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ABSTRACT

. The primary purpose of thist;hes,is is to solve equations that model the nucleation
- of v'yater molecules. The equatiyons ére derived for the ﬂﬁmber ‘of clusters (nuclei) wjth a
| givén‘n-ur'nber of molecules and thé rates of developmeﬁt of the clusters. ‘A finite
differeﬁc;e algorithm is formulated based on the Crank-Nicolson scheme to calculate the
nongquilibrium f(;r'mation of clusters. The results gathered from this proceduré are
c_omparea to res;ﬂts frorh another source. Also, the numerical results are compafed to the
claséic':al equaltioﬂused for the fonhatio;l.rate of clusters. Th¢ gomparison*showé a slight '
differénce bétween kthe t§vo sets Aof results. | |

“ ‘Aft'e‘rﬂexpanding to fnciude a full condensation model, an ultimate g(;ai would' be
to iﬁcbrpofate the develépéd cléde into an existing Computatioﬁal F],uid Dynar’niCS‘(CFD)',
'ﬂo\y solver wﬁich then can be used to simulate con&ensation creatéd for flow o

'visualization during wind tunnel tests.
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1. INTRODUCTION

1. 1 Statement of Problem

Numerlcal analys1s isa useful tool for many different aspects of science.
Computational results can be gathered to_ aid experlmental methods, partlcularly for wind
tunnel testing that relies strongly on comoutational procedures. Before performing ‘.
experiments in wind tunnels; one vi/ould iike to know the most advantageou; testing - -
conditions. Most numerical methods :for wind tunnels primarily produce data that 5 |
directly relate to the ei(periments-, such as‘ ,ﬂoiJv_patterns, but for. this thesis the concern is
with a method of flow visualization used to observe those flow patt_erns.‘

There are many methods of"ﬂow?izisualization. The vapor screen .technique which
uses condensation is of particnlar interest. A nuinei‘ical modei is needed to obtain the |
correct parameters for testmg Ryzhov P1rumov and Gorbunov in reference (1) have
developed a model for the begmnmg stages of condensatlon Th1s work is 1mportant |
since the model may. help predlct when condensatlon oéeurs in wmd tunnel testmg The

'equatlons used in thls reference are verlfled and some varlables changed for better .

‘ acc'uracy, This thesis attempts to conﬁrm the‘resultls from the reference'. :

1.2 :Flow Visualization
Floi:v i/islialization methods are iinportant to aerodynamic research, since there are
| many phenomena that occur within a flow field that cannot be seen by the human eye.
. The purpose of these techniques is "to enable direct observation of the correspondmg
fluid motion" around the test model (Asanuma 2). Examining the flow pattems can
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“allow a better grasp of the flow ‘physics and can be used to create mathematical models.
| Experiments using ﬂoyv visualizatiOn have led to many discoveries in low and
- high- speed ﬂows In 1883, Osbome Reynolds found a transition from laminar to
turbulent ﬂow by 1ncorporat1ng dye in glass tubes to observe the flow of water This N
detection was the‘start of many stud1es to .understand th1s transformat1on; Alsoin the -
1880’s another cruc1a1 breakthrough came from acoustic tests done by‘Emst Mach that
led to 1nvest1gat1ons with high- speed flows. As a result of th1s research "the first :
successful photographs of a supersomc pI‘O_]eCtlle ﬂowf1eld" were tal(en (Mueller 3).
~ These examples show the 1mportance of,ﬂow,v1sual1zat1on in identifying many-
i supersonic flow phenomena, Lo ‘ o
_Presently, flow yisualiaation is widely used'; and numerous‘techniques have been ; -~
developed. Some methods such'as .schlieren, shadovygraph, and holography'use v_opticsto"._ .
visualize flow pattems.. These methods require complex systems of mirrors, lenses, light\
sourcles, and cameras to record-ei(periments. Another -‘tec-hniq‘ue lmown as the 's}:ﬁdké-
wire. method employsa wire covered.with oil, which produces smoke filaments when:
‘ 'heated Oil can also be used for. surface flow pattem techmques A th1n layer of a lquId

, 1s appl1ed to the surface of the model that reveals a pattem during test1ng (Settles 4)

1.3 Vapor Screen Method o

The scattermg of an 1ntense sheet of laser light from aerosol part1cles is the
requisite for the vapor screen.method. The sheet is placed in the flow field perpendlcular
to the direction of the flow. Theri, a camera is used to record the now visible‘ flow a |
patterns. For this method» to work'properly there must be a concentrated area of fog in
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the flow 'field of interest (Colli,n‘s' 5)

In the anals'sis d‘escribevd‘i.n;this'.'.s_tu'c‘l.y, thé aerosoi particles a?e water droplyé:t~s4 .'
~ Whiqh_inake the method cdmpiéx, :;ipéc 'c':b‘nditions in t:he wind tunnel must be »-faJvorablei‘
to prqjdiuc':e ;:ondenéation. Thisi procedure is also difficult siﬁcq there must be éomﬁa:effdrt
- placé&, on in&oduci;lg' ‘cvquerjlsati'pr"l tothe lé:qrréc,t’ area of the flow. Kﬂowing thesle
factors, the i)rgdi;:ﬁo;'o‘f,condgns;;ic:)n list sig'nifi‘ciant tc; the succ':ess‘ of the methéd (Settlés
4). |
Despite the’problems ;vith y'apor screens the_rcwakareT advantages. 'Sc‘)me of the
.> " fequi;ements for thé écchrréncé of céﬁdén;ation (such as humidity) are rgadily a\}ailvabl‘e
to the test secﬁon,‘whjch meané 1eSsv trOuBle preparing tiie test facility. A‘lsvo. t_he‘ |

formation of droplets happens naturally and is 'thcreféré beneficial to the i)rocedure.; :

1.4 Numerical Modeling
’ A modél is an éciﬁaﬁé)n or sgﬁt df eciﬁaﬁong‘ thaf represents a précess (Fowler 6)..
. Solving these gquations' will hopéfﬁil.y give an écc’;uréte represeptgtion of what‘wc_i.hld : 5
‘ happ.en 1n an actual e'xwpe‘riment. Since the mociel equétions‘usually do not have aﬁélytic;al
sbiﬁtions, the s.olution to.t_he. eqﬁaﬁons ﬁeévily relies on a c_:o.m‘putefr that can sol\;e '
equations With their aésociatgd béﬁndéry conditic‘)ns; -
Thg fi;st steb in modeling is to de.c—ide v;fhat is_the'ﬁrdblem. For the cbndensation |
mode], when does céﬁdgnsation occur? This leads 'to.,the definition of variabiés that .
rel'ate‘to: the ‘p.roblen'msuch‘as,‘ in the caée of ‘c‘ond‘ensatic')n,. temperature, pressure, r;umbqr
densfty of ‘Wwater droplets, etc. Néxt, a relation has to be fc;und for the pararneteré eitﬁef |
by 'experiment or theoretical reasoning. Onc¢ this is done, the quel'is \expressed |
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mathematically. Fortunately, for this pfoblem, the theory has already been established,
and the equations that govern the proce‘ss4arjc known. The purpose of this thesis is to
confirm that the theory is correcf by solvi‘rllg the equations and comparing with results

gathered frorn reference (1).

