00 before expansion0.86 and 0.975.The average temperature within the ylinder ross-setion alulated with and with-out onvetion as a time funtion is shown in Fig. 7. In the presene of onvetion �owthe gas temperature faster approahes the wall temperature. This means that the sat-uration dereases faster (Fig. 8).The time evolution of the temperature distribution and of ontours of veloity mag-nitude is shown in Fig. 9�10. The temperature gradient auses the development of agas �ow upwards near the wall whih in the ourse of time transforms into a globalvortex �ow inside the hamber (Fig. 9). The values of the veloity magnitude of the
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Fig. 7. Average gas temperature with andwithout onvetion Fig. 8. The saturation based on the averagetemperature gas temperature with and with-out onvetion in�uenevortex �ow an ahieve ∼ 0.05 m/s. The onvetion �ow violates the axially symmetridistribution of temperature and aelerates the inrease of temperature in upper halfof the hamber (Fig. 10). 6. Droplet dynamisThe distributions of gas temperature T∞(r̄p, t) and veloity ū(r̄p, t) found fromCFD alulation and solution of equations of (1), (2) allow alulating the loal dropletoordinates and diameters. The gas veloity and temperature distributions obtainedfrom the CFD alulations are stored in �les at several times. To provide auray ofalulations the interpolation between the distributions T∞(r̄p) and ū(r̄p) is appliedfor intermediate times.To alulate the partile deposition we assume that the droplets are uniformly dis-tributed initially over a ross setion of the ylinder. Let the initial droplet diameterbe dp0 = 1 µm . We observe the path of eah droplet. A few snapshots of the motionof the droplets are shown in Fig. 11. Legends show the droplet diameters. One ansee that droplet motion in the hamber is in�uened by both gravity and onvetion�ow ation. The time of droplet life in the measuring hamber is limited by two pro-esses: deposition on the walls and evaporation. The thermal onvetion in�uenes thegrowing droplet dynamis by two mehanisms. Firstly, the onvetion �ow along withheat ondution inreases the gas temperature and, hene, redues saturation and maylead to droplet evaporation. Seondly, the onvetion �ow together with gravity a�etthe droplet path. In the vortex �ow generated by thermal onvetion in the measuringhamber the droplet path beomes omplex. The droplet an reah the regions withhigher temperature and evaporate or an deposit on the walls. For the smaller initialsaturation the evaporation dominates but the majority of the droplets reahes the ylin-der wall for larger S0 . The example of two trajetories starting from one point but withvarious initial saturations is given in Fig. 12. The droplet with S0 = 1.06 will evaporatenear the ylinder wall and droplet with S0 = 1.2 will deposit.The relative droplet onentrations (n = N(t)/N(0)) obtained taking into aountall proesses (droplet growth by ondensation, sedimentation, heat ondution, thermalonvetion, droplet evaporation) and without gravity in�uene (g = 0) are shown inFig. 13. The orresponding liquid water ontent as a funtion of time is given in Fig. 14.Curves obtained without gravity allow estimating the onentration dynamis due to
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1 s 2 s
5 s 10 sFig. 9. Time evolution of the ontours of veloity magnitude in the ross setion of the horizontalylinder

1 s 2 s
5 s 10 sFig. 10. Time evolution of the temperature distribution in the ross setion of the horizontalylinder
