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wvave amplitude
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specific heat st oconstant pressure
binary diffusivity for system A-B
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therme) conductivity
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heat flux

Reynolds number

Schalt number

turbuleat Schalt puader
Ehervood number

Stanton pumber

Tenperature

velooity

distance dovn the plate
mass fraction of species 1



Chapter 1
INTRODUCTION

During & postulated light vater resctor scoident (e.g.
Loss of Coolant Accident), an important comcerz is bov to
prediot the pressure-teaperature response in  the
Containment Dbuilding. This 4s because the flashing high
62ergy coolant released from the primary system can
significantly contridute to & rise 42 the containment
Pressure, perhaps threstening its structural integrity. To
reduce the steam pressure, Dotk active and passive
safeguard systems are used in current cCutalnment designs.
The aotive gystems inolude ocontainzent sprays, fan
ccolers, ice condensers and suppression pool cooling. The
passive systems, which are the conveotive beat transfer to
the ocontainment wall and internal siructural components,
have an ismportant role as an inhsrent safety feature. If
the wall surface tenpersture i3 belov the devpoint, the
heat transfer rate is able to Dbe greatly iacressed by
condensation, which is the subject of this report.

Bven though oondensation phencmens can be classified
into dropwise and film oondensation nodes, dropvise
condensstion usually changes quickly to fils condensstion
during the initial period of condensation and probadly
vould mot  affect the final Contsinment pressure-
texperature response [1). In this work we focus on 24la
condensstion bheat transfer. Rates of heat transfer for
fila oondensation can be prediocted as & function of Dulk
and surface teaperatures, total bulk pressure, surface and
liquid film characteristios, pulk velocoity and the
pressnoe of pnonoondensadle gases. Xven though filn
condensation has Deexn investigated extensively, the
BajOTity Of these studies weres devoied t0 laminar fila
condensation (laminar Dulk flov and laminar film). Bince



air flov. The past work in oondensation phezomena 4in a
reactor containment are revieved.

The simple wmodel and tvo-dimensional model are
desoribed in chapter 3. The snalyses are presented in
chapter 4 by oomparing these models to ‘separate effects’
experizents and istegral test data. Pinally, oconclusions
and recomsendations are presented in chapter 8



the vavy interface, which is expected for vertically
falling film, is investigated.

The wmodel for the turbulent vapor-sir flov and the
effe0t of the turbulent flov oz the condensation phenonens
&r¢ presented, since the vapor-gas flov in the ocontainment
s&nd the condensate film are supposed to be turbulent under
some oonditions.

After the reviev of  oondensaticn theories and
experiments, the charsoteristics of s falling fils and the
sodel for the turbulent flow, the previocus iavestigations
0f condensation phenomens in & resctor oontainment during
& postulated sccident are descrided.

2.3 Thecretical Developments of Condensation
4.3.1 Stationary Pure Vapor

Yor filavise condensation of s "stationary” satursted
vapor, Nusselt (5] presented the first analytical solution
for bheat transfer on & plane surface with the folloving
assuzptions [@8):

1) the flov of condensste in the fils ia laminar.

4) the fluild properties are oonstant,

3) subcooling of the condensste may be neglected,

4) momentum ocnvective changes through the film are

negligible,

8) the wvapor 4is stationary and exerts 2o drag on the

dovavard motion of the ooudensate,

8) heat transfer is by conduction only.

From & foroe balance on an elesest of fils lying betwveen y
and & iu Pig. 2.1,

du
(g = v) dx () =9,) & sinl = u, (-‘—,'-; éx (2.2.1-1)
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vhich means that the interfacial shear Stress approaches
the “frictiomal® ashear stress for single-phase flov over
&2 impermeadbles plate for lov oondensation rates, viile 4in
the other extrese ocase of Righ ocondensation rates, it

Spprosches the ssymptotio value of momestum transfer rate
©f oondexnsing vapor, T

T, e 4" (ug - ug) (2.2.3-3)

viere g vas assuned tOo De zero in his ovs vork. From
these golutions, %he local Fusselt suaber is given by

¢" - e, Pr 14
S LI o oy ((:1)*(-1>(-C—A-§-‘>)* (2.2.2-¢)
‘Re v . N e P
viere

Gy" © tabulated value &8s & funotion of G,. the
suction parameter [14)

and the following asymptotic relatiocns sizilar to Ig.
(2.2.2-1) and (2.2.3-32) were derived

N (b, vesb @x Prigy 1o}
7 () o.muwu?,ue’-gm

C_aT -
for small (‘:—)’(Dl)(#‘;) (2.2.2-8)
¥ ¥ [

C a7
B (¥ os tor large ('R (2.2 2-0)
h v ¥ v “

Cess further suggested that 4t is permiseidle for
C’IAS/(Pr 1,.) ‘¢« 30 to neglect the inertia forces asd for
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This result corresponds to Bg. (2.2.2-6) whicd is Cess's
result for Lhigh oondsusstion rates when ¥ i muck less
than 1. (This is gener»lly true for non metallioc ligquids.)
It mesns that Cess’'s assusption (uy = 0) 48 walid for this
case.

Shekrilsdze and Gomelsuri also considered the oase of
&n  isothersal verticel plate withk the saze asguzptions.
(The effects of inertis foroes aad ezergy convection
withiz the ooxndexsste film vere neglected. In sddition,
the interfacial velocity Uy vas assumed to be zero for

this caloulstion.) Only Bg. (2.2.2-7) is chasged to
i
dJ.

‘——Z-Q".O (33.3-13)
y

vith the sane other equatious and boundary conditions. The
rec lts are

Prg1n(®) ®

l/_‘f’,u. 1 o 1e4282)
b (Ull )’

3 al) (2.3.2-13)

It was reviewed that the interfacial shear Ftress, ry,
bas tvo ssymptotic values, Bg. (2.32.3-1), vapor frictios
on the fils, and Bg. (2.2.2-2) which is momentus drag as
the vwapor condenses on the slover moving fils. Kayhev et.
8l. [16,17]) sttespted to expend Nusselt's simple aspproach
t0 take ascoount of Dotk forms of drag by using s very
sizple interpclation formulas,

¥ . (2.2.2-14)

du

u(-‘-,—')dx o B-y)® -0 Jadx + T dx + dl(u-u) (2.2.3-18)
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comparison with the €xperimental data. It 4s interesting
t0 note that the result of Ehekrilsdze snd Goselaurs
Corresponds to the case Dr 0. ¥ = 1 of Kayhev's
calculation.

South and Demny [19) PTOposed an interpolstion forsuls
of the form for the interfacial slesr stress,

a, . ab

Ty s (pery (2.2.3-19)

V.8re n ~ 1.37% vas suggested to five good sgreement with
the nuserical results for both the flat plate and
stagnation point flov over the sutire range of the suotion
Parsneter as showvn in Fig. 2.3, dovever, in viev of tle
fact that the ccatridution of Ty t0 ry 45 emall except
for very lov condezsation rates, such an interpolation
formuls would only lead to & small difference in the heat
transfer witdk the result from rp = rp.

Jacobe (20] used an integral metdod to solve the
boundary layer squation for the condensste film and the
Vapor boundary layer by matching the mass flux, shear
Stress, temperature and veloocity at the interface. The
inertia axd oonveotion teras iz the bouslary layer
Squations of the liquid film wvere neglected. The varistion
©f the physical Properties and the therasl resistance st
the vapor-liquid interface vere &also neglected. Eizce
Jeoobs used an incorrect boundary gf:d&tzon for the vapor
boundary layer (I, = 0 instead of -;f- = 0 st ™iX), Pujis
and Ushars [21) solved the same probles with the oorrect
bousdary oondition. I sddition, the velooity profile in
the vapor layer was taken as a quadratio formuls of (y-4).

They presented the numerioal resulte and  their
SPPTOXimate expressions for the cases of free conveotion,
foroed oonveotiom, and  oomdined free and forced
Oonveoticn. The results show 004 agroement with the



15

surface are restricted within some limitations and viere

Fu; is smaller than 2 x 10% when the predicted Fu, is
larger than 2 x 10% <tne experimental Nu, is ebout from

1.3 to 1.9 timers as large os the predicted one except for
tie ocases of small Lest flux as chown 4 Pig. 2.4. There
bigh ¥u; experimental data were reporied Dy Goodykoontz
and Dorsd [23,24] axd Jecod et al. [22), who performed

the experiments by condensing steam on the inrer surface
©f & oylinder wita & ranga of stean flov velocity of 10 -
80 /e (23], 20-70 m/s [23) and 985-310 n/s [24]. The
suthors eattriduted this discrepancy to the turbulence in
the liguid fila from the very highk vapor velocity.

4.2.3 Btationary Vapor with & Ncnoondensadle Gas

ALlr, & ponoondensalle gas, exists iz a contalnment and
leads to & signif! .ot reduction in beat transfer during
condensation. An ai: -vapor boundary layer forms zext to
the oondensate layer and the partial pressures of air and
VAPOT vary through the boundary layer as shown in rig.
2.8, The Dduild-up of nonoondensable §48 near the
condensate film izhidits the diffusion ©f the wapor from
the Ddulk mirxture to the liguid film and reduces the rate
0f mass and energy transfer. Therefore, it is necessary to
golve simultanecusly the oconservatiun equations of mass,
ROEGZTUE axnd anergy for both the condensate film and the
Vapor-gas bounda~y layer together with the ocnservation ¢
fpecies for the Yapor-gas layer. At the interface, =
oontinuity oondition of mass, momertus and energy has to
be satisfied.

For & stagnast vapor-gas Rixture, Bparrcy and Eokert
(32] exd Sparrov and Lin [28) sclved the mass, aomentunm
and esergy equations for laminar film condensation oz an
isothermal verticsl plate Dby  using & similarity



2.2.4 ¥oving Vapor vwith s Noncondens-ble Gas

¥or s laminsr vapur-gas mirture case, Bparrov et. al.
(39]) sclved the conservation equations for the liguid film
aad the vwapor-sir boundary layer negleoting inertis and
oonvection in the liquid layer and assuming the streanvise
velooity component at the interfeade to D& zerc iz tie
domputation of the velooity field 4z the vapor-gas
boundary layer. Also a reference temperature vwas used for
the evaluation of properties. The results shoved that the
effect of nonocondensgadle g§a8 for the moving vapor-gas
Rixture oase is wmuch lees than for the corresponding
stationary vapor-gas mixture. A ROVing vwvapor-gas amirture
is oonsic wred to Lhave & ‘Sveeping’ effeot, thereby
resulting il & lover gas concentration at the ianterface
(compared to  the corresponding etetionary vapor-gas
Rirxture case). Alsc, the ratioc of the leat flux vith =&
Scnoondensable gas to that witlout a noncondensable gas
ves oalculated to be independent of the Pulk velocity
(ug). The oomputed results revesl that 4interfacisl
Tesistance has « neqligidle effect on the Lheat transfer
and that superheating has wuch less of ax effeot than in
the cor-*iponding free conveotios case.

Kok (30]) and Pujil et al. [31) solved this problen
vithout the wsimplifying assumptions used in [29) except
for unifors properties and showved §00d agreement with the
APProximate analysis.

Instesd of aolving » complte set of the comservation
équations, Rose (32]) used the experimental leat transfer
Tesult for flov over a flat plate with suotion (33)

mote e € (14 o8BSyt L8 By (3.3.4-1)

vhere
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sizultazeously to give, for specified free strean
conditions, tls relationship betveen the vapor mass flux
t0 the ocondensate surface ind the composition at the
interface. Kliminating sizher Z, (-Shx l.;’) or f; bhe
obtained

Wellegse (1e0.008! 045093 /1l (5.5 4o8)

or

0.21, 1.14,2.
L, ¢ 050 88 g cal Ml o Lo (2.3.4-8)

The results given by equation (2.2.4-8) vere compared with
the numerical solutions of Spasrov et. al. (28] for
given wvalue of Fy and agreed very vell as shovn in Tadle

4. The results givex by equation (2.2.4-8) vere compared
vith the exact numerical solutions of Kch (30] and Pujis
6t. al. [31) as sdovn iz Pig. 2.7. The g§ood agreexent
betveen the exact sumerical solutions and equation (2.2.4-
8) confirms the validity of tis #implifications msde 4in
his wvork.

Dezny et. al. ([34,'8] alsc oconaidered the case of
dovovard vapor-gas mizrtu'e .. =rallel to & verticsl
fiat plate. They presented nun L W solution of similar
RAsE, @moOmentum and esergy egquations for a vapor-gas
Rixture Dby wseans of & forvard marching technique.
Interfacial  Dboundary oconditions st €Ach step were
extracted frow & locally walid Fusselt type analysis of
the oondensate film. Locally variable properties in the
condensate film vere evaluated by meacs of the reference
temperasture oonoept, while those i the Yapor-gas layer
vers treated exactly. Asano et. al. (38) treated the
condensate film as in the Fusselt anr ~vseis but sesuned the
interfacial shear stress vas the sane as that for single-
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and for the local vapor-side Shervood surber is
. i 1
Sh‘.‘ 0.332 lo'Sc'gl(l.Sc) (3.2.4-10)

vhere §,(B,.50) can be understood as a bigh mass transfer
correction faotor which was tadulated to be & funmotion of
the dimensionless mase transfer driving force B. Tie
numerical results sdoved good agreement vith the numerical
solution by Denny et al. for By = 0.3 /s, L -~ 0.08 n.

The enalytical s=model descrided above vas solved using
oaly & lsminar vapor-gss (or pure vapor) boundary layer
except for Mayhev [12]. 4l1 ocmplete sets of the
conservation equations vere sclved Dy sssuming & lazminar
flov for Dotk a ocondensate fils and s vapor-gas layer.
¥uitley (37] proposed s simple method, which uses the
analogy Dbetveen heat and mass transfer for forced
conveotion condensation of & turbulent Rixture Doundary
layer by negleocting the interfscial velooity and treating
the surface of the condensate fils4 to be smooth. The local
Fusselt number for a turbuleat flow over & flat plate is

0.8, 0.6
iy, g = 0.0296 Ra0Ppr (3.3.4-11)

The local Ehervood number and Rass transfer oonductance
are

) 0.8, 0.6
Shy, g ® 0.0296 Re? Sey (2.3.4-13)

$(x) = 0.0296 ¢* O Y |.;°'zs¢;°-‘ (2.3.4-13)

vhere

e
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¥ayhev and Aggarval (18] experimented with pure stean
oondensing on a flat surface. To avoid air in-leakage, the
éxperiments were ocarried out at pressures slightly adbove
atmospherio. Fig. 3.8 shoves good esgreement betveen tie
experimental results and the caloulated values by their
owvn theory (Bq. (2.2.2-17)). It 4s very interesting to
note that the results for the counter-current flov cases
ére appreciadbly Dhigher than those predicted by the
suthors’ owvn model and indeed alvays higher than the
corT . 'ponding co-current wvelocity vapor values. The reason
¥as investigated and explained as follovws 4in the origiznal
paper |

‘As  obvious explanation vas provided by dye-injection
teésts vhich shoved that, with counterflow, 2o lamisar film
flov could be schieved. The film was torn off the plate
(1.e. flooding ooourred) at quite moderste values of vapor
velooity. Bimilar observations with parallel flow
coniirmed that the film was alvays Dbotd laminar and
Smooth. From vork with poncondensing filas it was expected
that 7rippled flov would be encouztered over part of the
surface at the higher wvelooities used. In fact rexarkadly
ERCOth films vere cbserved suggesting that mass transfer,
and possibly also surface tension effects on tke ©nox-
isothermal film, must have had & stadbilizing effect.”

Recently Asano et al. (38] reported their dats for the
condensation of pure saturated Vapors on & vertiocal flst
copper plate and showed good agreement with the authors’
ovn model (Eqe. (2.2.4-8, 2.2.4-9)).

2.3.3 Btationary Vapor with & Norocondsnsable Gas

Perhaps the earliest definitive experiment of the



active condensation length. The tube wvas mounted in s
oylindrical pressure vessel 1.%2 = 0.D. by J5.3% = 1long.
Satursted wsteam was supplied by &z exterzal source and
alloved to diffuse to the tube resnlting in steady-state,
natural oonvection oonditions. Asn expression, whick is &
function of AT, percent moncondensalle gas by veolume (YW)
snd total pressure (Pgoe). ©f the bheat transfer
Oocefficlext was proposed from the experimental data.

h e 149.9 (a)-1.11(1°t/xm)2.59(Pt t)O.w (3,3,3-1)
o
vhere 0.37 « Peot ¢« 0.70 XPa
0.0 « ¥ « 14.0 %
AT <« 40 °¢

Even though this experiment was done over s g§ood range of
pressure for s contalinment analysis and shoved a
signifioant effect of pressure, the Pipe gecmetry and
lexgt: scale make 1t questionable to apply this
correlation to & reactor containmpent azalysis.
Unfrrtusately, the experiment results vere not compared
vith any other tleoretical model.