1.5 Summary of Reference 1) o
Ryzhov, Pirumov, and Gorbunov (1) performed a study in the 1980’s of

nonequilibrium condensation as a result of growing attention to diverse problems

concerning condensation. The reference gives an assortment of articles done prior to the

study to show the significance of the issue. The motivation to the research was to review
general condensation theory in high-speed flows and present numerical techniques that
can be uéed to solve the governing equations.

The text gave an explanation of the theory for homogeneous and heterogeneous
condensation by exhibiting the governing equations and also discussed the numerical
methods used to solve these equations. In addition, a survey was done of experimental
techniques used to study condensation. A chapter was dedicated to the thermodynamic
properties and to determine the parameters for homogéneous condensation. This thesis
uses the governing equations di‘scussed above to develop a computer code to model
homogeneous condensation. Comparison is made with the solution of these equations as

presented by Ryzhov, Pirumov, and Gorbunov (1).



' 2. CONDENSATION THEORY.

2.1 Explanation of Water Vaper Condensation
Condensation is 'either hotﬁbgeneeus or heterogeneous. Heterogeneous

“ condensation happens when ttre flow is seeded with foreign particles. For wind tunnel

testing, cen_densation has been observed to be homogeneous since there is only one

eondensing component and not enough foreign particles naturally occur to account for the

large nuruber of condensation nuelei that are rrleasured. Wind tunnel air is considered to
‘ be moist air which is assumed to be a mixture ef perfect gases, including water vapor
which is the only condensable element considered iu dlis analslsis of homogeneous
condensation. |

As the air expands through a nezzle it becomes saturated and eventually

supersaturated. 'i“he behavior of condeusation fer the flow through a nozzle can be
explained by tlre p-T diagram in Figure 2.2.1. First the gas expands along the adiabatic
curve 2 passing the place where-the saturation curve 1 and curve 2 cross, which is the
saturation point (Ryzhev et al. 1). After this point the water vapor advances to a state of -
suuersaturation at p. at which time‘condensatiou spontaneously occurs, and then it
advances to the saturation curve. The droplets are produced from the water vapor by
spoutaneous nucleation and rapid growth of initially small nuclei. As the expansid.n‘
‘cvontinues the water var)er rema‘insvon the saturation curve until it is condensed oute the

‘ droplets and the air remains Saturated. For this thesis, the initial departure from the A
“ suﬁersaturation,point, Pe, is.analyzed. .
- The process of condensation of the supersaturated air takes‘pla'ce in a'shert ‘
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arﬂount of time, which .c’an‘be divided, 1nto three pgriods. The initial period is a very

~ slight transient period‘whicﬁ léét.s.only tens of microseconds “when the embryd |

population Iis stéadying off up to moderately largé (McDoﬁald 7)” numbers of molecules.

The secqnd period lastsva little longer, _aboﬁt tens pf huﬁdreds of millisecohds, in which , 8

' supercritical embryds are being pr:(‘)du'lc;evd at a quasi-steady rate. At this point the . -

embryos are stable and will cont@nué i(')' 'gl:ow until the process consumes the excess

. vapor.‘ Nucleation is corisidered.to l%e"éomi)iete at this lgvell The third .Stage deals with
diffusional growth where the vapor pressure drops from supefsaturated to saturateci |

| Oﬁly the‘ fll‘St stage (nucleatlon), to be described in the next sectlon w111 be exammed in

this thesis.

2.2 Homdgeneous Cohdensation
Th‘e‘most impoﬂéﬁt part.of éondensatién theory is in the study of the deveioprrieht
| of condensation nuclei. As stated in thi?previous section, there are two types of ’
condensation. Hdmogcheoils condeﬁsation is consid_eréd-in this study, and the analysis
follov;ls that given in reference (1). Initially, the phases, liquid and vapor, are in
‘equilibrium; however, during rapid expansion ina nozzle, a nonequilibriumvstate ;)_f-
supersaturation d_évelops. Growfh of the water dfoplet nuclei proceeds through |
| departures from equilibrium between the phases.

- In equilibrium, the liquid and gaseous phases have the same temperature. To

describe the nucleation of spherical droplets, the change in the Gibbs free energy required . -

to, generate_‘a droplet of radius, 1, ié used:
- AG =gl (... T)-u, (@, Dl+4m’c C @2
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where g is tﬁg numbef of 'molecules in a droplet with radius r, p; and W, are the chemical
potentialé of the li‘quid and the vapor, py and p.. are the vapor pressure at the
supersaturafed conditions in the air and‘saturation vapor pressure at the mixfure
temperature, respect,ively‘, ,and ‘6 is the sp.ecific surface f;ée energy (surface tension),
whicli is assumed,to be~inde£)ende1_1t of the mllm‘ber of ﬁlolecules in the droplet.' The
radius of the sphgri?:al droplet can beWﬁfteﬁ-as:

. \1/3 B '
r= (%} . . 2.2.2)
: where V1 is the v-olumg of a sinéle molecule. It is ‘obvious froin (2.2.2) that:
MEAY A ’ (2.2.3)

To determine the equilibrium conditions, the Gibbs free energy, AG, is minimized:
dAG dr2(,  1dlno e
g ~MO=D- @) o [1 to ] =0 (224)

~dg dr?
Assuming the surface tve'nsion,' o, is not dependf;nt on the fadius, r, the critical numl;er of
mqlecules in a cluster can‘bg acqﬁifed by S(;IViﬁg (224) for g = g*: ~
o = 32&03V12‘ |
3040y D) = WP D)

2.2.5)

As stated above, the vapor is assumed to be a mixture of ideal gases, hence Py(py,T)-

UiPe, T) = kKTIn(p,/p=), Where k is the Boltzmann constant, and so (2.2.5) changes to:

* _ | 32%03V12

s e
3 len[p—V‘ T




and rearranging gives:

1/3

kﬁ p,) [ 32m0°V
n % |=| ———
-~ I | @2.2.7)