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Fig. 11. Droplet positions at various times at S0 = 1.06 and S0 = 1.2
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Fig. 12. The droplet paths for two initial saturations
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Fig. 13. The relative droplet onentrationfor N = 1000 m−3 and various initial sat-urations Fig. 14. The mass density of ondensing va-por on all droplets for N = 1000 m−3 andvarious initial saturationsthe evaporation only. For the smaller initial saturation the losses of droplets generatedby nuleation is determined mainly by evaporation. But for larger initial saturation thesedimentation beomes the main mehanism of droplet losses in the measuring hamber.The derease of the slop of the urve n(t) with large saturation at t ∼ 5 s (Fig. 13) isonneted with motion of droplets in the vortex. The vortex �ow modi�es the relativeonentration distribution by gravitational deposition of droplets. Therefore, thermalonvetion redues the deposition rate.Note that the results of alulations in Fig. 13�14 losely reprodue the experimentaldeay times under gravity and in paraboli �ights where the mirogravity onditionsare realized. ConlusionsThe mathematial model developed here represents the gas dynami proesses andgrowing droplet dynamis in an expansion type Kelvin spetrometer. The di�erenebetween the temperature of the measuring hamber walls and temperature of interiorgas after gas expansion leads to thermal onvetion �ow inside the hamber. This �ow



136 R.S. GALEEV ET AL.a�ets the temperature establishment and hene saturation ratio. In the presene ofonvetion �ow the droplet paths beome very omplex and natural thermal onvetionin the spetrometer hamber may inrease as well as derease droplet losses. The arriergas temperature along the droplet trajetories hanges and droplets an enter the regionswhere the saturation ratio falls below unity. It means that in these regions droplets anevaporate and the evaporation is one of the proesses that derease the loud dropletonentration in the measuring hamber. The relative ontribution of evaporation andsedimentation depends on the initial saturation.The work was supported by RFBR (projet 05-01-00794) and DLR (projet50WM0437). �åçþìå�.Ñ. �àëååâ , Â. Õîëëàíäåð, Ø.Õ. Çàðèïîâ. ×èñëåííîå èññëåäîâàíèå äèíàìèêè ðàñ-òóùèõ êàïåëü â óñëîâèÿõ íåñòàöèîíàðíîé òåïëîâîé êîíâåêöèè.�àçâèòà ìàòåìàòè÷åñêàÿ ìîäåëü äâèæåíèÿ ðàñòóùèõ àýðîçîëüíûõ ÷àñòèö â ñïåêòðî-ìåòðå Êåëüâèíà ïîä âîçäåéñòâèåì ñèëû òÿæåñòè â óñëîâèÿõ íåñòàöèîíàðíîé òåïëîâîéêîíâåêöèè. Ìîäåëü âêëþ÷àåò â ñåáÿ ñèñòåìó óðàâíåíèé Íàâüå �Ñòîêñà äëÿ îïèñàíèÿ ãà-çîâîé ñìåñè ïðè àäèàáàòè÷åñêîì ðàñøèðåíèè è âûðàâíèâàíèè òåìïåðàòóðû â êàìåðå çàñ÷åò òåïëîïðîâîäíîñòè è êîíâåêöèè è óðàâíåíèÿ äâèæåíèÿ êàïåëü ñ ó÷åòîì èçìåíåíèÿ èõðàçìåðà çà ñ÷åò êîíäåíñàöèè èëè èñïàðåíèÿ. Óðàâíåíèÿ äâèæåíèÿ êàïåëü èíòåãðèðóþòñÿâ ïîëå òåìïåðàòóð è ñêîðîñòåé, íàéäåííîì èç ðåøåíèÿ íåñòàöèîíàðíîé ãàçîäèíàìè÷å-ñêîé çàäà÷è ñ ïîìîùüþ CFD ïðîãðàììû Fluent. Èññëåäîâàíû íåñòàöèîíàðíûå ãàçîäè-íàìè÷åñêèå è òåìïåðàòóðíûå ïîëÿ, ðàñïðåäåëåíèÿ íàñûùåííîñòè ïàðîâîçäóøíîé ñìåñèè âðåìåííàÿ çàâèñèìîñòü îáùåé ìàññû êàïåëü. Ïîñòðîåíû âðåìåííûå çàâèñèìîñòè äîëèîñàæäåííûõ êàïåëü íà ñòåíêàõ ñ ó÷åòîì è áåç ó÷åòà òåïëîâîé êîíâåêöèè. Ïîêàçàíî, ÷òîâðåìÿ æèçíè êàïëè â êàìåðå îãðàíè÷èâàåòñÿ îñåäàíèåì ïîä äåéñòâèåì ñèëû òÿæåñòè èèñïàðåíèåì. Îòíîñèòåëüíûé âêëàä äâóõ ïðîöåññîâ çàâèñèò îò íà÷àëüíîãî íàñûùåíèÿ.
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