2.5.4 Noving Vapor with a ¥oncondensable Gas

Rauscher, Mills and Denxy [49) performed experiments of
filmvise ocondensstion from steam-air Rixtures undergoing
foroed flov over a 0.74 4in. 0.D. horizontal tube. The heat
transfer ocefficient at the stagnation point vas reported
for bulk air mass fraotions of O - 7 % and onooming vspor
velooity of 1 - 6 ft/5. The reduotion in heat transfer for
the steam-air mixture was found to be in excellent

Agreexent with the theoretiocal analysis of Denny and South
(80).
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turbulence intensity and decreasing the viscous sublayer
thickness similarly to the effects of & rough wall.
Therefore, the understanding of the struoture of the
condensate liquid fils and the interfsce oo & long
vertical wall is important to the study of oondensation
phenceens on & containment wall.

From the early experimental studies, three different

fiov regimes have been reported for the falling film on &
vertical wall (81):

1) At Reynolds nuaders less than 20 to 30, there exists
the usual viscous flowv regime.

3) From Reynolds zumbers Detween 30 to 80, & wave
Té{imeé appears. In this flov regime, the gross flov
rate does not deviste appreciadly from the laminar
parabolic description in spite of the presence of
surface vaves. Hence, it is sometimes called peseudo-
laminar.

3) At Reynolds pumber larger than 1500 to 2000, the
lanizar region is replaced by turdulent motion.

Theoretiocally, there wvere RADY investigations made to
cbtain the analytio solution for the structure of the
falling film. Yor exasple, Benjamin [(83) developed o
linear stadility theory and Kapitza [(83) attexpted to
Solve the nonlinear equation which 4is derived from the
boundary layer equation witd kiuematio surfsoce condition
and tangential and norsal asbear stress continuity
oondition. After . that, many wmodifications or other
sttempts (84, 85, 88, 87) were made. Even though these
theoretical anslyses partially agreed with the
experimental data, analysis generally can not desoribe the

Bighly nonlinear wave motion with & fev terme in & Pourier
series.
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force causes ascceleration and thinning of the vaves.

The folloving papers by Chu end Dukler (859.80)
concluded that <the small vaves vhiok oover the sudstrate
in the falling fila oontrol the fluid resistance and
transport processes in the gas boundary layer since the
substrate is present for s large portion of time, while
the large vaves control these same processes in the liquid
film since the large vaves carry & large portion of liquid
mass. 7Fig. 2.13 shovs that the liquid flov rate has a
strong effect on the probadbility density distridution of
Fubstrate thickness and the mariwus pesk value decreases
rapidly with decreasing liquid flov rate. On the other
band, the gas flov rate has only & small effect on the
maxizus peak value and the spread of the ourve. Also, Pig.
2.13 shovs that increassing gas flov rate decreases the
substrate thickness on the ligquid filas.

Fig. 2.14 shovs that the prodbadility densities of
sFubstrate vave amplitude f (A,) is loosted remarkably near
the same value, within 0.0128 =m, for all liquid rates 4in
the absence of gas flov. Pros this phenomencn, it wvas
suggested that the waves that are formed are all of saze
saplitude and that a process of digpersion or coslescence
fenerates vaves of other sizes. This dispersion axd
coslesocence inoreases as the flov rate increases. The vave
sxplitude 48 Ainsensitive to gas flov as showvn st Pig.
2.18, even though the aversge sudstrate film thickness 4is
sensitive as showva at Pig. 2.13.

On the other bhand, probadility density funotions of
large vave aamplitudes display vell defined multiple peaks
sxocept for the lovest film Reynolds number as shovn in
Fig. 3.16. This suggests the existence of several discrete
large waves. At lov liquid rates (Re;, <« 700), ozne
charscteristic wave amplitude vas presented vwith s modal
value of adbout 0.08 mm. If Pig. 2.16 is compared with Pig.
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strongly on the distance as vell as the liquid and gaseous
fils Reynolds number. The oritical Reynolds sumber, vhere
the flov is supposed to change from laminar to turbulent,
varies vith the loogitudinsl distance a8 shown at Pig.
2.19. Pig. 3.20 shovs & typical result of the longitudizal
effect for Rey = 576. In this figure, small amplitudes of
iess than 0.1 mm and Dhigh frequencies (100 Ez) wvere
reported iz the entrance regicn (0.1 m). This changed to
ripple type wvaves of about 0.3 ma in amplitude and about
50 Ez frequency at 0.3 m. After 0.% m, large vaves (0.5 =z
szplitude and 10 - 20 Hz frequency) wvere reported. These
large vaves and the substrates are similar to the twvo-vave
gysten which was revieved before. Takahass also mpeasured
the increase of surface ares due to interfacial waves and
found that the increment is very small. This means that
the promotion of heat and mass transfer betveen the tvo-
phases is not due to an increase of the 4interfacisl
surface earea Dbut to the disturbance effect of the vavYy
motion.

Recently, the gimulation of s vertical vavy fila was
solved analytically by using & finite-element method by P.
Bach and J. Villadsen (83). The cumputed result (Pig.
2.31) shovs the ocharsoteristic features (the deep trough,
the steep forefront and much smoother receding back of the
vave) o©of & falling film vave whichk were reported by the
previous axperiment. Another iaportant result of this
calculation 48 the dramatic 4izcrease of Yy coaponent
velocity before the vave fron®. (point X st Pig. 2.21 and
Table 2.3). It means that & fluld _partiocle, whioh is at &
position quite close to the wsll at that poist,
sccelerates very rapidly out of "the trough. It is svept
tovards the surface of the liguid ad past the ocrest of
the large wave Defore settling cova inm the smooth flovw
behind the vave. This phen mens must greatly enbance the
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intensity and decreasing the visoous sublayer. This effect
vas correlated by comparing drag oz the vavy surfaces to
that on & roughened surface. As & ocnclusion, even though
the nuserical scoluticn Dby P. Bach and J. Villadson
recexntly, shovs some possibility for solving for the wvave
motion, experimental correlation is still & Dbetter tool
than puserical solution to represent the characteristics
of the falling film and the effect of & vavy interface in
promoting transport phenomena.

2.% Turdbulent Condexnsation
2.59.1 Turbulent fils condensation

FYor loang vertical surfsces, it is possidle to obtai:n
condensation rates esuch that the f4ilm Reynolds number
exceeds the critical value at vhich turbulence Degins.
Eirkdbride (67] found that the heat transfer coefficient is
such  greater than the value caloulated from Nusselt's
theory on this turbulent oondensste fils.

After his experiment, Coldburn [68]) revieved the results
of Eirkbride and developed the following oorrelation for
the Dhesat transfer coefficient of the turbulent condensate
fils by using the analogy with the flowv of ligquids through
pipes under conditions where the ligquid completely filled

the pipe. In this work the oritical fils Reynolds nunder
vas takea ss 3000.

2
3 4]

{0 (1 e 0.06 a.f'z ped  (as1-1)
t, °1(°1"°.)‘ -

This analysis vas extended by Carpenter and Colburn [68)
tc propose the following ocorrelationm vhich inmoluded the
effect of vapor sbear stress.
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order of 10,000 with 4interfacial shear. Therefore, lhe
suggested that neither true laminar por fully develcped
turbulent flov exists 4in the filwm and the comdined
mechazniss was considered at all pointes in the film. Tie
Deissler equation near s solid boundary and Von-Earman's
Gquation at the region of y* larger than 30 for the eddy

viscosity were used to model the turdulent motion as
follovs:

2
€ =nlyy (l—cxp(-guﬁ'%‘)) tor y* 20 (3.8.1-3)
1

2
€ o1 (48y3,4%4,2
(dy) ("2’ for y* 320 (3.85.1-4)

vhere n and Y are numerical oonstants.

This model wvas solved digitally by using computer. It
vas found that the velocity distribution curve in the
liguid film depends both on the interfscial shear and on
the film thickness while the universal velocity
distridution is usual i3 full Pipe flov. The results sgree
vell with Nusselt values at very lov Reynolds aumder and
vith Carpexter’s experimental data 41 the turbulent
region. There is also good agreement with Seban’'s snalysis
&% high Reynolds pumbers and Prandtl pusders. lee(73],
hovever, pointed out that the fall-off in tke Dleat
transfer rate for small Prandtl musbers was grestly over-
estisated sinoe Dukler neglected the molecular therzal
conductivity witk respect %o the eddy oonductivity 4in
defining the temperature profile at values of y* greater
thar 20. Ne bhas repeated Dukler's caloulstion using an
improved welocity profile and oonsidering the molecular
conductivity ters and obtained s solution vhich is very
olose to Dukler‘s results at Bigh Prandtl musbers and to
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Cc - vave Ccelerity

The azalogous dimensionless heat transfer equations are
used by Bankoff (73] as follows:

Nu,_ = 0.25 Re, Pr? for Re > 500 (2.5.1-8)
t | t

ﬁu: «- 0.7 F Ro: Pr§ for Rot < 500 (3.5.1-9)

vhere the turbulent Fusselt number is given by Fu, =~
bly,/k. ¥Xe used these correlations with Uy = 0.3 u; and 1,
= & for the horizontal ocourrent stean-vater flov and got
& good fit of his owvn horizomtal condensation experizental
dats and the value predicted by Bg (2.5.1-9).

E.J. Kia and B.G. Bankof? [78) presented anotler
correlation as follovs for oocuntercurrent stean-vater flowv
in an inclined channel, vhere the interface is expected to
be more agitated by ocountercurrent flow and the inclined
surface than the horizontal cocurrent flov.

Nu, = 0.061 g.i-lz pe 05 (2.8.1-10)
viere, u, - /11 /p

1, = A

At a oonolusion, éven though some theocretical
predioctions before 1970 agree vell with the &xperimental
data in some specifio range, they do not oonsider the
physical struoture of the falling film. On the other hand,
although the use of & turdbulence-centered nodel appears to
take into sccocunt the physical struoture of the turbulent
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- N (2.5.2-3)

e £l
v ey t ax

The transport equation for Uy is transformed to the
turbulent kinetioc energy equation by the contraction, J=1,

vhiok can be expressed as:

Dk i8 ut :..( -
5. 97_;[0 gy . ,—l 3—)34 € (2.5.2-4)

Also, the turbulence dissipation equation can be derived
i & similar vay vith some assusptions.

uz 3¢

2
T, (2.8.2-8)

2
i™m

”!
O -
™

L]

U € du 3u du ¢

Cl 4 ot i i A
=t 7—73': 2%

+*

vhere the turbulent visocosity 4y Can be calculated by

C. ok
TR _— (2.5.2-8)
t (4

The values of the oonstants sppearing im Bges. (2.%5.2-4)

(2.8.2-6) were
[81).

Fuggested a&s follows Dy Launder et al.
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assigned in the ordinary k-¢ model, vhile c, and C, are to
vary with turdulence Reynolds nusber according to the

formulae:

Cu - Cuo olp(-Z.S/(lo!ct/SO.)) (2.8.2-9)

C, »C,  exp[1.0 - 0.3 .xp(-t.f)}

(3.8.3-10)
vhere
2
k
Re: - ;:

vie ® C-o and Cp, are the vulues assumed by c“ and C; 4n
the fully turbdulent region.

¥all Function Mathod

In this method, the effective viscosity near the wall
is deduced 1not from the k-« model descrided adove, but
from the implications of the universal velocity profile.
The fluxes of somentus asnd hest to the wvall are caloulated
by the following correlations,

cchd
cd o} . L la[Ey,—alt (3.8.3-11)
K* v

u
(T/D)u

(Tp-Ty) ¢po cf i . b fatanll Sk
" *

Sy . . (2.8.2-12)

"/ A* 4 pr Pr . -¢%
Prt ;?;677 (:w) (p;: - l)(;;:)

+
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1) It is economical in Computational time and storage.
That is, it produces relatively aocurate results
vith fever node poiats within the boundary layer,
8in0¢ the wvall effect 4is evaluated only 4n the
numeriocal oells next to the vall. Por example,
Chieng and Launder [84] shoved wmuch glover
convergence with s fine §7id using the lov Reynolds
nurber model than that by using the near vall model
oz the coalculaticn of turbulent leat transport
dovnstreas froa an abrupt pipe expansion.

@) It allows the introduction of additional e=mpirical
information in special cases (for exsasple; suction,
blowiag and rough wall, €t0.). The extra ezpirical

information cax be €Xpressed by vay of the constants
or functions X', ¥ and A*.

For zormal eteady flov like Pipe flowv, the adove wall-
function =model shoved §00d results (88). It s frequeatly
observed, hovever, that s disturbance in the main strean
(separated, reattacted or recirculating flows) has »
Significant effect on the vall Dounda.y. Chieng and
Launder (84) reportes & numerical study of flov and heat
transfer in the separated flov region created by an adbrupt
Pipe expansion by using the k-¢ model and the near wall
Rodel. In this caloulation, & parabolio varistion of the
turbuleat kinetio €Dergy is sssumed within the viscous
sublayer, which means a linear increase of fluotuating
velocity with distance from the wall. The turbulent
kizetio energy waries linearly toward the outer node
points. The turdulence shear Stress is serc within the
viscous sublayer and increases abruptly at the odge of the
sublayer while varying linearly over the rezainder of tle
cell. However, these local variations of turbdulence
quantities vere not incorporated in the evaluation of both
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The convective and diffusive terms are negligible near and

On the wvall. This is ensured in Egs. (2.8.2-1%a, 32.8.2-
18d) by

- 0 (2.%.2-17)

a.1v
S P
L

11

« *0 (3.8.2-18)

vhich corresponds to 8o diffusion of k and ¢ to the wall.
¥ith  these distridutions, the mean generation and

destruotion rates in the « equation ocaz be obtained as
follows.

4 .
T C k k
'3 s al : ~ . 0 4+ B
(Cl . P) o k‘ k* ¢ [Yv(y y N 2 )
v 1 'n ¥ .
(2.8.2-1%)
T -T
o —nd ol L)
a
. (2} - khyeany » 2275 1 2 2
Cl’n f e n v’ *8 . _}—: b( n-kv)]‘l;
2
k
(c, %— ) =« Cz'J'L(ﬁ‘)z
n v v (2.2.2-20)

A = in|
.—; (k'; . .§)(hz ) l;;) for a >0
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lov-Reyoolds number model desoridbed in section 2.5.2 vas
used to consider the laminalization near the interface for
the k-¢ model. A modified Nusselt APProximstion wvas used
for the ligquid film.

The results shov that Cedeci’'s model Agrees Dest with
the measured Stanton number of heat and BASS transfer and
the profiles of velocity, tesperature and concextration in
the three version of the Prandtl mixing length model. Even
though the predicted profiles from the k-¢ model were 4in
Teasonable asgreement with the measured value, this model
underpredicted the ocondensation Tate for the Dlhigher
ocondensation rate case.

Recently, by comparing the ratio of the experizent
value to the oomputed ome with the film Reynolds pumber e
shown Fig. 2.27, Rens and Odenthal (92] attriduted (ke
disocrepancy Dbetwveez the experimente and the computatio:z
results to the influence of the oondexnsste film vaves. The
inorease in the oondensation rate by & wavy interface is
supposed to Dbe dus to the influeace of the waves oz the
turbulence struocture of the Vapor-gas side, gince the
contributions of the transfer resistance of the condensate
film to the overall resistance is calculated to Dde less
than 8 perocent in this expariment .

By eassuming the oondensate fils &8 & sinusoidal vave
form, the instantaneous values of the x and y ocomponents
veloocity at the fils surfsoce vere calculated by Gollan and
Siceman’s (58] statement. Also, the asplitude of the vaves
is asssumed to be of the order of 30 to 80 percent of the
Eversge film thickiess. The value of the turbulent kizetic
€Rergy of the gas boundary iayer was calculated with these
velooities snd amplitudes.

Fig. 2.38 shovs the distribution of tke turbulent
kinetio energy in the boundary layer. The thickly drawn
Ourve shovs the cosputed results for &n inocompressidle
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typical containment following s loss of coolant accident
Can vary by about 4 - 7 psi at the end of blowdowvn (1) and
up %0 27 pei st maximus [37) depending on the assumptions
Rmade for the ocondensstion heat transfer coeffiocient.