The critical radius, r*, is obtained by substituting the critical number of molecules, g*,
into (2.2.2):"
* 20'V1

len[p—V] ' (2.2.8)

- and now by placing the critical valué‘s from (2.2.6) and (2.2.8) into the Gibbs free energy
equation, (2.2.1) becomes: B

« _16n]" v o3

-3 Py
.7 | kTn o (2.2.9)

The next step is to express the Gibbs equilibrium equation in terms of the number of

AG

molecules in a cluster, g, and the number of molecules in a cluster when AG = AG*, g*,
by first substituting (2.2.7) and (2.2.2) into (2.2.1). After then factoring out the AG" term

from (2.2.9) the new Gibbs equilibrium ecjuzrltion is:

. 4;rV2’ /3 s 2/3

. 1 * g g '
. AG=0 3 g 3| -2 - (2.2:10)
T . g g

Nucleation occurs when the clusters of molecules in a vapor combine with

another molecule, resulting in larger clusters. This process has been shown to occur by

the addition of a single vapor molecule, A,, at each step. The chemical reactions required

9



_to form a cluster having g"water molecules is:

ArtAimhs
CAAHAISA;

,’_A-g-1+A1<=>Ag"
, Where, g>g*rand A is a-cluste‘r with g molecules (g-mers). -In the case of c_ondensation, .

. ! clusters grow from A, to Ag .1

by the Aalddition of alsingle molecule; conversely,j
e\(apor'ation\results from the loss of a molecule (i.e. Ag;,1 to A;)’ wherelthe cluster
becomes smaller. Also_, the formrati'onko_f Elarge‘r, clusters can result flrom‘the _colllsion of : ﬂ,
tuyo smaller clusters containingi and j molec_ules:I

| Ai+Aj—,;Ai+_j
_or can separate into, two smaller clusters

AP,J—->A1+AJ
These two react1ons have been shoul/n to be S0 rare that they can be 1gnored The
format1on of d1mers a cluster with two molecules requires a three-body collision to ..
‘sat1sfy conservation of momentum and energy |
A1+A1+A14:>A2+A1, A1+A1+B<:>A2+B
where Bisa thrrd substance such as the carrier gas
Condensat1on occurs\when the growth | process dormnates the deca& process and ,’ o

’ vthe number of large clusters increases. Cons1der one of the react1on rates above when

condensation occurs. When molecules are added, the'process is .descnbed by a fOrward

10



reaction rate, Kg(ﬂ. Conversely, if molecules are lost (evaporation) then the process is a

reverse reaction rate, Kg(r). The rate of formation, I, of clusters containing g molecules
can be found if the reaction rate constants are known. The forward reaction constant
- from reference (1), which is simply pr_bportional to the rate at which water molecules

collide with the clusters’ surface, is given by:

RO — g g P s
. ,Kg —_occ4nr‘ o T)m' : (2.2.11)
~ where 0 is the cbhdenégltibn cdgfficfeﬁt. The condensation coefficient gives the

-probability that céllidiﬁg water 'Iriolécﬁlé and cluster will form a largcr,éluster. ‘Since the

" reverse reaction constant Kg(r) is diffii:ult to determine, the ratio of the reaction rates in

equilibrium is used (the law of mass action):_

g n, 'K(gf) ' a
K, Thm KO 5 (22.12)
" where . |
. ny,=ngex —A—G. : o ‘
LB r P( .kT) . (2.2.13)

is tﬁe equilibﬁum Borltzr’nan.rjl' statistiééi_distﬁbution, n; = py/kT, and Kgis fhe eqﬁilibrium
“constant., | From the eVaéoration and condensation reactions, thé number of clusters, f;, of
E ‘ iclass g pér unit volume can belpllitained byr the f9110wing eqtiatibﬁ: :
Mg L g=(2..6) . (2.2.14)
ot & BT - o ,

where from reference (1), I, fepresents the rate of formation of clusters given by:

11



. . -1 ' ) .
--»fIg;Kg)nlf K(r)f K“)nlng 1[ng —n—g] @219

For equ111bnum cond1t10ns the number of clusters is g1ven by the equ111br1um d1str1but10n -
: ifunctlon , Ng, and can be found from (2 2 13) but for the nonequ111br1um cond1t10ns the '
system of d1fferent1a1 equatlons (2 2 145 must be solved to find the number of clusters f

- For very large g, w1th Ag 11, the rate of formatlon of the clusters from (2. 2 15) canbe . -

B rewritten as:

N M N ‘f .: ' : R . A\ -l
Df dAG

I(g,t) _—K“’ 1, ; ( E ]——Da—f—— .. (216)

N where D—K (ﬂnl The equatron (2 2 16) is denved by reference (1) by lett1ng Ag —) dg

B ‘.The substltutron of dI/dg forI - g+1 (us1ng (2 2 16)) 1nto equatlon (2 2. 14) g1ves

o '81' “ 9 ""'af‘ 1) OAG ) o _
e = | D= Df - YN
ot ag.‘ ag(; ,ag)+~ Tag( g ] S (2217)

. By d1fferent1at1ng and groupmg 11ke terms (2 2 17) becomes

dr o . 9% A
dr ot T_. BT +C ,Tf - ©(2:2.18
& T Alg, ) + (g )g+ (g,T) o (; : )

where the temperature g_radient‘ldT‘/dt is assumed to be constant and will be denoted byx . e

_and

) - (f) "
aK K a G

ia(g,r)—~ B+ @229

og KF; 3
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(f)
K(f) 2AG aKg dAG |
g ag ) ag _ag

C(g,T) = ﬁ (2,2.21)

The boundary conditions are fixed at the'-Boltzman'n eduilibrium distribution, ny, at the .
saturat1on temperature Tm, on the left (small g) and at zero on the right (g — oo) The

initial cond1t1on is the Boltzmann equ111br1um d1str1but1on ng, at the saturation

temperature, To. Equat1on (2 2 18) must be solved for the' probab1l1ty of clusters f o/,

w1th g molecules for the boundary and 1n1t1al cond1t1ons stated above After this is done

-'the calculated f /n1 1s then used in (2 2.16) to get the rates of format1on of clusters

In homogeneous condensat1on theory, the rate of formation of clusters of critical
size:
2