A experiment of condensation phenomens 4in & reactor
contalinmest was started by Jubd (94). Steam vas supplied
t0 & large boller (8 ft 3in dia, 30 £t long). Both the
hesat transfer oocefficient for the forced convection
portion (during blowdown) and for the free cozvection
portion (post Dblowdown) were simulsted. In the forced

convection period, Jubd correlated the heat transfer rate
e

st Pr0-% . 0.0878 / (Re 2)0-3% (2.8-1)

and iz the natural oconveotion portion, “he Dldest transfer
rate vas oorrelsted as

h = 0.0182 p ard-a8 (2.8-2)

In the caloulation of the Reynold s numder, the velocity
i oalculated for steam at the end of ths blowdovn pipe,
and the 4iafluence of this veloocity on the air-vapor
boundary layer is charsocteristic of this partioular
boiler. That is, the velooity slong the condensing wall is
needed to calcoulste & ocondensation rate &t any position i
& Oontalnment. Also, the dependence of AT vas presented
rather than the fundasental condensation theory of the
dependence of (1/47). Eolflat (98] reported o
ocntainment experiment where the oontainment vas sinulated
Dy & wsteel tank & feet high and 10.85 feet iz diameter.
Stean entered from an external pressure tank at 1000 psia
&nd was injected into the ocontainmest through a pipe
located under & daffle plate. The suthors ooncluded that



the time to reach the Baximus occefficient decreased, and
the maximums heat flux incressed. The Eaxisum beat transfer
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Coefficient was expressed by Elaughterbeck [1)

Q 0.62
Baax = C ¢ v tp )

viere

Byax °

c

Q

*p

(2.68-3)

the maxrigus heat transfer ooefficient during
blowdowvn (cal/sec-ca-% or Btu/hr-£t-.%p)

‘& constaxt equal to 0.18% for metrio units or

73.8 for Engligh unitg

: the total energy released from the primary

duriag blovdown (cal or Btu)

‘ the free volume of the ocontainment veesel
° the time interval uatil Peak pressure (sec).

and the bheat transfer Coefficient for the transition
périod to the marimus vas TeCommended to de

LI . (-t-‘;-) (2.6-4)

vhere
et :

Fujii et al. shoved tras following correlstion which
Fresusably derived from sase exXperimental date

9% a (

tinme (seo0)

Q )1.3
V:’

(3.6-8)
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orifice plates of various sizes and types. The BTP C-
series tests involved geometriocally complex containment
configuration witd & blowdown souroe of satursted liquid
“aat resulted in the introduction of & tvo-phase blovdown
Rixture 4into the containment. The D-series test
oconfigurations were §ecmetrically simpler tisn the C-
series configurations and wvere charsoterized by a single-
phase Ddlowdown of saturated #team. The independent
variables of botk series are the blowdown mass flov rate,
blowdowa locstion, nuaber of Ccmpartments involved in the
test and the oconneotivity of the suboozpartaents.

The EIR experiments are an extension of the containment
azalysis from the szall scale facility of BTP and should
shed more light on the feasidility of extrapolating
results to real plant soale. This facility has & 7% n°
reactor which vas filled with Saturated vater and stean at
& pressure of 110 bar. As shown 41 Pig. 3.31, total
contalinment consisted of 34 Compartments and most of the
facility dats vas presented in terms of these zones.

Eanzleiter [97) shoved that thre seasured maxinum
interzal pressure of the BETP test azounted to oconly 80
percent of the internal Pressure caloculated wvithout heat
transfer to the o0old conorete and steel structures. The
§004 agreemest was achieved betveen the results of this
axperiment (sudbcompartmest R9 of experiment Cl1) and
caloulations using s constant heat transfer occefficient of
1300 vw/a%°r as sdowvn in Fig. 2.32. The suthor sttriduted
the big difference in the pressure to the higher ratio of
inver wsurfaoce ares to volume and that the influence of
heat transfer to the ocold Struocture is much greater in =a
#oale model oontainment tham im & full scale plant. Schvan
and Aust (88] presented the experiment for the break
Compartment with DRigh gstean flov. The Dleat tranfer
Ooefficlent was reported to be the order of 10% v/m2%x
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cold vall and other time dependent effects, bovever, the
condensation heat transfer coefficient data have not been
Syetematically exanined for thess @xperiments.

2.7 Bummary and Cozcluding Remarks

Condensation phencmens ocan be classified Dby the
Presence of noncondensabdle 38, the gas mixture velocity,
the flov charscterizaticn (laminar Or turbulent) of the
§58 aixture and the condensate film and the interface
condition as shown in Table 2.4, wvhich shovs the sunzary
©f the theoretical and experinental investigations
revieved.

Yor all cases 6xCept the turdulent Vapor-alr mixture
boundary layer and the wavy interface of both the pure
¥APOTr and the vapor-air mirture case, it 4is seen tiat
6xact onumerical solutions of the Conservation equations
and  approximate solutions agree well vith the
corresponding experimentsl work. For the analysis of
condensation phenomens in & Treactor oontainment, lowvever,
the effect of the turbulent vapor-sir flowv and the vavy
interface is supposed to be important, since the structure
Of & falling f41a s covered by very unsymmetric vaves and
this wvavy interface is fupposed to have scme effect on the
trazsport phenomena through both the "oer-alr Dboundary
layer and the condensate film. Vhitley's model for the
turbuleat wapor -air mixture boundary layer was only
applied to & coltalnment Gnalysis assuming the velocity of
Vapor-alr flov and Ocmparing tde caloulsted containzent
pressure response with the experisental data.

As & oconclusion, theoretical development and
experiments for turdulent flow vith & vavy interface are
26eded to predioct ocondensation Phénomens 4n & resctor
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Table 2.1 Reproduced from Rose [{32)
Table | Comdensavon ve o B Compurace o
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Table 2.2 Experimental Results of Mills and Seban [41)
and Slegers and Seban [42)
Investigator fluid T-('C) aT('K) 6"(&»:/-2) t;"/é"
Ny
[61] stAns 7.2 - 10.0 4.4 - 6.1 3.4 - 2.6 0.9 - 1.1
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Fig. 2.3 Comparison of Dimensionless Shear
with Numerical Results for Laminar
Film Condensation down a Vertical
Flat Plate and a Horizontal Cylinder,

Reproduced from South and Denny [19)
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Theoretical '"L Predicted from Eq. (2.2.2-21)
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Pig. 2.9 Identification of the Struoture of & Palling
Pils,
Reproduced from Cuy &nd Dukler [85g)
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FPif. 2.12 Probedility Density of Substrste Thickness:
Effect of the Filam Reynolds Number,
Reproduced from Chu and Dukler [%9)

2 izen
[ § 331

Pig. 2.13 Probadility Density of Substrate Thickness:
Effeot of the Gas Reynolds Fuader,
Reproduced from Chu and Dukler (s59)
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Pig. 2.18 Probability Density of vave Amplitude, Re_ « O
Varyiag Liquid Rates g
Reproduced from Chu and Dukxler [60])
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Fig. 2.17 Neas Deviation of Large Yave Amplitude
Reproduced from Chu and Dukler {60)
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Fig. 2.19 Longitudinal Change of Critical Reynolds Number,
Reproduced from Takahama(82)

LUEE 2

Fel™

1.0
S pomnan .
¢

08 Atanm A M A e A

E otkjt-J~\nj\’~\~, k208 m
.“a
as WM
220 9m

1 8}~
WM\/\A/‘M
as

18k el dm
éfwﬂ.\.u
1eh el Tm A
N Y

e @ @ Q) & o8 os
teme, Bec
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Fig. 2.3% The Punction ?,
Reproduced from Brumfield [74)
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Fig. 3.37 Ratio of Experis ital and Theoretical Stanton
Fuaber for Heat wid kass Transfer,

Reproduced from Rers and Odenthal [92)
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Fig. 2.28 Fumericsal Prediction of the Influence of Pilm
Vaves on the Turdulence Energy Distridutios iz
the Boundary lLayer for Re. = 8.
(= Inocompressidble Layer, --- Boundary
Layer with Ccndensation and Vave-Free Fila, "
Boundary Layer with Condensation and Yavy Filn
(A/ & = 0.8) Measursments os Archsys [83),
Inoompressidble Boundary Layer),
Reproduced from Renz and Odenthal (92)
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Fig 10. Abmlute pressure; experimental and theoretical results.

Fig. 2.32 Reproduced from Kanzleiter [54)
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(o) = o) at, g3 1/4
Beyr = 0.943 (W) (3.1.1-3)

vhere L is the vertiocal leagtk of the o0o0ld surface and
Besym 48 the &versge leat transfer coefficient. As
Béntioned previously, a suaber of modifiocations vere
Fuggested to this model. In sddition, the surface of the
ligquid f£41a will eventually becone vavy and the liquid
film vill de turbulezt as the vall length increases and as
obstacles on the wall disturd the film flov. The detalled
model for the oondensate fils with these conditions is to
be presested in section 3.3. HEovever, when noncondensadle
§8868 are present the filw heat transfer oocefficient is
larger than that of the Yepor-sir layer cocefficient, and
therefore is usually negligible or can De estimated 1Ly
Fusselt’'s method with little error on the overall heat
transfer ooefficlent €Xoept under special conditions,
vhich will e explained 4z section 4.3.3. If the filx
becomes turbulent, this assuaption becomes éven more
valid.
The heat transfer coefficient in the Yapor-air boundary
layer is Ccmposed of three contridbutions;
1) conveotive hest transfer from the vapor-air mixture
tO the film, 2

oconv"’

2) condensation of the §tean onto the liquid film,
2oona-

8) rsdiation heat transfer from the alr-vaper mixture,
Braa-

Beas = Boony ¢ Boond * Braa (3.1.1-4)
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condition (vertical-horizontal, plate-tube, forced-patural
and laminar-turbulent), the oondensation heat transfer
coefficient oould Dbe ocaloulsated esasily without any

specific condensation experiment oorrelatiom. Por the
turbulent flov, the above squations become

#U
T - .F;-.F‘a": - (3.1.1-10)
q = -;%..cpﬂ’; (3.1.1-11)
i "%?‘"W (3.1.1-12)

The Dbar is omitted for simplicity except for the
correlation terrs. Iz azalogy to molecular trausport

coefficiexnts, P sinesgy suggested the introduction of
eddy diffusivit_es by the definitions

A (3.1.1-13)

P - "n% (3.1.1-1¢)
- .

50T . - (3.1.1-18)

¥ov the Reynolds shear stress is replaced by the eddy
diffusivity ey for mcmentus and Reynolds heat snd mass
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0f meters per second [2.96). If the length of thre
containment wall and wsome obstacles to disturd the flow
vere ocnsidered with the adove velocity, the vwapor-air
boundary layer has to be oconsidered as turbulent.

8inos the Chilton-Colburm analogy applies for fully
turbulent flov inside tubes, and for flov parallel to
plane surfaces at lov mase transfer rates [106], it can be
used to calculate the coaveotive beat transfer coefficient
bear the containment wall,

v f
DA & (3.1.3-1)
g, = p,‘-l . pr-2/3 (3.1.2-2)

vhere By is the ratioc of the turbulent eddy diffusivity of
heat ¢y to mezentus ¢y- This analogy cannot &pply to aay
Other geometry (e.g. streazline tubes or flov scross tube
and tube bank) however. Now, for s vall the local skin-
friction fsotor is given by (107]

f = 0.029 na 02 (3.1.2-3)

for Reynolds puabers betveez 8 x 10° and 107. Yhen this is

Combined witk Rgq. (3.1.3-1), the resultant local
convective hest transfer occeffiocient is

n N 1/3
oo c.8
mx “ —r— - O.m% ~l ’r (a.l.a-‘)

8ince the Reynolds number is & function of x, the average
turbulent ocnvective bhest transfer cocefficient for the
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: v Ty

2 = g - (3.1.2-11)

and the condensstiom heat transfer ocoeffiocient is threx
given by

v Sk YRR
M ™ 1_(7_,_,____:' ’m (3.1.2-12)
s "%

Recextly, & lot of effort has been given to predict the
turbuleat  Prandtl/Schuidt anuaber [108). The =most
interesting analytioal results vere derived from transport
équations for the <turbulest kimetio anergy, for the

turbuleat beat flux, and the turdbulent mass flux by Jischa
and Rieke [106].

n S

Pr, = C ¢ (3.1.2-13)

(3.1.2-14)

c,
&

Sc, =G+

The tvo constants C; and Cy vere <fitted on experisental
dats

C, = 0.88 (3.1.3-18)

Ca = 0.012 t0 0.08 for Re = 2x10%
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the same functional forms.

Bince Eqs. (3.1.2-13) and (3.1.2-14) agree wvell vith
the experimental data for s wide range of Prandtl and
Schaidt onumber, these equations are to be implerented in
Eqs. (3.1.23-2) and (3.1.2-7). The resultant local heat and
Bass transfer ocvefficiesnts are calculated from

0.8

0.0296 Re‘ Fr

Ny, " (085 + 0.017FP ) (3.1.2-20)
0.0296 nef's Pr

Shy * {0.85 + 0.01750) (3.1.2-21)

As the mass transfer rste (ocondensation rate) 4increases,
the wmomentus, therzal and mass transfer boundary layers
vill be reduced in size because of the spparext suction
effect of the condensation process. This reduction in the
boundary layer thickness will further increase the
tezperature and ooncentration gradierts near the wvall and
izcrease the DRheat and mass transfer ooefficients. To

congider this effect, the folloving correction factors
(112, 113) can be used

t' in (1 + n,) ‘
¥ozentum tranafer: - = ——_— (3.1.8-22)
- 5

Heat transfer: Bt =

*n (3.1.2-23)
T’t M .
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Re. = =l (3.1.3-1)

vhere u, is the shear velocity. FYor the solid rough
surfece, threse Tregimes are identified as sm00th surface
(Rey « 8.0), transitional roughness (5.0 « Bey ¢« 70.0) and
fully rougk regiocn (Rey » 70.0). 8inoce the interface of &
felling fils changes quickly to be a highly unsymmetric
vave, it is hard to define and =model the transitionsl
region  for the wavy ixnterface. Thaerefore, the wvavy
interface 1s assuzed %0 be the fully rough region i1f a
vave is formed. Collier (8] presented that the shear
Stress increases progressively by the wavy interface st &
fila Reynolds numder greater thas 100, which vill be used
for the critical Reynolds number for the vavy interface iz
this vork.

In the fully rough regime, the viscous sublayer 4is
expected to disappear entirely and the momentuz 4is
transmitted to the K wall (liquid falling f4lm) Dby te
izpsct or pressure drag on tde rough element (vave).
Therefore, the eddy diffusivity and Rixing lexngth must Dbe
finite et the wall surfece (interface) and cas be
represented as '

Loek(y v by (3.1.3-2)
rather than the mixing length model for smooth surfaces:

L ek'y (3.1.35-3)
viere L goes to zerc at the wall.

In Bg (5.1.3-2), &y, can Dbe correlated to k, a8 a
sondizensional form
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* 0
vo - 7?:717— (3.1.3‘50)
Ap
o ui) (3.1.3-84)
p - -—-fL;-
(o 5

Tils equation is reduced for the case of 20 pressure
gradient and mass transfer to the wall

Ie

T . = piv ¢

° M (3.1.3-9)

o
~-

For the fully turbulent Tegion, <the wmoleculsar viscosity ™ .
can bé neglected relative to the eddy wvisocosity -

. M 2 2
T, o€, %f - ot (%f)
(3.1.3-10)

& sl -+ *,2 2
L A CE 28 he L °

By imtroducing the nondimensional fora, ve obtain

g’ | I
dy k* [y* « (6y°)¢) (3.13‘11)

Eince there is no visoous subl yer 4z the fully rough
region, the lower limit of integration of this
differential equation must be extended to y* - 0.
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boundary layer, the friotion coefficient becomes

Ce 0.168

2 e
1a (864 62/k.)