102 %Py ] ‘__2_“1" exp — 2T (2222)

where pl is the dens1ty of the l1qu1d and m is the mass of a molecule has been the

pr1nc1pal equatlon This equatlon wh1ch can be shown to be the stat1onary solutlon of

the above equat1on (1), has been class1cally used to 111ustrate the rate of passage of

clusters over the maximum GibbS free energy value in other words the rate of the

' development of clusters at the cr1t1cal value g, Equat1on (2 2. 22) should not'be

confused with the nonstatlonary format1on rate equat1on (2 2. 16) g1ven above This

thes1s shows that equation (2 2. 16) g1ves a more accurate model for the rate of format1on
_of nuclei than is given by the stat1onary value in equat1on (2 2.22). The values of the
" ~ formation rate, I, obtalned by numerrcally- solv1ng (2.2. 16) are considered to be the . -

, corrected nucleation rates. Both formation rates,_I and I°, are compared in this vanalysis‘. to

13



test the accuracy of equation (2.2.22). |

2.3 Numerical Scheme

‘The .equa'tioﬁ (2.2.18) is‘ solved fifst f&r the probability of clusters, fo/n;, with g
mdlecules, per voiume. The numerical analysis for this problem uses first order
backward differcnciﬁg on‘ :thé' temperature derivative and the Crank-Nicolson form on the
spatial derivﬁtives in (2.2.18) by taking the average between the j and j+1 temperature

levels. This gives the following expression:

£ -1 [ A( ,T)(fij+1 2fJ+1 +f1+1)

i+l
XTTAT 2Ag? |
' : . o " _ (2.3.1)
B( ,T)(fjﬂ _fJ+l) (g’T)fiJ +£
i+l
4Ag 2 2
where
i A@RT) B(g,T) '
= _a¢d gl j j
éi Ag? (f' 2f; +f1+1) 208 (f1+1 fi 1)+ C(g, Tf; (232)

and subscript i stands for the value of g and superscript j corresponds to the temperature.
Factoriﬁg out the like terms in f in (2.3.1) gives

_AT(A(gT) . BT) +‘1}fij_§1 +{A_T(2A(g,T)_C(g,T)]:|fij+1

20| Ag?  2Ag 2x| Ag?

. 2.3.3)
_AT
2

A( ’T)_B( ’T) fJ+'|'11 _dJ+fJ
Ag?  28g |7

which represents a linear, tridiagonal system of equations. At the initial condition the
nonequilibrium distribution function, f; °, coincides with the Gibbs equilibrium

distribution function, n,. The boundary conditions are at go = 2 where fyi=np,andat g —

14



o, fJ — 0. Since the initial condition is not physical and overestirhates the distribution of

molecules, the right hand boundary is needed to force the noneciuﬂibriﬁm distribution to
zero. The purpose of this step is to obtain the initiai condition for the next stage of
condensétion which is not a concern in this investigation. Notice that the theory assumes
that n; is constant, that is, that there is replacement of the ﬁonomer. This is énother ‘ ‘
indication that the theory only ai:iplies at the initial stage of condensation.

The next step is to solve (2.2.16) for the nonstationary formation rate of clusters, I,
by substituting the values obtained for fhe probability of clusters, fo/n;, with g mdlecules,

into the digitized form of equation (2.2.16):

N I B S Co
I)=-D 1+1_1—1+_1§_AE . (23.4)
2Ag kT dg
where
us .
OAG 4TV w213 1 1| :
SN L [
g g'°g g

is obtained by. differentiating equation (2t2.10).

; Before going further, some useful information should be discussed and important
variables defined. First', the equations for the number of clusters, f,, and the Gibbs
equilibrium distriBution fupction, ng, are both divided by the total distribution of
molecules, n;, to determine the probability density of the developrrient of clusters with g
molecules. It is important to note the coefficients in equation (2.3.3). The values at the

initial saturation temperature, T., for A(g, TSAT /Agz, B(g, T)AT/ZAg, and C(g, T) are

shown in Figure 2.3.1. The AT and Ag are assigned the values of 1e-5 K and 0.39,

15



resnectivelsl.- These values were deterfnined; by trial and‘ error, frorn A(g, T)AT/AgZ‘
. which needs to be less'than or edual to( orie for stabllity._"l‘he figure shoWs that this termr -
fstays below one for-all g rrnolecules evaluated  The-other two'terms\are mostly negative
and cause the solut1ons at each temperature drop to stay below the 1n1t1a1 cond1t1on The
- ‘G1bbs equat1on AG usedto calculate the G1bbs equ111br1um“funct1on ng, is obta1ned from
~l(2.2.l0) and requ1res values for, the ~number of molecules of the critical size, g", and the ‘
'volume of a 11qu1d molecule uvh1ch 1s Vl k/(lew) where R;v is the gas constant for \uater '
: -and is g1ven by 461.52 J/(kg K) and kis the Boltzmann constant w1th value of 1 381e-23 .
. J/K The critical number g 1s calculated from (2.2. 6) The followmg are emp1r1cal
.relat1ons used in thlS analys1s for the, dens1ty of. the 11qu1d o1 the surface tens1on o, and

the‘ saturatiOn pressure, pm 6):.

0.6F
- 05 -
04F
03F.
0.2F
0.1F

- Coef A
= = = = CoefB
—timermeem Coef C

CA,B,C -

-
-
R -__-
-
-~
-,

g o CTTTmeeellil
‘-'_Q.z:-""" " 1 " b ‘Iﬂl" L l | |< [N v(l P . . ‘1", T |

Figure 2.3.1: Plot of Coefficients A(g, T)AT/Ag?, B(g, T)AT/2Ag, and C(g, T) from
" Equations (2.2.19) - (2:2.21) at T.. =323 K, 3, = 1e6 K/s, and py/p.. =6

16



" p, =1000.23236 — 0.016815145 (T — 273.16) - 0.004487861 (T — 273.16)" kg/m®
6 =0.0757075 - Q.000147d996‘x (T - 273.16)-1.08505¢ — 7 x (T - 273.16)°
_—1.31655¢ —9x (T - 273.16) N/m

| . ) . e g1 25
5.4266514-2005.1/T+1.3869*10* x / T*{10°** ‘—1)+E‘E 1077 ]

p. =1.01325e5x10

Pa

where

"x=T?-2.937¢5
2=64727-T
D=1.1965¢=11

. E=-44e-3

F=-57148e-3

The first two relations were obtained from Collins (5) and the latter from reference (8),‘

. The relations above are différent from fﬁose used in reference .(1) which are:

o, = (1.11-0.004 (T ~273.16))x10° kg/m’
o =(128-0.19T)x10° N/m

p. =exp(28.26—§§§- 10Pa

. Itis believed that the réference (1) relations are not as accurate as those used for this

stﬁdy. For this thesis, the condensation coefficient, o, is constant and is taken from
reference_(l):

1, - (T<2BK).