(3.1.3-19)

Fow, 4t is worthviile to mnotice that the fricticn
coefficient depends only on boundary layer thickness and
the roughness size, not ca the viacosity or velocity of
the fluids. This friction ocvefficient is used to calculate
the shear stress on the interface and the film thickness.
The effective roughness k, is correlated Dby using

Vallis's weuggested ocorrelation [(68] as descrided i
section 2.8.

kg = 48 (3.1.3-18)

vhere § is the mean film thickness, wvhich is calculated by
the model for the ocondensate liquid fils presented i
gection 3.3. As descrided iz section 2.4, the substrate in
& falling fils plays ax iaportant role in the transpore
phencmens throughk the vapor-air boundary layer. The
substrate film thickness or the wave saplitude of the
substrate, therefore, seems to De mcre ylasusidle for the
correlation of the friotion coefficent for s falling 7ilm
than the sversge fils thickness. The experimentsl data of
the friction oocefficient for s falling film by Chu and
Dukler (89, 60) was oompared with the ratic of the
substrate fils thickuess to “he diameter. Fig. 3.2 shove &
very similar oorrelation with Bg. (2.4-1)

¢
(Cg)yp = 0.005 ® (1 + 750 - (3.1.3-17)

It means that the sudstrate filam thickness is proportional
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correlations for the heat and mass transfer are required
for the wvavy interface. Yor the thermal boundary layer at
the wall without pressure gradient and mass transfer, the
dimensionless temperature profile is expressed from the
conservation equation of energy with the Coustte flov
spproximation as follows:

+ y dv”’
™. | 1 (3.1.3-19)
o 1/Pr « €y /v
vhere
(T - T i
o o Oy ) /70 (3.1.3-20)
Q. /GCZp

Since there is no visoous sudblayer at the rough wall, the

eddy oconductivity ey is sssumed to De wuch Jarger tian the
mclecular oconduotivity for all the way dovn to y* =« O

except very szall FPFrandtl puambers. The  temperature
difference aor7ss the ixnterface by ocosnduction 4is
‘Tepresented by 1, Tius Bg. (3.1.3-20) becomes

ey (3.1.3-21)

To oaloulste ¢y, the turdulent Prandtl osuaber and Bg.
(3.1.5-2) are used

L3
‘ 1 ®u K

_8 . ( + . 0)
v " Pr, v Pr y &7, (3.1.3-22)
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vhere Bq. (3.1.3-18) is used to calculate C,/2. Bince 6ty
is & fusotion of Prandtl nuaber, the recistance for heat
transfer by the molecular oonducticn 4is 4included. The
Fusselt sunber for the coconveotive Leat <transfer is
calculated from the following eguation.

No o C,/2 Re Pr

Pr, » 7C,/2 , st

(3.1.3-28)

Staston number for the nass transfer 4is derived Ly
snalogy betveen the heat and mass transfer.

C./2
St,s * k (3.1.3-28)
Sc, + /C /2 ;8 o
ABk
vhere
«0.2 0,44 (3.1.3-28a)
StABk w C l'h Sc

The Shervood number for the ocndensation heat transfer is
correlated as;

Cf/Z Re Sc

Sct N /C‘/Z

Sh =

(3.1.3-30)
/S:Aak

These equaticns will be used to compute the beat and mass

transfer throughk the vapor-gas boundary layer with a wvavy
interface.

3.1.4 Eatural Coavection ¥Model
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(10% « Gr Pr « 10%)

¥u = 0.13 (Gr Pr)3'S: Transition flov range (5.1.4-4)
(10% « Gr Pr « 1019)

Fu = 0.021(Gr Pr)?/%: Turbulent flov range (35.1.4-%)
(1020 « Gr pr)

Ve have generalized the original ocondensation mass
transfer wmodel Dy using & siatlar spprosch. Tadle 3.1
shovs the analogies Detveen hest and mess transfer at lov
mags transfer rates. For the laminar flov range, the zass
transfer correlation wvas derived by merely substitutiag Sh
for ¥u and Sc for Pr. Por the other range, one can derive
& sizple formulation Dy using the Chilton~Coldurn analogy
which is valid for turdulent flov.

e~ -
§b - 0.36 (Gr P£)*/* Laminar flov range  (3.1.4-6)
(10* « Gr Pr « 10%)

Se
Ex = 0.13 (Gr )151’3: Transition flov range (3.1.4-7)
(10% « ar Pr « 10%0)

Eh = 0.021(Gr?/% gol/3 ppi/18,,

Turbulent flov range (3.1.4-8)
- 0.021(Gr Pr)*/% (1010 . gr pp) (3.1.4-9)

Eince (Bo/pr)i/i% of vapor-alr is almost 1.0, Bg. (3.1.4-
®) oould be used instesd of Bg. (3.1.4-8) for a simpler
consistent form.

The high mass transfer ocorrection factors can alsc be
used with this nstural conveotion model.
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A staggered grid system is associsted vith every grid
node, while the vector quantities (velocity componexnts)
are displaced in space relative to the scalar gquantities.
This grid systea has sdvantages in solving the velocity
field since the pressure g§radients are easy to evaluste
and  velocities are Conveniently located for te
caloulation of the cozvective fluxes. The discretization
équation of eq (3.2.1-1) can be written for the tvo-
dimensional geometry as sbovn in Pig.3.3,

"% T SECp t ety ¢ aye, o 8g0g + B (3.2.1-3)
viere

g = D AUIP D) + MAX(-F_,0) (5.3.1-38)

a, - D'A(iP'I) . HAX(-F.,O) (3.2.1-3p)

oy - D°A(]P°i) + nnx(-rn.o) (3.2.1-3¢)

®s = D ACIP ) « MAX(~F_,0) (5.2.1-34)

o = g ta, e B+ "o+ .; - 5;415, (3.2.1-3e)

b = Scéxdy o .:Q: (3.2.1-32)
<
&
. EJL_?fl. (3.3.1-3¢)

and o; and p; Tefer to the known values at time t, while
all otler wvalucs AT6 UDEDOWE At time t+At. Also the flow
rates ¥ and conductances D are defined by

F. - (Du). by (3.2.1-4a)
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field to ocorreoct the veloocity fileld. After that, the
reszaining ¢'s are solved and the whole process is repested
until convergence.

3.2.3 Fear Vall ¥odel for SBmooth Interface

As descrided at section 2.85.2, the effective viscosity
Dear the wall is oalculsted Dby using the universal
velocity profile of turbulent flovw over a flat plate as
follove [113];

u® e 2,66 1n y* + 5.0 (3.2.3-1)

vhich ocorresponds to the Bgs. (2.8.2-11) and (2.9%.2-12)
vith

k = 0.41 (3.3.2-2)
E =-7.78 (3.2.3-3)

Also, the Van Driest’'s coanstant is recommended a8 25.0 for

the external boundary layer over the flat plate. The
€ffective diffusivities are calculated from Bgs (32.%.2-11)
and (2.5.3-13)

6 *
bott * T3 t (; - for uand v (3.2.2-4)
o y
.
Reff - - Sy for T (3.2.2-%)
Cp Pr, [k” 1n(E 8y*) « PFN)
oD - u &y° for »* (3.2.2-8)
eff o

Sc, [k® 1a(E 6y*) + SFN] -
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(3.1.3-23), the second term of Bg. (2.8.2-12), which
contains A, can be replaced by the second term of 2q.
(3.1.3-33) with ths wmodificstion of k' and 2 desoribed
above. It corresponds to tie change of PPY in Bg. (3.2.2-

8) to
le0.2 Pro.ka

k
FFN = Prt (3.2.3-3)

The analogy betveen heat and mass transfer is used again

for the eddy diffusivity for mass. SF¥ in Bg. (3.2.2-8)
becomes

'.2.2 sco.bb
SFN =

T (3.2.3-4)
t

Akal st al. [119) used s k-¢ turbulence model with near
vall model to solve & dorizostal stratified tvo-phase flow
systea. Fig. 3.4 shovs the velocity profile shifted
dovnvard nearly parsllel with increasing geas phase
Reynolds number, which ig expected for the horizoatal flov
&t section 2.5. The universal velooity profile for near
vall model, therefore, vas modifisd to matoh thelir own

experisental welocity profile with the Yavy interface as
follovwe

* 8 &+*
U - 5%: ln—::—- (3.3.3-8)
viere A" : dimensionless vave azplitude

aad shoved good agreements as shovn at Fig. 3.85. Also, the
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For <the laminar coondensate film, the velocity
distridbution is caloulated from the balance of forces

d
gy (3.3.1-1)

- (6-y)(ol-o‘) s dx + Tédx + ¥V da (u‘-u )

§

vhere each term of the right side represents the forces
arieing from grevity, friotion at the surface, azd
Eomentum drag Dy mass trans.er through the interface azd
v is & multiplying feotor. This factor vas suggested to be
C.7% by Mayhev, since the vapor orossing at the interface
is not supposed to be at exactly the sane velooity as the
zain vapor. Even though this factor seems to vary with the
ocondition o©f the gas flov pattern and interface, the
suggested wvalue, 0.793, vill Dbe used. Since the
condensation rate, ds wust be same as the heat trazsfer
rate through the condensate fila as shovn

ol P
d---——l—w—dx

17y & (3.35.1-2)

Eq. (3.3.1-1) ocaz Dbe revritten witk the assusption of
’1 e "-

0,8 . E (Ty=T ) (u_~u,)
du » -i-(ﬁ-y)dy . :fﬂy . Y 4 4y (3.3.1-3)

u 1f' é

Integrating this equation with respect to y, with u = 0 at
y = 0, gives
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interface at fils Reynolds numbers less than the critical
value.

¥ith the mean film thickness calculated from the above
equation, the Dleat trazsfer ocefficient through the
Condensate film can be caloulated by

e f (3.3.1-8)

o
3.5.2 Nodel for s Turdulent Condensate Fils

The condexsate film is supposed to change froa laminar
flov to turbulent flov at the oritical Reynolds number,
vhiock is widely suggested to lie Detveen 1000-3000.
Takahana, bhovever, reported it as & function of the
longitudinal distasce without gas flov. Iz the curreant
work, 2000 is temporarily chosen for the critical Reyuolds
nunber.

The universal velocity profile for the exterzal
boundary layer is used, since the shear stress on the
interface is large due to the large vapor-gas velocity and
vavy surface.

for y* « 10.8 (3.3.2-1)
v’ = 2.44 10 y* 4+ 5.0 for y* » 10.8 (3.3.2-3)

¥ith these distridutions, the Bass fl v rate ocan be
caloulsted by using Bq. (3.3.1-8) for y* « 10.8

r o kS (3.3.2-3)
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Table 3.1 Analogies between Hest and Mass Transfer

at Low Mass-Transfer Rates

Heat-Transfer Binary Mass-Transfer

Profiles r g,

: L
Diffusivity 4 “r
Transfer rate Q W& = s WS + Wi
Transfer P e WS =2 W+ U
coefficient 4ar Ads,

v, DG oV, DG
Dimensionless B S N Beah g
groups which v w
are the same in Fre Fr e
both correlations ;D- &

L L

D I

&0

Ny = -z- Nu p & =
Besic ¢ g
dizensionless Me-Zar 0 w5
L ;41 i:—l

groups which

ere different Gr = D‘¥A1' e p-,:g As,

Ny B Nu
u.-.z.?' ’l‘,-—-!‘ .:—%'
bv, v
Special N = RePr = — 2 u“-m.._“
combinations
of dimensionless Ju = Nube~ v Jo = Nu e 54
groups
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Table 3.3 Susmary of ¢, I'and S in Eq. (3.2.1-1)
for the Axisymmetric Cylindrical Coordinate
Equation Uogs )
Continuity 0 0
T TP T P 3y
i Nomentus Mefs ax * 3x Veffax) * Tar TMeffix)
3P 2 du 18 v
Y Momentum LY “3T ¢1r;(t2f£$?) - tar(ru‘“gr)
zueffv
X ?
Energy =it 0
ki
-
Mass
Concentration DDQII 0
Furbulent U
Energy L pP - pe
c
K
Energy ¥ 2
ol gEP . peE
Dissipation 5, C1 h C2 t

where

P au ¢ av)2 au)? ax)2 x)y2
Ve [(aroh) oZ(h) 02(h) 02({)
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Chapter ¢
CONPARISOF WITE EXPERIKENTAL DATA

4.1 Analyeis with the Condensation Eeat Transfer Nodel
and Verificatioca

4.1.1 Apalysis with the Simple Nodel

The oondexnsation hest transfer msodels vers incorporated
into & computer program to compare wit:k the experizental
data. This program separately caloulates the best flux
through the liguid fils by using the model descrided i
gections 3.3 and the DReat flux through the air-vapor
boundary layer by using the model in section 3.1 with an
sssumed ixnterfsce tesperature (T;). The program the:
iterates on the heat flux by modifying T; uatil the bheat
fluxes coaverge vithin & specified &0CuUraly &8s shovn iz
Pig 4.1.

Eince the shear stress is & function of the distazce
slong tie wall and the charscteristics of the condensate
£i)z change along the wall, the wall 4is divided izto =
finite number of oontrol nodes and the condensate rate and
the other walues are ocalculated st each node along the
direction of the oondensate film flov. For oountercurrent
flov, the amossntum Dboundary thickness of the vapor-air
flov is guessed at the starting poist of the condensate
fils snd is wsudtracted at esch zode. At the end of the
calculation for the whole length, the momentus boundary
thickness is checked and will be itersted %o obtain the
proper momentus boundary layer thickness.

Yhen tlese heat and mass transfer coefficients were
calculated, the <ransport properties st the vapor-air
boundary layer vere evalusted at & reference texperature
and mass fraction suggested by Sparrov et al. [29) as
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(Ty'TU> (‘-1.1-7)
P S——... .

1 = T

4.1.2 Condensate Filn

T2e model for the condensate film vas ocompared vith the
pure vapor experimental data of J.E. Goodykoontz and R.G.
Dorsk [23]. One should rememder tiut for pure vapor the
condensate film controls the heat transfer. The purpose of
comparison to this data is to verify that the =model for
the condexzsate is Teasonable whexn compared to tests in
vhick the film controls the beat transfer. This data
shoved that the experimental heat transfer coefficient is
1.3 %o 1.9 tines as large as the valus predicted Dby the
lazinar wmodel of Pujil and Uebars as sbova in Fig. 2.4.
Fujii and UDelars sttriduted this discrepancy to the
turbulence iz the film due to the very Xigh vapor
velocity. The effeot of the wavy interface and tle
turbulext =model of the condensate fils were, therefore,
isvestigated. The following values of X', £ and A* were
chosen from the expeisental dats for pipe flow 4in a tude,

viere the experiments vere done, and vere used with Egs.
(2.5.2-11) and (2.8.3-12)

E =~ 0.4 (¢.1.2-1)
E - 9.0 (¢.1.2-2)
A - 38,0 (¢.1.2-3)

This experiment wvas done with & range of the stean inlet
velocity from 10 to 80 =m/seo and the condensate film
should change from & laminar fila to & turbulemt fils with
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The dimensionless shear stress at tle high inlet
velocity, hovever, is calculated to be much higher
than 10, and in this case the oritical fils Reyzolds
uaber is oonsidered to De less than 100 in Fig.
2.23. Therefore, tvo oriteris will be used for tle
change from laminar flov to turbulent flov as
follovs :

8) A critical Reynolds number : 2000

b) A dimensionless oritical shear stress of 10 with

the oritical film Reynolds zumber of 100.

The wvavy interface affects the heat transfer rate
by increasing the shesr stress asd decreasing the
filas thickness. The caloulation shovs about & 10
percezt increase in the heat transfer ccefficient at
the extrance region for the lamizar flov. In this
model, for laminar flow, althcough the wavy interface
reduces the film thickness by izoressing the shear
Etress, it is Dot considered that it inoreases tle
heat transfer by the turbulent BOtion of the vwvavy
layer. It results 4in a saall incresse of the hest
transfer rate by the wavy interface for laminar
flov. This effect seems %o disappear at the end of
the tube, since more Vapor was condensed at the
entirance region and the velocity at the end region
is calculated to be much slover than that of tle
cass of & smoOth 4interface. 1In additiocn to the
decrease of the condensate film thickness, the eddy
diffusivity of bhest for the turdulemt flov isg
modelled to increase with the shear stress. The
effect of the Yavy interface is, therefore. larger

than that on the lasminar flov as shovn by Pigs. 4.2
and 4.8,

4.1.3 Verification of Simple Xodel with lLaminar FPlow

wn



WESTINGHOUSE CLASS 3

127

Asano comes from the high mass transfer correction factor,
$ince Asanc used a tabulated value from mass transfer
experiments rather than the val:e oaloulsted from Bg.
(3.1.3-24). The origin of Asano's tabulsted values for
Bigh mass transfer vas not given in the Original paper nmor
referenced in the bibliography.

4.1.4 Verification of Tvo-Dimensional Model with Laminar
Ylilow

A tvo dimensional calculation was done with the SINPLER
s.goritha for the vapor-sir gphase and or sulated the
condensation rate on the assuaed interface temperature.
The perpendiocular velocity (y direction velocity) at the

condensate interfsce is assigned as the boundary condition
from the oondensate rate oaloulated.

"I -/ p (4.1 4-18)

The otler boundary conditions for the condensate interface

are
igr = 9 €)) (4.1 4-10)
T‘I - Tl (8) (‘.1."'1°)
P, oM
x_vI - > - Y. y (‘1.“14)
vl H' . PvI.Hv

vhere the partial pressure of tle steas at the 4interface
is set equal to the saturstion pressure at the interface
texperature caloulated. The follovisg boundary ocnditions
for the other side wall are imposed
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Since the perpendicular velocity is set at the
interface, the correction term for LRigh mass transfer
rates is 1ot needed and is included wvithis the theory of
the tvo-dissnsional caloulstion. The results, therefore,
Shov very good agreement with the experiments for the vide
range of the vapor mass frac:ions as stovn iz Pig. 4.8.