%e = exp[-3.22 +'8;—5j (T >273K)

This expression has no explanation. Other authors have assumed values that differ from

the one above by many orders of magnitude.
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3. RESULTS AND CONCLUSIONS

3.1 Results and Conclusnons from Reference (1)
' The most 1mportant palt of the results is the solutlon for the probab1l1ty '

d15tr1but1on of clusters f /nl, and the format10n rate of clusters L. The results for these

- 'equat1ons obtamed from reference (1) are 1llustrated by F1 gure 3.1.1. The upper right

“ corner of the fi gure shows the 1n1t1al cond1t10n ng, and the solution for the probab1l1ty of
clusters 1 /nl,vafter Icoolmg to a f1nal temperature -Since there are no numbers th1s
- f1éure is bel1eved tobe a sketch of what the solut1on should look like and not 'an actual.
‘ :-.solut1on The larger port1onrof the f1gu‘re‘ g1ves the relat1on of I /IO with respect to AT
. :The d1fference AT is equal to T 'T where T1s the saturat1on temperature at the vapor
"pressure pv, and T 1s the staltmg saturat1on temperature correspondmg t0 Pe, wh1ch is
o taken to be 323 K Then the supersaturatlon ratlon S pv(T)/pm(Tm) The ratio of the i

la l.~

" I.;,calculated format1on rate of clusters I , and the statlonary format1on rate of clusters of
crltlcal 51ze I0 1.s shown for two temperature grad1ents 10 K/s and 10° K/s Reference‘

.‘:fl(l) calculates the -stat1onary and non‘statlo'nary solut1ons for the format1on rate, I, | The

: 'stationa,ry ca:ser assumes that.dflat =0 e |
5 These results indicate that‘,at asmaller ‘AT‘tH,eisolutions for the stationary ‘

' formation*rate 1s éreater than:the nonstat1onaryone, I/IH, although as AT ijnereases"and
becomeslargethe difference d1m1mshes The s‘tatiohar‘yl_ rates_ for the two.temperature-

| gradients, curve 1andcurve 2,area1so compared 'F’orls.mall“A‘,T, there 1s a lmge :

deviation between "_cur.\'/e' 1-and curve 2’, but as the AT increases the differencé, between

18
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Jo 80 . 4L K

- Figure 3.1.1: Plot of Ig/‘I0 andA Uy “with Respect to AT =T - T for 3 = 10° K/s (1) and
-10° K/s (2) where T.. = 323 K for Water Vapor from Reference (1)

- the two disappears. From these observations, reference (1) makes the conclusion that,
except at small AT,ve(I]ua'ti‘on (2.2.22) can be used instead of solving equation (2.2.16)

numericallty. <-

3.2 Results and Conc]uéions for this Thesis
Tllje.initiai‘ con(iiti;)n, ng,»is.;l-épéﬁc}ent :up01li the Gibbs energy equation, AG, from
(2.2.10) wl;ich is fepméented by Fi gure 3.2:.‘1. The figure shows inakimums at the critical
. " valués,' gf,‘,for &ifferent super’vs,_atura‘tion-'fatios, S = py/pe.. If the number ;;)f molecules, g,
| excéeds the c'riticgl numbér? ‘g*; thedroplet grlows;ucc')nVersely, éVaporation occurs if g
“drops bg‘low nthe cﬁticgl numbgr'. .,thhe%éq frdm the figure, the peaks for the AG andg
, deéreasei:v"vi‘t‘h increasing S. It c‘an"_'bé“ infer;ed thgt ‘the‘lar'gef the value of S the moré~
' likély that thé:droplets wi‘lll form and induée condensation. | |
The initial condiﬁon is used 1n Isolving the ’tr‘idiagonal system (2.3.3) for the
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Figure 3.2.1: G1bbs Free Energy, AG vs. the Number of Molecules, g, at the Saturation
Temperature, T = 323 K, for Supersaturation Ratios, S 4 6,8

|
|
e
| ‘ noneq.uilibri‘um‘ probability distribution fo/ny, shown in Figures 3.22- 3.2.4'.' At the left-
" hand boundary cond1t10n at go =2, the nonequ111br1um distribution c01nc1des with the
- equilibrium distributlon ng The nght-hand boundary is chosen to be atg= 60 5 where
.- the probability distnbution, fg/nl,‘ is forced to zero. For the chosen number of
temperatures and grid points (Ag = 0;39:and AT = 1e—5),‘ the value of 60.5 represents
: , memory limit of the computer and soitware environment used to compile the Crank—h :
N1colson code ‘The cooling rate, x, is ass1gned the same value as reference (1), hich 1s
106 K/s. The nonequlllbnum probab111ty distribution fg/nl, is calculated by cooling from
the initial Saturation temperature of 323 K to 322.983 K. It-should be noted that reference‘
(1) calls f the nonequilibrium distribution,:but itis basically ‘the probability of having a
" particle w\ith g molecules. As eeen in tlhe-.fi guree, with a small‘ amount of cooling the, - :
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. L s 323K
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o 322,995 K
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| ———- 322986
T — 322.9845 K
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Figure 3. 2. 2 Probab1l1ty of Clusters fo/ny, and the Equilibrium D1str1but1on ng, vs. the
Number of Molecules, 8, for S 4 with Temperature Gradient of 10 K/s and Saturat1on
Temperature of 323 K

10"

, 323K
10 o= = = 322,9982K |

————— 322.9968K | -

B - 322.995K - |-+
10 s = 322.9935K'

4 S - 322.992K

4N — — — - 3229905K: | ."

107 R\ ~i—-l- 322989K
322.9875 K,

———— 322.986K °

f.n
p—
=)

i

—rreme 322.9845 K’

Figure 3 2.3: Probability of Clusters f /n1, and Equ1l1br1um D1str1but1on ng, V8. the
‘Number of Molecules g, for S = 6 with Temperature Gradient of- 10® K/s and Saturat1on
Temperature of 323 K A
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323K
- — = - 3229982 K
———— 322.9968 K
J— 322.995 K

———= 3229935K

e - 322992 K
— — — - 3229905 K
—-—-—-2 322980 K
———- 322.986K
— - 322.9845K
322.983K
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10 ' A10 20 30 40 | 50 60
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Figure 3.2.4: P'r<’)babi>lity‘ of Clustets, fg/ny, and the Equilibrium Distribution, ng, vs. the
Number of Molecules, g, for S = 8 with Temperature Gradient of 10° K/s and Saturation
S "~ .- ' .Temperature of 323 K '

probability drops by a considerable amount towards zero. With the cooling rate at 10°
IK/s, the timeé taken to cpol 0.017 K is 17 ns which shows the speed at which the process
takes pléce. | Also, fhe prpb‘ability of having clusters with g molecules increases as the
A s_upersatﬁration ratio, S, increases, since rthe critical value 1s so large at the lower values
of .