4.2 Comparison vith Dallseyer's Experiment

The Dalimeyer experiment vas slso compared with the
calcoulated results from the sizple modsl developed for
turbulent vapor-gas flov and with the tvo 4imensional k-e
zodel. This experimexnt was chosen becsuse it vas tke only
forced convection ‘separate effects’ test available for
turbulent flov cf <the vapor-gas mixture. The condensate
film is considered tu De in laminar flov with & smoot:
interface, since the film wvas maintained to be lanminar by
sucking off the condensate at intervals of 100 and 200 3.
along the plate. MNoreover, the filam Reynolds onumder
vithout oonsidering tle suction is caloulsted to Dbe less
than 100.

The thermophysical properties of CCL, vers evalusted
from tabulated wvalues [121). In the tvo dimensional
calculation, the Dboundary oonditions for velooity,
tesperature and mass fraction at the interface vere
évalusted Dby Bqs. (4.1.4-18) - (4.1.4-1d) eand the
turbulent kinetioc energy and dissipation were ocaloulated
by tke local equilidrium ocondition of Bqs. (2.85.2-13) and

(2.8.2-14). The followving boundary oonditions for the
Ccenterline of the apparatus are imposed

e " (‘ 2'1)
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4.3 Comparison witk CVIR Experiment
4.3.1 CVTR Exporisent

The only large scale integral containment experiments
viich bRhave beex performed in the United States, are the
Carolinas Virginia Tube Resctor (CVTR) test series. vhere
slightly wsuperbested gstean vwvas injected from a neardy
foseil pover plant into & full scale containment of a
decommissiozsd puclear reactor. This steas vas injected
through & diffuser whick consisted of s 10 £t section of
10 inch diameter pipe mcunted vertically with 126 1 inch
diameter holes drilled in its wall. The basze elevaticn of
the diffuser was 338 ft, which was 10 £t higher than the
operating floor. Only ons experiment of the three in the
test series (Test 3) was conducted vithout am sctive spray
Eystem, whichk was used for the other two experiments.
Table 4.3 shovs the injected stesm condition of Test 3.

The CVIR oontainmexrt 18 & reinforced ocomcrete
oylindrical structure w'th s hexispherical top dome,
having an interzal diameter of 17.88 2. The operating
floor 4is also of reinforced concrete (see Pig. 4.13). The
communiocation betvesn the Opersting region and basepent is
via the olrouaferentisl space Detveen the containment wall
and the edge of the Cperating floor and through the
stalrvays [123).

The most relisdle method of Beéssuring the heat transfer
coeffiocient through the containment wall utilized two heat
transfer assesdlies (hest plugs), vhich vere installed in
the operating floor (elevation of 330 ft and 380°) azd
Heat Plug 2 some 23 £t higher on the wall (elevation of
348 ft and 318°). These measured the tezpersture profile
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The K-7PIX computer oode [123] which caloulstes the
transiext dynanics of two-dimg .. .onal, two-fluid flowv with
interfacial exclange, was used to obtain an estinate of
the velocities along the surface of the beat plugs. 7The
8ix field equations for the two flulds oouple through
BLSS, mOmentus, and energy exchange and are solved usizg
&2 Fulerisn finite difference techuique [12¢)].

For the velocity field calculation of the CVIR test,
&lr wvas trested as one fluid and steam vas assuwed as the
Cther. No condensation or evaporstion for either phase wvas
assuzed and the sane velocity and tempersture for air and
Stean was calculated by setiing & large interfascial
friotion coefficient and Lhest transfer coefficient. As
8hown in Pig. 4.14, the total containmesnt (total voluze =
64.8 2%, Deight - 35.9 m , redius - 8.83 ») vas divided
into 388 cells by R8ing the axis of symmetry; i.e. the r-
direction was diveided into 20 nodes, the 3-direotion vas
done by 21 nodes and 62 cells wvers used for the 4internal
obstacles which simulated the Leaispherical dome and the
operating floor. The communication betveen the operating
region  and the Desement is alloved only wvia the
Circumferential gap betveen the contaizment wall and the
edge of the opersting floor. The steas vas asgumed to be
injected homogenecusly and horizontally through & 10 £t
Bigh ixnflov Doundary Opening as an approximaticn to the
horizoztally oriented holes in the diffuser. The 4injected
ttean conditions at the inflow opening vere estizated by
uuganu:uvuuuumuusua-urnuc&.

Eince & small time step was required (2 mseo), the
velooity fields in the contalinment could not be simulsted
during the whole blowdowvn period (188.4 sec). They were
calculated st the beginning of steas injection (BOSI) and
the end of steam injection (ROBI) by sssuming & quast
Eteady-state. This methkod is & g§ood assumption given the
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model. the vapor-air boundary layer is developed from 340
ft for Dboth directions and the counterourrent effect is
considered.

The heat transfer coefficient along the wall at 110 sec
after the blowvdown was ocalculated and 43 shown ia rig
4.18. Th¢ oaloulstion estimated that the condensaty f£ilm
develops vaves at 358 ft, whe:e the f£ilm Reynolds anumber
éxceedad 100. The effeot of the wavy interface is expected
t0 izcrease the heat transfer coefficient about 10 percent
&t the position of Heat Plug 2 and sagrees wvell with the
éxperimental dats. Pigure 4.19 sdovs that the heat
resistance througk the condensate film camnot be neglected
for this oondition, even though the early investigators
(37, 116) insisted that tle condensate film oould be
neglected in computing tle total heat transfer ccefficient
for condensation with a nonoondensadle gas. The conditions
are different as follows:

1) Assno’'s experiment and analysis (38) was done iz
lanizar vapor-air flov, wvhere the beat and mass
transfer rates through the Yapor-air boundary layer
&re wuck lower than that iz turbulent vapor-air
flov.

2) Bven though tihe turbulent vapor-air flov is
considered Dy Corradini’'s acalysis, e neglected
the vapor mass fraction st isterface (xy st 2q.
(3.1.2-12)) to ocaloulate the bhest transfer by
condensation. At 110 sec after a blowdova, hovever,
the teaperature of the containment wall rises to
the saturation temperature of tie atnosphere and
the vapor mass fraotioa is not negligidle at the
interface. Figure 4.20 shovs that the hest transfer
coefficient with Iy i alnost 1.6 tines as iarge as
that wvithout it.

3) The velocity of the Yapor-alr mixture is bhigher
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ocndesnsation vwill mot oocur &Dy BOre given this condition,
and only foroed oonveotion Leat transfer ocours at the
surface. This trangition is not Tepresented in the present
nodel .

The results of the Dlest transfer ocoefficiente
calculatios at Heat Plug 1 (lower Piug) cverestimated the
éxperiment datas vith the parallel velocity caloulated by
E-FIX as showvn in Pig. 4.24.

FPinally, the tvo-dimensional aodel results for the
Vapor-air flovs are ocompared as shown in Fig. 4.3% to the
experisental dats. The vapor-air flow conditioczns
caloulated from K-PIX are used &8 the Doundary oondition
iz the ivo-dimensional caloulation &8 shown in Pig. ¢.28.
The caloulation results shov the following discrepancies
vith that of the sizmple model:

1) The tvo dizensional caloulation estimated a lover
hest transfer coefficient than the sizple model near
the estagnation point. This f6éens t0 be reasonadle,
$ince it is supposed to oome from the laminarization
by the strong stabilization effect of accelerstion.
This sane effect was found iz the turdulexnt
impinging Jet experimesnt oz & Plate by C. 0. Popiel
et al. [13%) for the ratio of the distance from the
nozzle to the nozzle diameter (z/4) lese than 4  (at
this caloulation 3/d4 - 1). By & limitation of tle
vall function model, whioh is that the nearest node
should Dbe remote from the wall for y* to be larger
than 10.8, the calcoulation result is 2ot expected to
be accursts at the node of the stagnation point,
vhers y' is less thas 10.8. This is becsuse the ry
is caloulated to be very s=mall dus to the spmall
parallel ~~"ocity to the wall.

) The weloocity at Neat Flug 2 im used as the velocity
along the wall for the whole upper wall (from 340 £t
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coefficient agrees wall with the experimental data and the
two-dimensional caloulation st the point of Heat Plug 1
(8.2 =m). Even though this velocity may not be oorrect, it
is used for the whole period of the experiment to 4imolude
the effeot of the tvo dimensional flov and stair way. Pig
4.34 shovs good agreement for the whole period. After 110
860, the upper wall is not expected to have & condensate
film, snd the condensate film is assumed to gtart at 340
ft (stagoation point). Also, near the time of the stean
shutoff, the teaperature difference betveen the bulk and
the wall surface sre s=all (5-10°C). Small tempersture
differexce uncertainties, which were estimated to be about
1.1°C 1n the report (2], result 4in large heat transfer
coefficient uncertainties from Bg. (4.3.3-1) (see error
bar in Fig. 4.34). These tvo reasons cause the difference
betveen the model and aexperiment after 110 sec.

As & oconclusion, the calculated results of the siaple
®odel agree fairly well with the experimental data and the
detalled tvo-dimensional ocalculation except for the narrov
stagoation ares. Since the velocity of tle vapor-alr flow
is one of tie most important factors in estimating the
heat transfer oocefficient, & more reliadls computing
method for predicting the vapor-air flov in & containment,
vhich may oonsider the effect of three disensionsl

fecnetry ani turbulesnt vapor-air flowv, is required to make
Bore reliadle estimates.

4.4 Fatural Conveotion Model with Tagami Experiment
4.4.] Tagani Experiment

The Tagani experiment, which measured the ocondensstion
heat transfer coefficient at the steady-state, vas
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condensation kest transfer wvas measured to be slightly
dependent on the surfsoe height [3). It agrees well with
the anatural oonvection model of the trassition regiom,
vhere the heat transfer coefficient is independent of the
surfaoce leagtk. Therefors, Tagani’'s experiment was
analyzed by using the natural convection model. Figs. 4.27
and 4.25 shov good agreemest of the oaloulated Dleat
transfer coefficients with experiment. Also, the results
of the turbulexnt and laminar model caloulation shov that
the turdbulent region =model is useful to predict results
for the ocase beyond this trangition region. From this
anslysis, it 4is oonoluded that the developed natural
conveotion models are useful to predict a post-blovdovn

scoident by choosing the appropriate model from the (Gr
Pr) number.

4.% Precalculation of the Puture Experiment

Ueing the sisple model, parametric studies vere done to
predioct the result of the condensation experiment with a
moncondensadle gas, which is under vay in this ladoratory.
The dimensions of the apparstus are shovn at Pig. 4.395.
The turbdbulenst wvapor-air flov is injected into the
reotaagular flov ochannel (100 mm x 100 mm) and the vater
is injected onto the wsurface to model the thick fila
condition, which is expeoted from a long containment wall.

Fo ocondensation is sssumed in the inlet section (1.24%
®) but the boundary layer of the vapor-air is developed iz
this eection. The temperature of the condensing wall 4is
about 20°C and the total pressure is maintained to be
&DOut atmospherio. The mass ratio of the air to the vapor
is oontrolled by changing the bulk texperature, which is
the saturstion temperature at the partial vapor pressure.

i



Table 4.1 The Effect of the Distance of the Neareat Node to the Wall
at the Tvo-Dlnennlopal Calculetion of Asano Experiment

X8 Ta(oc) (Q/Q'“)!.’ . Two-Dimensional Calculation (QIQ"K)
2.0E-4 1.0E-4 5.0e-5% 2.7e~5 I.2e-5 $.0e-6

0.97 65.0 0.7 0.471 0.517 0.550 0,564 0.575% 0.%78

0.95 65.0 0.5 0,345 - 0.400 0.410 0,417 0,420

0.85 37.0 0.23 0.189 0,207 0,218 0,224 0.227 -

0080 37.0 00'9 0.'50 -~ s 00173 0.'7' -

0.70 17.0 0.13 0.115% 0.118 0.119 - - -

0.50 17,0 0.047 0,062 0,064 ~ - - -

o:‘o |7.° 0003' 0.0‘7 000‘7 - - - -

The Distance of the Nearest Node to the Wall

® 3
H

x
i -
i
\

Not Calculated
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Table 4.4 Inflov Stems Condition for KE-FIX

Fressure (MPa)

0.6307 (1.1660) [a]

Tesperature (°C)

122.08 (186.67)

Density (kg/m°) 3.4972 ($5.5570)
Mass Flov Rate (kg/sec) 47.879

Velocity (m/sec) 214 .58

Inflov Ares (%) [b] 0.0638

[a] () repersents the values tefore choked,

[b] Inflov ares is calculated by summation cof the
aress of 126 | inch disgeter hole.

Table 4.5 Results of Estimated Velocity from K-FIX

OSI (0-~ 10 sec)

EOSI (160 - 166 sec )

Heat Plug 1 (m/sec)

7.9

6.1

Heat Plug 2 (m/sec

10.2

8.0

™~

(¥l
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Asano experiment
(laninar vapor-air flow)

-~ Dallmeyer experiment
(turdulent vapor-sir flov withk lasinar
ocondensate fils and smooth interface)

CVIR experisent (Hest Plug 2)

(turdulent wvapor-air flow with leminar
condensaste film and wavy interface)

Tagsal experiment

(natural cozvection)

The effect of the vavy interface on the vapor-air

boundary layer shovs adout & 10 percent incresse in

the heat trancfer rate st Heat Plug 2 for the CVIR
test. Tie increased rate is & function of the wave

Beight as sbown in the pradioction of the future

experiments.

Usually, the Dlest transfer resistance through the
ocondensate film in the presence of noncondensable
g8 is such smaller than that through the vapor-air
boundary layer and can Dbe neglected. The Dleat
transfer coefficient of the ocndensate filsm,
however, should be considered under the folloving
conditions:

(8) The temperature difference betveez the bulk and
the wall is small,

(b) The hest transfer coefficient of the vapor-air
boundary is large exough dus to the high
velocity of the vapor-air or the Righ wall
teaperature. sinoe the bRig¢h wall tesperature
Csuses the vapor mass fraction st the 4interface
t0 be large.

The tvo-dimensional oaloulation with & k-¢ model
shove good agreement with the separste «ffeots’ dats
and the simple model. In particular the computations
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vapor. ¥O  experiment of condensation vith
toncondexsable gas whioh investigated the structure
©f the interface, tle oritioal condition for thre
§enerstion of & wavy interface or the struoture of
ths turbulent oondensste film, has been reported.
The correlation for s rough wall surface is used to
nodel the effect of a Yavy daterfece. Since the
struoture of & vavy surface is apparently different
than that of sand roughness or & rough wsolid wall,
the correlation ocaz De Bodified from future
ccndensation experimental data.
Tvo dimensional caloulations with & k-¢ model for
the turdulext flow and & wall fuzction model for the
VAYY interface can be oombired with s multi-
dimensional turdulent Containment analysis code for
& Detter overall estimste of the pressure-
tesperature response after s postulated scoident.
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DUSCRIFTION OF PARAMETERS (81 UNITS)

PEEEESSEERES

gz

i

g

FRICTION CODFYICIENTY

THERMAL COMMCTIVITY OF ALR AT Trof

THEMAL COMRETIVITY OF STEAM AT Tref

LENGTH OF TWE Wil

LEMOTH OF THE TOP BALL FOR THE CONTIMUOUS CALGULATIOM
MASS FRACTION OF ALR AT Tref

¢ WAES FRACTION OF STLAM AT Tref

VISCORITY OF AIR AT THE REFERINCE TOMFERATURE (Yret)

! VISCOBITY OF wIXED VAPOR (AIR & STEAW) AT Tref

VISCOSITY OF LIGUID (WATER) AT Tref

MOLECULAR WEIONT OF 4lR

MOLECVLAR WEIGHT OF maTOR

MOLAR COMCENTRATION OF STLAM AT [NTERFACE

CONSTANT 1M Tl UNIVERSAL YELOCITY PROFILE (€ In touATiON)

| COMETAMT 1N TWE UNIVERSAL YELOCITY PROFILE (e IN EOUATION)

-

- - e e -
I I - -

COMSTANT FOR THME CONTRRIBUT IOM OF THE wWARS TRANEIIIR
T8 THE SHUAR STRESE 1N ™E LIQUID Fiuw CALDULAT I OM
FLAG FOR THE CONY[MUOUS CALSULAT]OM

ses CONTINUOUS CALCULATION eee

YAPOR-AIR rLow COMODNSATE FLOW

CALSULATION w onm
CALCULATION 3 x o Do

FLAG FOR TME COUMTERCURRENT FLOW

SPECIFIC WEATY OF ALR AT Tref

SPECIFIC WEAT OF STLAN AT Traf

CRITICAL FIWN FOYWOLDS MARER FOR Twi TURBULENT Filn (2004)
CRITVICAL FliM REYMOLDS wAm DR FITH SHEAR STRESS (ORTTAN)
FOR Tl TURBULENT FlLe (108)

CRITICAL DIMDNTIONLESE SWLAR FTRESS BIT™ CRTRES

FOR Wi TURBULENT FlLM (18)

CRITICAL FILN REYNOLDS MASIR ros THE mAVY INTERFALE
MOLAR COMCENTRATIOM OF STLAM AT BULK

COLFFICIENT FOR MI0M WASS TRAMEFER RATE

DIFFUSION COLTPYIC] ENY

WORENTUN BOABEARY LATER TICKMESS OF YaPOR-AlR FLOW
IRCROWENT (LENETH OF LACH wODC)

BORITY OF ALR AT Teef

DOSITY OF AIR AT Theln

POREITY OF LIQUID (waTER)

DDSITY OF WIKED vAPOR AT Tref

PENSITY OF MIXED YAPOR AT The!k

POKITY OF STEAM AT Tras

POGEITY OF STEAM AT Theid

MAEE FLOD BATE OF COMDENSA L PER UMl wipTw

CRAVITAT IONAL ACCELERAT!OM OUrriciewt

COMC UIMSAT 10N WEAT TRANEFER COLYY. THROUGH CORMDENSATE FIum
COMDENEAT IOM MEAT TRAEFER COLFY. TrmoucH VAPrOR-ALR B, L.
TOTAL COMOOMSATION WEAT TRAMEFER COLFY L1 DNT

DETHALPY BIPPFERDCT BETWEEN vAROR anD COMDUNSATE WaTEm

|
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PR 18, FILE~"NAME STATUS- OLD ")

WRITECe, "(AN) ') OUTPUT FILE MAME FOR PARAMETERST*
READ(e, "(A)") Puast
CFON(2Y . Pl STATVS= Niw" )

WRITE(w."(AN)")" OUTPUT FILE maMi FOR GENERAL RESULTS 19°
READ(w, "(A)°) Pwamg

OFON(22. FILEwAME STATUSS NEW " )

WRITE(22,e08)

“O8 FORMAT(®  alemg’. 6X, ‘clfliret’, ' wave lemine’, 3, “tesin’,

. . OX, “refiin’, Sr, "ti*, $x, ‘6ei’, SK, ‘resust’, 8X,
. ‘Rfliet, WX, ‘Bges’, TX, ‘hever’)

WRITEC. “(A\) )" OUTPUT FILE maml FOR GDNDRAL RESULTS [11°
READ (s, "(A)") Poamt

CFER{LY. PO, §TATUS NEW " )

WRITE(2Y, «01)

SOT FORMMAT(C NLDWC, BX, CNLLDEG, eX, ‘EGLDEG', SX, COuNTC",

. TE, TCOWTFI®, 'R, ‘RODeM’, SX, ‘XXS$°, TX. ‘OCLI".
. ™, ‘ernn-, &, ‘veir)

Lowp Tor seeh Sate st

Road Insutl Sute ond 3ot the Initiel exeditiony

I8 RO (18.0) TCASE, PYOTAL, TWALL, TS, VE. ALENS, ITHMODE. INATY

WRITE(Z2.21) I1CASE, PTOTAL, TWaLL, TS, W§

29 FORMAT (1w, "ICASEe", 1S5, * PTOTALe, £12.5, * TWALLe',

L) £123.5, * T8, £12.5, * WO= °, 2.8/
IF (ICASE .£0. #09) THEx
e Te
o v
IF (ABS(I1CASE) .EO. ARS(ICASED)) TWON
CONTF] =« . TRUL.
(9% 1 4
CONTY] » .FALSL.
D r
LETOF = _FaLSE.
Tig » 1CASE ¢ 8.3
CALL Sa7 (T8, M. Dry)
P w PTETAL « M
RATIO = AMBA o Pa / (Mames o py)
DELTAX = 4LDW / (1. «ITHOOL)
IXITE =

C Initislization fer sssnrrant fiow

<

IF (ICASE .LT. #) TwEN
ST, = _FaLSE.
TSR - TRUL,

TIME @ =V, » TIMQ

IF (COmeYF)) vl
YELDIF = W0 « WDELTA
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ELLENG = ELING
FOLDNG = ALDNG -~ xLDmC
(4% 1 4
FLLEM = XLENG
ECLENE = XLDNG
Do 1
IF (CONTFI) THEN
FLLEMG = ALDNCO o XLENG
e 1
4
C Firet gueas of the interfece tomperstiure ol ssch node
<
IF (ICCITE .m€. ') TwEw
TI = THis(1m00C)
CLSE IF (1w00f .£0. 1) THEN
Tl o (TRalLL »78) / 3.
fse
Tl = 71
o r
1T = 1
TLOW « TRALL
T™HIGON « TS

iterstion foep Ter the Interfoee temporeture

Coloniote the et trensfer seelfieinnt Ihrough (he vopor-eir
Boundury lsyer and sendevsetls e

oo n

s CALL Palam
THETAS = T1 « T™WaLL
RDGMN = DEXSCE « VELDIF o XOLEMO / AMO
IF (WFIRSTY) TwEw
PELY = DELDZ
POxE = 0.0
CALL FORCE(WavE, COUNTE)
CALL FILMIN(COUNTE)
o T res
DR 1y
PEL = DEL)
OEL2 = DELII
PELNZ « DELNI)
YOELYA » WOELY)
IF (LAmima) T™wEN
CALL FILMLA(WAVE, COUNTE )
[ #%.1 4
CalL FluwTu(CoumTe)
e 1r
CALL PORCE(WavE, COMTE )
[4
€ Coloninte the mew Interfocs tempereture 1o Deted the bowt figs
[4 thesugh (he vaper—eir bosndery loyer ond the sonsenpeia flin
‘ d
265 OFILN = WILN o (TI-TWALL) » DELTAX

187
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WRITE(2D . e04) XD, EOLDMG, YLLEMG ., COuwTC .
t ROV, XIX3, DEL2. ACF2, YOLDIP
oo 1r
ELEWG « WLEMG ¢ DELTAX
NFIRST = _FaLSE.
INGOE = 1m00C o 1
IF (LsTOP) T™wiw
IF (e . ox. ITRODE) THEX
o TO 283
nse
o0 To 287
Do 1r
CLSE 17 (ImoDC .LE. ITWODE) T
o0 YO 283
D I
83 FORMMAT(f18.8, 308, Blet®.3, 1s))
“0e FORMAT(3(r19.5. 1X). L8, 8(0ve.3, 1x))

Ene of the seleviation far the wheils lemgtn

IF (COUmTE) Twix

DROCLS = AT ((DELNZ « BLioz) / eruxa)
IF (OO WL 1.00-3) ™D
WRITE(IN, ¢) "CONMVERGE COMPLETELY o o0 T
CALL QUTPUT (COumTE, comYr)
ETOF = _TRUL.
PO = B2

ELSE IF (wavE) T™wex

PELY & 0700002 » 9,300 102
| 4% 1 §
DELE - DL

ow i

ICCITE & [CCITE o ¢

S0 TO 202

oo I

Ere of the scianiotion of ane fete wet
267 IF (COUmTC) TMEx

ose
CALL OUTPUT (COumTC, Comrr))

D I

ComTrl,

THE MEXT TIimE STEPC

I00 WRITE(e o) ‘CONVERGE FAIL FOR FIMDING THE INTERFACE TDw *

WRITE(e.0) "WFlLM, MOAS, OFILM, i, s,

L REILM, MCAS, OF 1w, OCAS, Dvg
& ITOR

O

FUBROUT [l FORCE [ mAvE, COumTE )

oo

THIS SUBROUT INE CALCULATES ThE COMDESATION MEAY
O'NVM!IWU““"'I-N“

TRANSFER COCPFICIENTY

LOGY SETWTDN MOMONTM |

189
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RETURN
(2 9

BURROUT INE WATY

[
4
€ THIS SUBROUTING CALCULATES THE COMDDMEATION MEAY YRANSFER COLFFICIENT
€ BY USIM0 ThE WOOCL DEVELOPED FOR TwE RATURAL CUWYECTIOW
c
BINCLUDE: "CwG . O
IF (GRLre L. v, ) ThDM

AG = 856 v (ORL « BOMM) oo (1./6.) « BAB / ALDSS

MCORY w B .88 & (SR o PAM) oo (1./4.) ¢« ARS8 J ALDW
ELSE IF (GRmUMR LE. 1. 80168) T™wEN

A 8,05 ¢ (SRL « BOMM) oo (1. /3.) ¢« DA / LD

MEONY = §.13 ¢ (GRL o PRGN v (1./3.) « AXG / ALDS

st

A0 = 8,02 ¢ (GRL o BOMMN) o« (2./9.) o BAB 7 ALDW

WOOMY « §.821 o (GRL » PREE) o0 (2./5.) s AKG / ALDNG

Do I

HEOMD o M » NS « (CF « C1) » (MOLPT o BEYAP) / (T8 - TRALL)
. . Oy

MCOND = CETAR « wCOWMD

HEONY = CETAR « MOOMY

NGAS = MUOMD o MCOwY

RETURN

(=, 4

Lol

SUBRCUT INE FILNin{COUNTC)

THIE BABROUTINE 18 PROCRAMED TO CALCULATE THE MEA' " ansrER
COLIFICIENT OF T™ME COMODNCSATE FILM AT T™E FIRSY moc

|annnonon

INCLUDE: "OWeg  Cum
LODICAL WFIRIT, BAVE, LAMINA, SOUNTS, CONTT]
ARAETH = ML o AL v THETAS
oo DDNSLeel, o GRAVE « WPRIN & ELLEMGce). / (4. sAMAKTH)
AT = 8. 0256 / RDeNe ot 3
IF (COuUmTC) THEM
L =g B |
De 17
OF = DENSL o ACFY o DEMSCE « Vool « MPRIN « XLLENSesd, / AMAXTH
RETP o DERSL » COMETY » VO « ZLLENG / AL
1ITE2 =«
IF {ITDx .ER. 1) T™™EM
e 1. .07
e 1F

8 Y = B e Yook o DN o Need /3, o RECTP o Kesl J 6. = 1,

oY - AR (V)
DERIY = 4. oBMelend ¢ DReXoel & BRETPaR/2.
X =Y / DERlY
Tel-0x
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DEL = DEL » DELYTAD

L
[ 9
¢
t
SUBROUT INE FTLMTU/ COUMTT )
e
<
c THIS BUBROUTING IS PROGRAMED TO CALOULATE TWE MEAT TRANSFLE
13 COUTICIENT OF Tl TURBULENT COMODMEATE Fliw
<
SIMCLUDE: "D, O

e

LOGICAL WFIRST, WAV, LAMINA, COUNTE, COWTF]
GOLL = DEL

CTae =« Taus

OVRELY = VOELYA

ITER » ITER «

IF (COUmTC) T™MEN

YELDIF » ¥§ « YOLLTA

nse

YELIF = 8 « VOELTA

oe Ir

ACTY = 8.768 / (ALOG( 804, «DELI/XXS) ) wel.
IF (COUNTC) TwEw

AT = LT

o Ir

TAUIS = ACF2 » DENSCE « VELDIFeel

TAUIC = DELTAM » COMETY o YELDIF

TAUL » TAUIR » TAUIC

TAVIA = QGRAVE « (DEMSL~DONSCE) « DEL

YAl = TAULA « Taut

YIAY & (TAUE/DEONSL)eet. 8

DELF = DEL » DOMSL / AMUL « (TAUS/DENSL)eed.§
UL - DL

IF (DELP .LE: 14.8) TvDx

L o (Gaibel /hatil)ene.

[ 4% 1 4

o - (WWL«”.“)/(!.mnm(ow)d.“)
e I

RROR « (DELF « WELF) / DL

WY « oL p

IF (ABS(ERMOR) @Y. 1.90-4) GO ™0 103

DEL = DELP / DENEL » ML / (TAUS/DDSL)ees. 3
IF (OEV) .LE. 19.8) THDM

VOULTA o (TauS/Asui) « DEL

[ #% 1 4

YORLTA = (2.44 » ALOG(DELF) o §.8) « ¥vTau
D v

OROR = ARS(LEL « OOEL) / BEL

IF (Dmof 1. *.88-4) 62 YO 19t

IF (OB AT, 10.8) Thbx

AETL = AXL

(% 1 4

PRAS, = CFL s AL/ AKL

PETL = 8. 88 « 8,07 / Posas

193
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CALL SAT (TREFY, PSRErs, DPgAT)

C Colanints Gonnity

<

<

<

nNno onNnn

onNnn

on

DONES = 1. / SVED (TREF!)

DENESE = 1. /7 SVSD(TS)

DENSA = (PTOTAL-PSRLF1)e! 008 « AMRA / (B314 . o(TREFY o 273.))
DENSAR = (PTOTAL-PS) o 1.800 « avwa / (R314. (T8 « 373.))
DENSE = DENSS « DONSA

DENSSE = DENSSE « DENSAR

DENSL » 1. / 8.0

Coleviote vissenity

MY e B 0404 ¢ 4 A7E~0 ¢ TREFY « DEXSS o (1.8580-7 -~ $ $E-10
1 «TREFY)

AMUA = AMUAD(TRE?Y)

FISA « (1 & (AMUS / AMUA)se@ . § o (Aamma / S ee@ 29)e0] /

1 (8« () o /S / aimi))ees. 8
FIAS = {1 & (AMUA / AMUS)ee0.8 o (AMIS / Aalis)esl 28)eel /
1 (8 o () & Mma / samwg))eee. 8

AWTS = PIRLCTY o AMwt J (PEREFY  AS o+ (PYOTAL = PEREFY) o awwa)
A w1 - ATY

AOLES » AMFS [/ awwd

MOLEA & ANFA [/ Mema

XS & AMOLES / (AMOLES + &MOLEA)

EA = AMOLEA / (AMOLES « AMOLEA)
ulou-AM/(nonwtu)on-m/(non-nu)
AL - LD (TREFZ)

Calaninte vondoatinity

AKS = ARSD (TRLTY)
A w AKAD (TREFY)
m-nom/(non-nu)ou-m/(u.n-nu)
AL = AXLD(TREFD)

Coloninte sponipin heet

% - oS0 (TREFY)
CFaA = OPAD (TREFY)
CFG = AFS o CPS & AFa « CFPa
L« OO0 (e

Coaleviate dlifunion sneffisiont

TCA = 132,

ML = 4.6

TER » 473

2 - 2100 .

Fow FTOTAL « 0.8882

AR = 3 gel-4 » ((TREF142Y3. ) /(TCASTCE ) wol. $)eed 334 o (PCaerch)

1 “o(1.73.) » (TCATCE)ou(8./12.) o (S/M04 « T/MrS et 8 /0

Calenieto onthalph ¢1fferenes
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€ THIS SUBROUTINE CALCULATES THE CORRECTION FACTOR OF NICH WASS TRANSFLR
[4
$IimCLUOE: "Cwe . Cai
4
AEFER = PS o AT / (PS & S o (PTOTAL = PS) » Ama)
MTAR e 1 - AETSE
AMOLESE » AeFSE [/ s
AMOLEAR = NaFAR [ haima
ES8 = AMOLESE / (AsOLESE + AMOLLAS)
IAR = AMOLEAE / (AMOLESE « AMOLLASR)
AMFEL = PL oo A / (P] o AimS o (PTOTAL = P1) . AMA )
ALl = 1 o« aarfs)
AMOLEST = ANFS] / ey
ANOLEAL = AFAL / neses
Kl = AMOLES! / (AMOLES! » AMOLEA]D)
Kl w AMOLEAL / (AMOLEST & AMOLEAL)
R e (X5] « X38) / (1 =« x51)
CITAR = ALOC(Ret) /M
4
IF (ICCITE .EQ. 1 .AMD. INOOE .EG. 1 .AND. ITER .09. 1) T™Ew
WRITE(2Y,.108) ICASE. RATIO, PYOTAL. TWALL. DELTAX
WRITE(2Y.200) YO, ALDNG, AWFS]. ANFSE
WRITE(21.3508) XSI, X33, B, CSTAR
oR iF
108 FORMAT(" Ie‘, 12, * RATIO @', £18.7, '  PTOTALe', [18.7
L] g TRALL o', £15.7, *  OELTANe', [15.7)
200 FORMAT(SX, 'WG e, £18.9, * ALDSS o', I118.7,
1 t O AS] et 0187, AWSE =, £19.7)
300 FORMAT(SX, ‘XS] e, £15.7, ¢ K38 o', 019.7,
1 A -, 08,7, " CITAR =, [15.))
RETURN
[ 3
c
4
SUBROUTINE SAT (TSAT, PRAT, DPRAT)
[
[4
T THIS SUBROUTINE CALOULATES SATURATION PRESSURE wiTH RESPECT TO
€ SATURATION TEWPDRATURE.
[4

Dimesion Fl8)

BATA F /J <741 9243, -28.721, «~11 85206, <0 POBSE3S. 0. 1904000,
1 G AIRERI, € 2320658, 005210684 /

LU

OB - 8.