Figures 3.2.5 - 3.2.7 illustrate thé effect on the probability by changing the
temperature gradient to 10° K/s. The probability drops .a considerable amourit more than
the 10® K/s temperature. gradient from the equilibrium distribution. As can be seen in

‘ Fi'gﬁrés- 3.2.8 -3.2.10, £he pfobgbilities' decrease evéﬁ more'by d;ac'réasihg the saturation

" temperature to 273 K. However, the same observation can be made for both changes that
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‘ Figure 3.2.5: Probability of Clus;ters,"'fg/r'll, and fﬁe Equilibrium Distribution, ng, vs. the
Number of Molecules, g, for S = 4 with Temperature Gradient of 10° K/s and Saturation

Temperature of 323 K -
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Figure 3.2.6: Probability of Clustefs, fo/ny, and the Equilibrium Distribution, ng, vs. the:
Number of Molecules, g, for S = 6 with Temperature Gradient of 10° K/s and Saturation
Temperature of 323 K o
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Figure 3.2.7: Probability of Clusters, fy/n;, and the Equilibrium Distribution, ng, vs.-the
Number of Molecules, g, for S = 8 with Temperature Gradient of 10° K/s and Saturation
Temperature of 323 K )
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Figure 3.2.8; ’Probabiliiyﬂ of Clusters, fg/n;, and the Equilibrium Distribution, ng, vs. the
"~ Number of Moleculc;sl, g, for S = 4 with Temperature Gradient of 10° K/s and Saturation
Temperature of 273 K '
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Flgure 3.2.9: Probability of Clusters, fg/n;, and the Equilibrium D1str1but10n ng, vs. the
Number of Molecules, g, for S = 6 with Temperature Gradient of 10° K/s and Saturation
Temperature of 273 K
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Figure 3.2.10: Probability of Clusters fo/n1, and the Equilibrium D1str1but10n ng, vs. the
Number of Molecules, g, for S = 8 with Temperature Gradient of 10® K/s and Saturation
: Temperature of 273 K
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the greater the supersaturation ratib,’S,’ the greater the probability of having clusters with

g moléculgs.‘ It can also be iiiferriad tﬁa_tL at greater saturation temperatures the nucleation
stagé oéciirs more‘rapidly'. : -

"vl‘he yaluc;s at thé criticélllnumber, g*, are 40.7515 for the solutions in Figures 3.2§é
- and325, 18.8743 in Figures 3.23 and 3.256, 12.0745 in Figures 3.2.4 and 3.2.7, and in
Figures 328 - 3.2.10, the values are much larger. For-the number of molecules, g less
than g* the Iirobability;'.»fg/nl, cldsely foilows the equilibrium distribution. However, as o
the numbei oi mi)ieqliies, g, inciéasés,— the nonéquilibi‘ium distribution, fo/ny, diverges |
vfrbm the initial condition. This‘ié ciquéd by the evaporaiion of c_lusiers p(issessing g
. greater than g ’Howeve_r, the thc?ory giye_é the rate of passage of clusters over the AG.
hill. This infq'rination can bé uSéci as tiie initial condition for the next stage of
ccindensation.; B |

‘ ’fhe rate of foi'rnation of clusteis, I, “éon‘tainiiig g molecules is calculated fiom

(2.3.4) by'dsing the solution for ihe probability of cluéters, fo/n;. Figure 3.2.11 shows a
plét of the ratio of formation rates, Ig/I0 , for"A;I" at‘tlie conésponding criticai number and
for two teinperature gradients: cui'i/e' 1at 10° K/s anci cui'vé 2 at 10° K/s. Both of the
curves calculate ~t‘he ncipsiationziiy 'soliit_ion. The firsi iibsérvation from thé figureiis that™
~as AT increases fhe ratio of Ig/I(" decrea‘sés. ihe results show that at small .AT, the values‘
of CIirve 2 aré iargér than those of' curv-e\ 1, though as AT inéréases the ciifference lietweeii
the two diﬁﬁniéhes. ‘Aiso; both cilrves ilai/e a iiégative slope. The 'Iriagnitude of "ihe
) initial slope of curve 2 is greaiter than that of ‘cur\'ze: R As AT increases the .

‘magnitudes of vtheislopes‘of both curves decrease. The plot suggests that the hi gher‘vth‘é
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Figuré 3.2.11: Ratios of Formation Rates, Ig/I0 , with Temperature Gradients of (1) 108
K/s and (2) 10°K/satS = 8, Saturation Temperature of 323 K

cobling r;te the largef the difference between the two formation rates, I; and I, uptoa
certain AT where the two curves merge.

There is a direct coﬁelation between AT and the vapor pressure, p., such that as
AT increa_éeS the vapor pressure increases above the equilibrium vapor pressure for the
" saturation temperature, ’1},. Keeping this in mind, Figure 3.2.11 indicates that as thg
vapor pressure décreases the formation rates increase.which occurs as a result c;f thel ’

increase in GibbS'énergy, AG.

3.3 Comparison of Results
. The purpose of this thesis is to compare the results from the numerical scheme

above with that of reference (1). The derivatibns and equations used are the same as

27




those in reference (1) except for the expressions for density, surface tension, and vapor

pressure The vapor pressure from reference (1) has about a 2% d1fference when

| compared to steam table values (Van Wylen 9) wh11e for the equation used in this study
the difference is 0.2%. The difference is calculated in the following way: (Puable -
poo)/p,;,ble, where ptable is the saturation pressure listed in the steam tables at the desired
ternperature. The 'temperature unit conversion is important in decidin g the percent
difference. The steam’tables record the temperature in Celsius vvhile’ all ternperatures

.- used in this thesis are in Kelvin. The conversion to Kelvin is T + 273.16. If the 0.16 is
“not added to the ternperature, the percent differences are the same for both studies.
Figure 3.3.1 s‘hovvs the contrast betvveen the two'pressure calculations. For the densities,
P, and ‘the surface rtensions, o, there is not a'si gnificant difference between the reference
‘(1) values and those used in th1s thesis.

Both stud1es computed the probabilitv of clusters, fy/n;, and the formation rates,
lg, of these clusters The probab111ty d1str1but10ns from this study seem to be. analogous
w1th those in reference (1) since both curves demonstrate the drop towards zero at the
v"right boundary. For this 1nvest1gat10n only the nonstat1onary rates are calculated. The
_ :rates for this thes1s are h1gher than those for the. reference. This variation might be due to
differences in values of Ag and AT .use‘.djin the nunrerical solution. It can be concluded
- .frorn both studiesthat-the classical formation rate equation f2.2.22) is not useful at 'lower_

AT and that the numerical studies are more accurate.
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/**********************************************************************/

/* Program : Condensation */
/* A */
/*  Programmer . Jessica Thomas */
/* : */
/* Date : July 5, 1999 */
/% ' */
-/* Description : This ANSI C program calculates the number of clusters of */
* g per unit volume and the rates of formation of condensation ~ */
/* nuclei *
* */

/**********************************************************************/

#include <stdio.h>
#include <stdlib.h>
#include <math.h>

#define iMax 501 /* max allowable # of rows and columns */
#define jMax 1701

double tol = le-5;
double inf = 1le+15;

double dg, dT, alphc, m, k, Rw,S;

double D, E, F, Xi,

double f[iMax][jMax], g[iMax], Inew[iMax][jMax];
double ginit, gmax, Tinit;

int NI, NJ;

char outFileStr[100];

/**********************************************************************/

void initparam (void)
/* initial parameters */
{

'FILE *fp;
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if ((fp = fopen("mput dat" " ")) == NULL) {
printf("cannot open file");
exit(1);
PR

// 'NI=iMax-1;‘. |
/I NJ=jMax-1; = =

fscanf(fp, "%i", &NI);
fscanf(fp, "%i", &NI);

. fscanf(fp, "%If", &ginit);
fscanf(fp, "%If", &gmax);
fscanf(fp, "%le", &dg);

- fscanf(fp, "%If", &dT);

~ fscanf(fp, "%If"; &Xi);
fscanf(fp, "%If", &Tinit);
fscanf(fp, "%lf", &alphc);
fscanf(fp, "%le", &m); |
fscanf(fp, "%le", &k); -

. fscanf(fp, "%If", &RW);
fscanf(fp, "%If", &S);
fscanf(fp, "%le", &D); .~
fscanf(fp, "%le", &E);
fscanf(fp, "%le", &F); |

. fscanf(fp, "%s" &outFlleStr)

fclose(fp); :
poo

/*******************************************#**************************/
double sig(double atc)

A S
"double functval;

functval = 0. 0757075-0 0001470996*atc (1. 085056-7)*pow(atc 2)
(1.31655¢- 9)*pow(atc 3);

~ - return functval;
/**********************************************%***********************/

double thol(double atc)
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{
double functval; '
functval = 1000.23236-0.01681514*atc-0.004487861*ﬁow(atc,Z);‘
return functval;
)
/**********#**********************é***$******¥*****¥******#*******é****/
dqubl_e ’pv(doublle aT)
(O
double x, z, ps;
double functval;
= aT*aT-2.937e5;
z = 647.27-aT;
ps=1. .01325*pow(10. 0 5. 0)*pow(10 0, (5 4266514 2005. 1/aT+(1 3869e-4)*x/aT*
(pow(lO 0 D*x*x) 1. 0)+E*pow(10 0 F*pow(z 1.25))));

‘ functval—ps*S

return functval

/**********************************************************************/
double VI(double atc)

{ :
double functval;

_ fuﬁctval = k/(rhol(atc)*Rw);

return functval; .

}

/**********************************************************************/

By double gstar(double aT)
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{

-double atc, functval'

atc’= aT 273.16;
* functval = 32.0*M PI*pow(s1g(atc) 3 0)/(3. O*k*pow(Rw*rhol(atc) 2.0)*
pow(aT*log(S) 3. O)) .

return functval,

/**********************************************************************/
double Kg(double aT, double ag)

{ .
double atc, aVl, functval;

atc = aT - 273.16;
_aVl = Vl(atc);
functval 4. O*M PI*alphc*pow(3 0*ag*aV1/4.0/M_PI,2.0/3.0)*pv(aT)/
A ' pow(2 0*M_ PI*m*k*aT 1.0/2.0);

return funétval;
} L

/****************************f****%f***********************************/
double partialKg(double aT, double ag)

{

double atc, aVl, functval;
atc = aT - 273.16;
aVl =Vl(atc);
~ functval = 8.0*M_P1/3. 0*a1phc*pow(3 0*aV1/4.0/M_ PI 2.0/3.0y*
' pow(ag,-1.0/3. O)*pv(aT)/pow(2 0*M_ PI*m*k*aT 1.0/2. O),

return functval;
.

’ j********************************************#*************************/

double delGg(double aT, double ag)
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{

double atc, aVl, functval;

atc = aT - 273.16;

aVl = Vl(atc);

functval = sig(atc)*pow(4.0/3.0*M_PI*aVI*aV],1.0/3.0)*
(3.0*pow(ag,2.0/3.0)-2.0*ag/pow(gstar(aT),1.0/3.0));

return functval;

}

/**********************************************************************/

double partialdelGg(double aT, double ag)

{

double atc, aVl, functval;

atc = aT - 273.16;
aVl = Vl(atc);
functval = sig(atc)*pow(4.0/3.0*M_PI*aV1*aV],1.0/3.0)*
© (2.0*pow(ag,-1.0/3.0)-2.0*pow(gstar(aT),-1.0/3.0));

return functval;

}

'/**********************************************************************/
double doubpartdelGg(double aT, double ag)

{

double atc, aVl, functval; -
atc = aT - 273.16; -
aVl = VI(atc); : ~
functval = sig(atc)*pow(4.0/3.0*M_PI*aV1*aVl,1.0/3.0)*
(-2.0/3.0*pow(ag,-4.0/3.0));

return functval;

}

/**********************************************************************/

double A(double aT, double ag)
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{ .
double functval;
. fﬁnctval=Kg(aT, ag);

return functval; ' : o

} -

sk sk R R R R R Rk |
double B(double aT, double ag)

{

double functval;
functval = partialKg(aT,ag)+partialdeng(aT,ag)*Kg(aT,ag)/k/aT;

return functval;

}

double C(double aT, double ag)

{
double functval;

_ functval = (Kg(aT,ag)*doubpartdelGg(aT,ag)+partialK g(aT,ag)*
partialdelGg(aT,ag))/k/aT; ~

" return functval,

}

ks Rk R R R s ok sk koo sk sk ok s ok o ok
double ng(double aT, double ag)

{
double functval;

functyal=exp(-delGg(aT,ag)/(k*aT));

return functval;

‘-}‘
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/**********************************************f***********************/

void conditions (void) -

/* initial and boundary conditions */

//ddubie T;
int i, j;
" g[0] = ginit; -

for j=0;j <= NI; j++) {
I/ T = Tinit + j*dT;
f{0]j]=ng(Tinit,g[0]);
g[NI] = gmax;
fINT][j1=0.0;