E o .88 « 0.01 ¢ TRt
Thl » 1008, / (TSAT o 273.18)
DELY = 376,138 « TRAY
L -BR B ST A

dwph ey

If (v .BR. 1) 90 TO
DM « O « X & (4
B e Bl s X oo F4)
BES = Tal + 1 (<08 o DELY oSum
PEAT « EXP(RES) « 22.080

- 1) =« F(2)
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WESTINGHOUSE CLASS 3

¢ (A(15UBe1) = A(ISU8))
RETURN
oo

FUMCT (O AXSD(TDw )

CALCWVIATION OF THERMAL COMDUCTIVITY OF $TOAM

1

DIMENSION A{18)

BATA &4 /%88, e 6. 18.20-3. 6.8E=3, 19 8(-3.
20.20-3. 20 9C-3, 231.60-3, 21.40-3. 23.20-3.
2¢.96-3, 2¢.90~3, 28 80-3, 36.74-3. 37.88-3 /

ISUE = 3. & (TR ~A(2)) /7 a(Y)

£ IS8 -3

TLOW o A(2) ¢ B & AL

T™ION = TLOW « A1)

AKSD = ACISUR) « (TDW « TLOW) / (THIGH = TiLOW)

o (A(ITUBet) = A(15U8))

CTURN

oo

PUCT IOM AMUAD (YD )

CALCULATION OF vISCOSITY OF Alk

1

DIMOnsiomM A1)

BATA AJ26.. & . 0. 01708, G 0013, C. 0008, 3 01090, 6 02087,
S .023173, €. 02258, S . 01343, S .s240N/

ISR = 3. » (YD ~al2)) / al1)

g~ I8 -3

TLOW = A(2) o« 8 » &)

THIGH » TLOW « a(1)

MUAD = ALISUN) o (TDWF - TLOW) / (THIGH « TiOW)
o (AQTAUBsY) = ALISUR))

AMUAD = ARV e ) 9Ee3

Llaa* ] .

e

FUMCTION AadulD(TEW )

CALCULATION OF YISCOSITY OF LIGUID (waTER)

]

CIMENSION  A(11)

DATA A728.. @&., 1707, 7.8008, €. 853 §.4805, .35+, 0.2037,
$.23%. .04, 0187/

ISR » 3. « (TOW «a(1)) / al1)

'8N -3

TLOW o A(2) o B « A(Y)

THION » TLOW o A(1)

D e A(ISUE) o (TEW « TLOW) / (THIGH « TiOWm)
o (A(IBUBs1) = ALISUR))

MDD = LD ¢ 1. 8E-)

ECTUR

(<

199
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201

TRt BaTa A/ 8., s.. TR 8. J4TT. 7, 2488 9. 2484 L

1847 1 2642.3, 24305, 2410 6. 24087, 33968, 2302.7,

10sd 2 137¢.7, 21358.5. 23546.3, 2533.0, 33314, i3k 8,

T 3 23968, ZICI .5, 2378.3, 2297 .8, 2637, 2230.2,

3Ty B 2316.5, 2202.0, 2188.5, 21%6.2, 21880, 216a Y,

188 ] e .8/

1982 IS8 = 3. « (TOW «a(2)) / a(Y)

1883 e ism -3

T85s TLOW o« A(2) + B v A(5)

1088 T™HION = TLOW « a(1)

1858 HEVAPD = A(ISU) o (T -~ Toow) / (THIg™ « TLOw)

1987 ) o (A(ISUSe1) « A(ISUR))

1858 BEYAPD = MEVAPD « 1080 .4

1958 RETURN

108 (= 4

1ee ¢

1883 FUMCT [ ON w87 LAk (T )

10863 3

106s € CALCULATION OF STLAM EXTHALPY

868 <

1868 DimDesion  a(de)

1ee? BATA 4/3.. 8., 28190.58, IS99, 25289, 25381, 2547.2, 38548.3,
o868 1 $363.3, 1874.3, 2383.1. IR0, 2004 .0, 2649 6. 2008 3.
1hes 2 0208, 2835.3. 28437, 28%1.8, 0680, 20801, 2878 .1,
e 3 ISAI B, 24818, 26080, I7RE.3, 37538, 738.8, 2727 .3,
1871 L) ITII 0. 2768 .3, TT46.9, 1782 4. I75E.1, 783.8, 2788 .7/
72 IS8 = 3. « (TDw -A(2)) 7 a(y)

1973 e e -3

% TLOW » 4l2) o B « A1)

e THION « TLOW o A(1)

1878 METEAN « A(ISUR) » (TDW - TLOw) / (™IGM - TiOW)

ey 1 o (ALISUBe1) = A(lSue))

1878 RETEAN o METEAM « 1006 ¢

AL s RET U

188 [ 4

188 4

1882 PUnCTION SVSD(TDw)

1883 ¢ .

1. € CALCULATION OF SPECIFIC voLLME OF 23 744

1888 <

1086 DIegion  A(3Y)

1887 BATA & ¥ Ps. L TO6. 16, 14712, 196,38, 7T 3. 7.7,
Y ) 3.3, 32 .m0, TH.22. 19.82, 10.38., 13.83. ¢ 858
T8 2 T.ETY, B.16T, B.8e2., &.131, 3.667, 2 838,
e 3 1387, V.02, CLETIZR, T 6184, 1 3192, 10388,
e & . BRIR. 8. TTRE, B 6888, @ 5823, S 3008 8 ess3,
02 B € 3020, 0. 0408, 0.387, ®.3720. 8 .3e28/

1992 IS8 = 3. » (TODW® -4(2)) 7 a(V)

e e l88 -3

et VoW = A(3) « B ¢ a(1)

Teee THIGH = TLO® o &(1)

e EYED = A(ISUR) « (TDW « TLOW) / (THIOH - Tiow)

Teee 1 ¢ (A{ISBe1) « A(IBN))

e RETURN

1100 [ 4
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WESTINGHOUSE CLASS 3

PROT =P ( 1PREF , JPRLT)
DO 83 =i M1

90 83 It 4t
P(1.d)=P (1. 3)-Puer
COomY It

WRITE(14, 50)
1 Dt
3 IT(IDO.CR.L1) G0 TO 3
I 14 < Sl
1 EM0w | Db Y
I1DO-uine(1DO, 1)
WRITLL 14, 5¢)
WRITE(1e,.81) (1, TelBE0.IDD)
IF(MO0C.£0.3) GO TS 3e2
WRITE(14,82) (2(1).i=1BE6. 1D0)
0 Yo a2
362 WRITE(14,.83) (x(1).l=IDES.1DW)
343 90 TO
e iD=
WRITE(14. 58)
311 IP{J0DM . 0. %1) OO TU 32¢
B0y DD |
& DDy DD T
4 O [0 ( JOMD w1 )
WITE(1e.50)
WEITE(14,.54) (J. omiBE0 JDWO)
WRITE(16,.38) (Y(4),smiBER JDWO)
™ T In
3ze Cowtimut

SO PR WPel NGAN
IP(.MOY LPRINT(NF)) GO TO 9¢
mITE(1e,50)
WRITE(14,18) YITLE(wF)
IFETet
iFYTel
V(W 00,108 W £0.3) IP¥Tes
IP(nF £0.2.00 wF £0.3) iF¥Tal
IFESe  FYT-T
110 CONT I
IRE0 [ BEGe 7
e T
1O 1900 ( 10 LY )
WITE(14, . 58)
WRITE(14.2¢8) (1. I=1000,1DW)
WITE(14.00)
ELa® Sla bt 3l
B0 118 JemifET M1
i Pl d
WRITE(16,68) 4, (P00.0,9) JelBE, 1E00)
106 COmT it
IP(IDO.LT.L1) 00 YO 118
s COReTIMUE
eV
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DATA @, BETA, FACTOR /9. 8. €.00387, 0.5/
BATA FRATIO, CRWERE /9.5, 198.4/

o

e

0L - 2
.o .03
EL = 5. 764
WRITE (e, o) "PLE TYPL LASTHY, QGAMMA FOR MODE SPACINGY '
READ(« o) LASTW!, Gasis
Lt e 33
IF (Gaams, EQ. ') THEw
CALL WGRID
ose
™W(2) = 2.1
50 8 1 =3 8
Y1) » Y¥(i«1) o #. 4418
SOmT It
DO # 1l =8
TW(I) » YW(i=1] & 6. 6018/
COmT [ mut
LR B BT TRt
YWII) » Yo{l=1) » §.6418/).
(=< Rat V3
YEPACE = (0. 6418) o (GAMMA~1 ) /(Caites(LASTH! J=1 )
WRITE(14, 0] "LASTMI, YSPACE~', LASTWY, YSPACL
YEPACK » YSPACT (GAMMA+e( LASTHI~1))
D2 11 1 = 11, theLASTMY
YW(I) = YW(i=1) « YOPalL
TEPACE = TEPACL/Ganbas
[=- a1 ¥ §
Wi o= 18 e LASTYY
(1) = 8.
W(3) = 2.0 £-3
2% = #. 3000
0O 13 0= e
I} » mu(i=1) & Bx

13 comT imt

FL o= Wit}

o 17 N

o |
<

ENTRY gTARY 3
-

WRITE(e.o) "PLT TYPL LAST, LASOUT'

BEAD (v.%) LAST, LASOVTY

TRALL = #7.4

T » 1048

Tl = .8

PYOTAL = §.183¢

CALL SAT (T8.r3.00%)

Fa = FIOTAL - M

AR = (PReaM ) /(P9 AMS P Ae AbiRA )

WHITE (v4,%08) TRALL, TS, TI, VIN, PTOTAL, LAST, LASOUT

100 FORMAT ( * IWPUT BATA", /., * TRALLe', £12.3.° T8=' (12 3,



1848
184y
1844
b
185¢
1081
1082
1982
1884
1988
1958
1987
1958
1883
1888
1901
182
186
PR
1008
ee
1887
e
188
8Te
e
%72
173
197
1973
e
1877
1078
"'
CedE
i
1982
el
1884
1969
1e8e
1867
1983
AL 1)
1980
AL . Al
182
1983
1084
1.
1
L
Teee
1o
110

CommrnnmneC ALCUATE THE RATE OF [NFLOW AMD OUTFLOW
AMD MATOM THE [MFLOW RATE TO THE OUTTFLOW RATE -

17

e

118

120

131

2

123

124

128

130

WESTINGHOUSE CLASS 3

comY Imul
TICAL(Y) = TwALL

FivY = 8.0
Fix « 8.8
b0 118 ety . 22

FIY » FIY & 001, 1)ew(] 2)exO¥(1)eR(1)

DO 198 =2 a2

FIX @ FIX & 001 J)e0(2, 4)evCVR(J)

00 120 1 = 3, V2

FIX @ FIX  RMO(T 1)ev(],2)exOV{1)cR{1)

00 131 1 = 23, 2

FIN @ FIN o ®O(1,1)ev(], 2)ex0v(])joR{1)

ey « 3.
mx = 8.
00 122 1e2.43

FOY « POY & RO(] W1 )ev (] 1 )exCV(])eh(M1)

0O 123 =2 2

FOX = FOX ¢ RO(LY . J)eU(L1, J)evOvR(4)

Fix = FIY

OUT = FOR-FlxefOY
ALPWA & TT/Fin
D0 124 | = 13, 2
¥(1.23) = ¥(1.2) » aLP
(=< At ¥ §

DO 128 Jer Wt

D2 125 let it

®0(1.4) = DODeSCE

TEE(].d) = 08801 & v(] 2)eel.

PIS{I.d) = 8.1 » TRE(].4)ned.
TICAL(1) = THALL
SO = 8.0
€t = 1 .08
C2 e 1.92
T = 0.8 + 0.9 PN
BT = .88 ¢ 0.0 /300m
R - ),
" s 1.3
LR "
B - IO
PRPET « PR/PEY
PR o= 8.0 “1 ) /PR Tend 28
PCICT = BE/RCTY
SN = 9. +(3080T=1 . ) /90T oel 28
COt = CDest. 28
DO 138 1 = v, L1

PR L) = PP

(i} = S3Fm

ACON{L) = 8.
COmT Tl

WRITE(e,0) “O0 YOU WANT TO READ TWE RESULT OF THE PREVIOUS CaLY”
WRITE(e.¢) "("DR » 1, W« 3)°

READ(e o) IRLAD
IF (IREAD .00, ') TeEN

221



. ; WESTINGHOUSE CLASS 3

223

1158 (L) » aerss

1187 TRE(I. 1) & 0000 ev(] 3)eel.

1108 BISC(I. 1) ® 8.1 o TRE(I, 1)wel,

1180 231 COnT It

1108 € s CALSULATE THE BOUMDARY COMDITION FOR TOF L
118 L - D

1102 T(L1.d) » T(L2.4)

1183 IF (¢4 AL 9) Y(Lt 4) e T

118s (LY 4) - e (1L2.4)

1168 IF (¢ LK. 0) ALY J) » arse

186 TRE(LY.d) = TRE(L2.4)

1147 DIS(L1.4d) = DIS(L2.4)

1188 191 comTimut

1180

1176 Commrmcnel ALEVLATE THE RATE OF INFLON M0 OUTFLOw-—

"N oY= 8.8

' 00 288 | =« 2,

1173 256 MOV @ POY o N(l.m)w(l.ll)-mu)-ﬂ(l‘)

117 IF (ABS(FOY/7IN) . LE. 1.8) THEX

"nr Fik = FIY

1178 FUT & FOX - PIX & POY

1577 AL & FOUT /YN

1178 OC 258 | =13, 2

1178 ¥{1.2) = wORIC(1) « ALPWA

1100 8% ComTimut

1181 4K 1§

1183 WRITE(e.¢} ‘FOY, Fin', ProvY, finx

1183 WEITE(T2.0) "SARMINIO: FOY IS LARGER ThHax T.8erOUT
1184 oe Ir

1188 illrt(-.-)'ruv-'.'vv.'vxu-'.rll.°u(3.ll)-‘.u(l.ll).'Aurna-',AurnA
1188 WRITE e o) V(L))" , W(L1.N3)

LAY 3 (4

ART T (4 CALCULATE ™ BOMDARY CONDIYTION FOR RiGNT (COMDENSATE Filw)
1188 < PURFACE AT ™NE DO OF [aeln CALSULAT IO

Tine 3

1 IF (ITER W€, LAST) BETURN

1182 0O 280 | = 2, L

1183 IF (3US(1) .LE. 11.8) TEm

1194 MTS » Axg

1198 (4% - 4

1108 METE w CPO « AR XPLUS(])

ey ' / <m-u.um(u-m-mmmmm
1188 DR i

1iee %8 A1) » ’lxl-(mf(!))mo("(!.n)—'(l.ﬂ)hﬁ(l)Ml'(ﬂ)
1206 CALL Fliww

1200 CALL Flima

1283 90 2% Jet L1

1283 CALL SAT(TICAL(I), PoI, DPeD)

1180 PAl = PYOTAL - PY]

1208 MRIC(L) - (PSlenmms) / (PR cmimiorsl o nnme)
1206 (L) - arsic(r)

12¢7 287 T{I.) = TICAL(D)

1208 N - 0.0

1300 00 262 ie2. 2

121¢ BEE(1) = &.¢ DEL(T) » COesd 28 TUE(] 02 ) 0ot 8




1368
1267
1368
1288
m1ve
13
1272
1273
1274
1278
1778
m7n
1278
127
1208
1201
1282
1283
1184
1268
1288
1287
1288
108
1zee
1291
1292
1293
128+
1298
179¢
1297
1268
1289
1509
1381
1303
1383
R 2
1388
1 Iee
1347
iR
1300
131
30
1312
1313
1314
1318
1318
1317
1318
131
1328