-}
/1 - fINI][0]=ng(T: init,yg[l&II]u);'_ .
'+ for(i=1; i<NL; ﬁ++) [
glil=gl[i-1]+dg;
_ f[i][0]=ng(Tinit,g[il);
) :
}

/**********************************************************************/

void TriDSolver(double argP[iMax], double argQ[iMax], double argR[iMax],
N double argRHS[iMax], double argx[iMax], int argn)

/*This subroutine solves a tri-diagonal system given .  */

/* the upper, ~rniddlle, and lower diagonals. The solution */
/* is returned in the-array argx. Ry

. ¢ '. o
double alph[lMax] SOL[1Max], N
: 1nt1

' alph[l] argQ[1];
SOL[I] = argRHS[l],

for(i= 2 i<= (argn 1), 1++) {
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alph[i] = argQ[i] - argP[i]*argR[i-1]/alph[i-1];
SOL[i] = argRHS]i] - argP[i]*SOL[i-1]/alph[i-1];
}

argx[argn-1] = SOL[argn-1]/alph[argn-1];
for(i = (argn-2); i >=1; i) {
argx[i] = (SOL[i] - argR[i]*argx[i+1])/alphli];
}
}

/**********************************************************************/

void solve (void)

{
double Told, Tnew, dg2, dTXi;

double pTnew[iMax], qTnew[iMax], rTnew[iMax];
double pTold[iMax], qTold[iMax], r'Told[iMax];
double RHS[iMax], xs[iMax], RHSTerm;

int i, j;

dg2 = dg*dg;
dTXi = dT/Xi;
Told = Tinit; .
for(j=0; j<NIJ; j++) {
Tnew = Tinit+(j+1)*dT;
for(i=1; i<NT; i++) {
pTnew[i] = dTXi*(A(Tnew,g[i])/(2.0*dg2) -
B(Tnew,g[i])/(4.0*dg));
qTnew[i] = dTXi*(-A(Tnew,g[i])/dg2 +
C(Tnew,g[i])/2.0) - 1.0;
rTnew[i] = dTXi*(A(Tnew,g[i])/(2.0*dg2) +
B(Tnew,g[i])/(4.0*dg));

pTold[i] = -dTXi*(A(Told,g[i])/(2.0*dg2) -
B(Told,g[i])/(4.0*dg));

qTold[i] = -dTXi*(-A(Told,g[i])/dg2 +
C(Told,g[i])/2.0) - 1.0;

rTold[i] = -dTXi*(A(Told,g[i])/(2.0*dg2) +
B(Told,g[i])/(4.0*dg));

if (i==1) {

RHSTerm = -pTnew[i]*f[i-1][j;
}
else if (i == (NI-1)) {
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RHSTerm = -rTnew[i]*f[i+1][j];

Ty
“else {
RHSTerm =0.0; .
} o

| RHS [i] = (bToldii]*f[ill]U] + qTold[i]'*f[i][i] +
rTold[i]*f[i+1][j] + RHSTerm);

for(i=1; i<NT; i++){
flil[j+11=xs[i];
Inew[l][]+1]—-Kg(Tnew,g[l])*((f[1+1][]+1]-f[1 11G+11)

‘ ‘ o TriDSolver(pTnew, qTnew, fri;éw, RHS, xs, NI)';
| /2.0/dg+Ti][j+1]*partialdelGg(Tnew,g[i])/k/Tnew);
| » ; .

Todld‘-—-, ’I“new;‘ o

' 7*************;*%**%%***%***%4#*#**************************************/
double 10 (double aT)
double functval atc;~
- atc =aT - - 273. 16
functval alphc*pv(aT)/k/aT*pow(2 O*m*81g(atc)/M PI,1.0/2.0)/

: rhol(atc)*exp( ~ .

16. O*M PI/3 0*pow(s1g(atc)/k/aT 3 O)*pow(Vl(atc)/
log(S), 2 0);- ‘

return functval;’
. y**********************************************************************[
void printdataf (void)-

a-



double T; .
int1i, j;
FILE *{p;

if ((fp = fopen(outFileStr, "w")) == NULL)
{ /* begin if */ \ ‘
printf("cannot open file");
exit(1);
} /*endif */

fprintf(fp,"TITLE=Solution of f at Tsat=323\n");
fprintf(fp,"VARIABLES=\n");
fprintf(fp,"g\n");

for(j=0; j<=NT; j=j+25) {
T = Tinit + j*dT;
fprintf(fp,"%.6le\n", T);
}

for(i=0; i<=NT; i++) {
fprintf(fp,"%.51f ", glil);
for(j=0; j<=NJ; j=j+25) {

" fprintf(fp,"%.15le ", fIillj1);
}
fprintf(fp,"}");
fclose(fp);

}

!

void pr'intdlataf (void)

{ s ' N . . »— | " . 'IAh‘
double T; ' .

. inti, j;
FILE *fp;

if ((fp = fopen(outFileStr, "w")) == NULL)
{ /*beginif */
printf("cannot open file");
getchar();
exit(1);
-} /*endif ¥/
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| fprintf(fp,"TITLE:Solution of V10 at Tsat=323\n");
fprintf(fp,"VARIABLES=\n"); .
- fprintf(fp,"T\n");

for(i=0; i<=NT; i++) {
if((glil>=14.0)&&(glil<=15.0))
fprintf(fp,"1%.6le\n", g[il);

for(j=0; _|<—NJ ) {
T=Tinit+j*dT;

_ fprintf(fp," %.51f *, T);
for(i=0; i<=NT; i++) {. '

if((g[i]>=14.0)&&(g[i]<=15.0))

: fpnntf(fp,"% 151e " Inew[l][]]/IO(T))
}
fpnntf(fp,"\n")

}

fclose(fp);
/******************#*****#*********************************************/

void main(void)

{
printf("\n");
printf("Reading input.dat.. \n")
printf("\n"); .
initparam(); - /* call _1n1t1a1 parameters */

printf("\n"); .
printf("Setting up initial condltlons \n")

~ prntf("\n"); - - :
conditions(); /* call initial and boundary conditions subroutine */

printf("\n");
printf(""Solving system over temperature range...\n");

- printf("\n");
solve() ‘ /* call solve routme */

prmtf("\n")
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pnntf("Wntmg to output data f11e \n")

| o printf("\n");

pnntdataf() /* print sol‘utlong */

‘7" pnntf("\n") :
printf("Press. enter to ex1t program \n")

o getchar()
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