WESTINGHOUSE CLASS 3
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00 31 1 e-2 2
IF (xros(l) .LE. 11.8) TWEN
AT » AKD
st
AKTD @ CP0 « ARG IPLUS(T)
] J (PRTe(2.80 00 (ACOM( 1 exPLUS(]))ePm(1)))
D Ir
Q1) o WPRIwe (AMDOT (1)) oA TOe(T(! M2 )=T(1 W) JemOv( 1)/ YDIF(N1)
e (GENSLe (DEWSL-ODNSEE )« (Q) oMPR Mo AL o3/ (4. saniUlex(])
1 o(TS-THALL) ) Joe(8.28)
R » W ¢ (TH-THALL) » XC0V(1)
ETOT = QTOT & (1)
GUTET = DRTOY « O
MOAS « Q(1) 7/ 2w (1) / (TS=T(]1 1))
Wi e Q(1) / ®Sv(1) / (T(1.M1)=TRALL)
MOVER o WF 1 LNeMSAS / (W1 LewGAS)
WRITE(12.338) R(1), @1}, WFILM, MCAS, MOVER, Y LUS(])
WRITE(I8,¢) (1), wOVER
33 COmT IR
333 rOmMAT(#£18.7)
RTOY « QTOY / wTOY
WRITE (12.¢) ° RATE OF THE TOTAL CALCULATED TO MuSSCLY=". RTOT
WRITE (13.¢) ° TOTAL WEAT TRANSTERED BY WUSSCLY CAL =, GWTOY
PG 332 4=t M
WRITE{ZA, «) Y4}, Y(18.4)
WRITELRI . o) Y(J), ar(18.4)
WRITE(26.¢) Y{4), W(18.4)
332 comTimsg
WRITE(12,.334)
334 FORMATL///7.8x, "B(1)*, 19X, "TIGAL(I)"., 7X, *WORLYA(l)".
1 SX, 'VLAVG(1)", X, "aOOT{1)’. BX. ‘PEL(1)’)
o0 i3 1l -2, L2
WRITE(12.333) (1) . TICAL(T) . YOOLYA(]) Viave (1) ADOT(1), DEL(])
338 ComTimg
WRITE(13,.336)
338 FORMAT(/// . 8X, *R(1)". IR, "REX(1)', ®X, “REFILM(I)°, eX,
1 ‘ACOm(i), &x, ‘PPR(1), ex, "sMw(l)C)
0 NTI=3
WRITE(Y2.333) R(I). mE(1), REFILe(L), acom(l), Prw(l), SP(1)
ST | et
WRITE(13.338)
rOmY(///7.5%, "R(1)', YOX, "APLS(1)', &x, ‘BS(]))
PO 3 1l =3, 2
WRITE(12,.3381) x(1). aPLus(]), nwwrLus(!l)
338 COmeT I
3381 FORMAT(3E18.7)
WRITE(12.300%)
3382 romsat{iex, *v(J)*, 1&x, "YPLUS(J)")
00 333 i=3 W
WRITE(12.3384) Y(4). YU (J)
COwT 1T
oMY (2(€14.8, X))

E &

£

LB B P |
DO ME e, M



137
i Frel
137
137
= 1
1380
1383
1382
1386
1388
1388
1387
1288
1380
1IN
1391
1392
1383
1384
1308
1380
1387
1388
1380
s
LS A
Teel
AR M
s
1483
i 23
1487
R
1408
LAY
1411
1412
1413
1414
418
1418
1417
16418
1418
1430
el
1432
1433
1434
1428
1420
1437
14i8
1429
te3e

WESTINGHOUSE CLASS 3

ComeY

DO QS im0

00 TO (432.432,431,633 634 431 .40 wr
J .

Q37 YPLUS ()0 (2. J)+SORT(TRE(R,4) ) oCOMe XD I F(2) /M0N0
G (1, ) I
FPLYPLUS(4) 0T .11 5) GAN(Y ., J)mabd0sYPLUS(J) /(2. 8¢
OGP . eeYPLUS(J)))
0 O 4
B e . T
IPCYPLUS(J) . 0T 11, 8) GAN(Y, J)naiC/ PRT«YPLUS(J) /(2. 8¢
OG0, 0 YPLUS () JoPPrn)
o« TU 438
a3a Q{1 J )eannis e
IP(YPLUS(Jd) BT 11.8) GAM( T, d juadlis /SCT«YPLUS(J) /(2.5
TLOGIR. SeYPLUS(J) JesSrw)
a0 TO «38
435 COMT MUt
IF (W . 1) 80 TO 0%
DO 8 J = 2.0
DO a8 (=3 L2
COM( L, d)m(Cam(] d)e(W(let d)=0(1,J))/ XCY(] )=
16A T=t J)o (ULl d)=u(1=t ) ) /ReY( =t )}/ XDIF (1)
SadiPeGati (1, o0 ) oRAM( 1=t  do! JoXDIF(1)/(CAN(], 401)e
1V (1 )etai{ 1=1 ot JeRCY( =1 )1 E~38)
CAMPCIP oA (], 4 ) »Qaat( 1=t JYexDIF(1)/(Gane(] d)e
VEEV(1 ) eRAu( 1«1 ) o RCY (11 jot . E=38)
SAMLA( ], deet JoGadd( [t St JoRDIF(1)/(CAM( ], 21 )e
ROV 1 JoGAM( [=1, dui) o ROV (=1 )e1 E=38)
SR G AT (], J ) oQaM( J=1 J)eRDIF])/(Cam(] d)e
VRSV )oQam( =1 JJoR0V(I=1)et 2=38)
COM(], d)uCOM(] d)e(R(iot) olaalPs (V] Jot)=¥ (1wl jot))
Vol ( J ) oGhtibe (V{1 J)=¥(1w1 4)))/(YCWR{J)exBIrF(1))
“4p CONT Lt
RETU
o IT(W NE.2) 00 TO 41
DO o8 3.
0O o8d led. 02
(1, d)m( R ol ], d) o (W] st }an(] ) ) /Y0¥ ()l (4=t )0
VONS( T, =1 ) e (¥ (1, d)=¥(1,d=1) ) /POV{ et ) ) /(M J )0 YRIF(J))
GAPoGal( 101, 4)o0AM(To1 4=t JoBIF(4) /(0 101, J)evOV(J)e
T0ME( 1o, det JovOV (et Jot E-38)
CAMPANI O (1, 3 ) w0a( ], 2ot o DIF(J)/(CANIT  J)o7CY(J)e
TOAM( 1, d=1]eTOV(bnt ot E~38)
SartbeS i (1= ) wBaM( 1=t 4=t o vDIF(J)/(GaM(T=1 4d)s
YOV (oA 1=t 0=t Jo YOV (d=t et §=30)
B QAR DA | ) oQAM( ] 2= )e™DIP () /(0[] J)evTY(Ji)e
TOAM( 1, d=1 )oYV int }ot §~38)
COm{l J)eCOm(], i)e(Canre(Ullet J)eti(lor, s ) dBanioe (U(1.4)
T {1 d=1)3) /(¥ (1)ev0ir(4))
IP(NODE. 0. 2) APLT. d)mal(] J)od, o0aN( ], ) e@aml] i=1)s
SYDIF()/(ONS(1,4) e YOV (J)o0aM(T, dut )oYV (4nt )et §=20)
L/l ilee]
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1488 428 [P(NF RE.7) EETURN

1487 PO 88 i 2

1488 DO 08 1e2. L2

1 CON(] d)=CroQDN(] J)oCDelM(] 4)eTRE(), 4)

1400 WL Gy CoRnC (] ) o0IS(1,4)/(TRE(L, d)01 . E~238)

1681 490 COmT 1wt

1402 Do 0t =2,

1483 SITSaCO TR 02 ) ent B/(8. 6eCDeevDIr(W1))

1604 Com(] M2)m(1.0+38)00188

1488 APCT M2 )t Ll

1408 8 COmT sl

1687 D0 o802 i w3 ¥

Ten8 DISBmCOTRE(2, 4)net . 8/(0. 6oCDesXDIF(2))

1408 Com(2. d)w{1 Eel0)sDI58

1506 M2, d) e Ee 30

e 48) COmTImul

e 00 38 J =1

1583 IF(J .85, '8 A0, W K. 4) GAM(LY.J) = 0.8

156e IF(d GL. & 0. W B0, §) CAM(L1,4) = §.8

1548 IF(d €. ¢ 0. W E5. 1) CAM(LY ) = 0.0

1506 $18 COmTInut

1507 00 $1% 1 = 1,12

15968 IF (wF £0. 1) GAm({!. 1) = 0.8

1508 517 comTIimut

1810 00 512 1 = 36, 0

1811 IF (W B0, 1) GAm{]1.1) » 0.2

1812 812 COmTImut

1813 DO $13 4 = 19, WY

184 IF (W L. 1) GAM(1.4) = 0.8

1818 $13 ComTimut

1858 2T

15y [+ 4

1518 [

1% 31 FUBROUT INE Flen

1528 ¢ -

1821 ¢

1822 € THIF SUBROUTINE |3 PROCRAMED TO CALCULATE THME MEAT TRAMS I ER
1523 C COUTICIENT OF Wi COMDEMSATE FIiM AT TME FIRST wOOL.

1824 <

1828 INPLICIY DOULE PRECISION (A-w, 0-3)

1836 FARAIETEN (Mt 08 )

1827 COR '(-....).’(..-).“(-..).M_.ﬂ).m(ill.-).
1828 TOATP O, b ) AT ) AP (N D) AR ) AR (e )
1529  § u-).m(-).nn(m).uv(-).m(-u.

AR 52 ) 3 Y(-).N(.).ﬂ"(-).m(-).M(.).

1831 S YTV ), VOIS (M) ASUR(00) ARG (M) AP (M)

1832 B R Oome) M () X (), S0 () ROVT (0], XOVIF ()

1833 MI!M.M.I’.".“.U.Q.U.“.ﬂ.l’.
1834 VOREY BT ITER LAST YITLE((3) RELAX(IS) . YIME. DT, 20,70,
1839 EIPELT JPREF. LSOLVE( 1) AUPRINT (1), MODE, KT IMES (1 1), RMOCON
1838 COMMON /PROP/ TOALL, TS, TREFY, TI, AwPSS, AMFS!, DOMSO. DDNSL.
1837 ] RIS, MR, MR, ML, DAB, CPO, PR, CFA, OFL,
1530 2 MRRIN, PTOTAL, AMIS, AMA, DONSGE. ASUGE.,
1838 3 Pos . SO i

CRAg CORMON /FilMy YICAL(WN), VORLTACMN], Q(N), AJ(WN), AMDOT (M),
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1888
e
1580
1508
1wt
1680
1902
1643
T eee
| eEd
et
1047
Y
e
AL AL J
11
2
1013
1894
AT EE ]
L1 A1
1917
AL A )
1610
AL 4 )
is2
1022
1823
1824
1629
1838
1827
iR e
.2
1450
63
1632

1834
1838
838
1637
1438
1838
C b4
16e
1843
T ehd
1 0e4
el
1848
1847
Chel
1848
ahe

o0

*
L
i

WOELTA(LL) = DENSLeSRAVE/AMUL«DEL(L2 ) eel/T. « TAEL
1 /AL «0EL{LD)

3 T ARLe(TICALIAD ) =THALL ) oV IN/{ AMUL «WPR 1)
VIAVE(L3) & ~DDBLoGRAVE /(6. vAMUL ) sDEL(L2 ) ved

] ¢ (DOCSL-ORAVESOEL (LI )eTAUDEL) » DELILE) /(2. samiiL)
WRITE(e, o) "TICAL(LR)=", TICAL(LE). "WOELTA(LZ)=', ¥DELTAILL).

' PELILE )=, BEL(LZ), "FX®=", FXO, "DELTANe ', DELTAX,
2 TITER= . 1ITER

RETU—

ot

onoono

SUBROUT INE Fllea

THIS BMROUTINE (3 PROCILMED TO CALCULATE THE MEAT TRAMSFER
COFFICIONT OF ThE LAMINAR COMDDNIATE Film

IMFLICIY DOMLE PRECIZION (Aw, O-1)

FARAMTT IR (M08 )

COMMOR (W06 W ) P00 00 ) 0000 (M0 b ) G (o o ) S0 [ Wi M)
1 AIP(-.-).All(-.-).H’(I‘..).NI(-.-).M(..-),

T ox(ee) wuimm) EGIFINC) OV (M) RCVE (),

3 T(ws) YV(wm) YDIF (M) YOV(N) YOVE (M),

A OYOVR () YOVIRS () AR (M) AJUES () ARTE P (08 ) |

§ MO ) M (oo ) BN (M) SX (M) XTV] (0en)  XCVIP (M)

COMMDN /| MOX/WE  MPGAX WP R0 MGAN LY L2, 03, WY M3 S,

T ISY J8Y ITOR LASY TITLE(13) . RELAX(13),TIME. DY 2L, YL,

1 IPRET JPREF LSOLYE(Y) UPRINT(13) w000 NTIMES(11)  BeOcon
COMMON /PROP/ TRALL, TS, TREFY, 71, AwFSH, sl DEONSO, OONSL.

' ARG, RMUL, WER, AEL. DA, CPO, COF3, OFr, OFL,

: WRRIN, PTOTAL, AR, A4, DODNSGE. AMUCE,

3 PO, SO

COMON /V1ik/ TICAL(MN), VOELYA(NN), (W), AJ(MM), AMDOT(Wm).
! DEL(MM), FACTOR, ZFLUS(ww), REX(MN). BEFILM(MN),
b3

ACOR (W), PEM(M), SFWM{MK), YLAYG(MN), IWAVE, YIN
OUMDIS 1 Om O, w0 PO (e )

COUIVALDMCE( (1, 9, 0) 00y, 1)) (F(r. 0. 2) . v(r 1)) (P(r, 0, 3).0C(1,1))
GRAVE = -8 8
PO B (w2, 2

I = L=l

ACOMET = DEXELeed. + GRAVE / (VL)

IF (eruus(l) (LB, 79.5) ThDe

METE o ME

| #% - 4

ARITE w A v XPLE(1)/(2. 800 (ASOM( 1 )eErLus(1)))
oe ir

TAMDEL = AT o (U(1.08) = V(I W) )/YDIr (Nt}

BCOET « DDLU « TAREL / e

COOMET o DONSLoARLe (TYICALLIJ=TRALL oV In/ (2. s AMUL »#PR [ 4)
CCONET « 6.9

PN = (ACOMETSDEL(J41]jeed & BCOMITOEL(101) o COOMSET)
PILTAE » «AMDOT (1) / DOWOM

PEL(I) = DEL(T1+1) » BELTAD
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PONSSE =« 1. / SVED(TY)

DENSA ® (PTOTAL-PESREF|)e! SL8 o AMRA / (8316 . «(TREFY « 373.))
DONIAR = (PTOTAL-PE) & 1.000 « A / (8314, » (T8 « 273.))
OINED « DONES o DONSA

DEMESE « PONESE « DDGRAN

DDREEL = 1. / 0.98

€ CALDULATE VISCOSITY

<

NS = B 8404 ¢ 4. 0704 ¢ TREF! - LENSS o (1. 88807 « 8. 9€-10
{ sTRESY)

MUA = ALAD(TREYY )

FISA » (1 o (AMUS / AsiUa)eet . § o (AMRA / AMIS)oel 28)ecd /

) (8 o (7 & it / sema))oet. b
PIag o () o (As / S0S)eed 5 o (aawy / AEA ) onk 25 )ee2 /
1 (8 o (v & nms / g ))eet

AP = PERLFT o AWE / (PERLSY o A0S o (PTOTAL = PRRLTFY) o AwEA)

A - AuDLtA / (AMOLES o AMOLEA)
S - -ml(uon-nu)ou-mn/(non-nu)
ML = AMULD (TREPY)

€ VISCOSITY OF GAS AT BuX

AAISE = B. 0404 ¢ 4 8704 ¢ TS « DDXESE o (. 858E~Y « § $C-10
1 «T3)

1 (8 » (1 o Wl / siwa))oed
PIASE = (1 & (AMUAS / AMUSE)ewl. B o (AT / AMEA)eof. 28)0e] /
' (8 « (% & Aams / ing))een.

ESE ¢ AMUSE / (X3 o ZABCFISAR) o XA « il
XAR ¢ ENBeFLASE)

-
L)

~

-

€ CALCULATE COMDUCTIVITY

AKSD (TREFY)
AEAD (TRETY)
ES © AKE 7 (XE & XA « FISA) o XA » KA / (KA & X3 + PLAS)
ALD(TREF2)

FEEE

€ CALDVATE SPECIPIC MEAT

¢

P = O (TRDMY)
CFa = CFad (TREFY)
CFO w MIFS » CFY o ML » CFa
L = LD (TREM))
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" o- 8

PEN =« 8,

Ew0.68 ~0.81 ¢ TRAT

TAY = 1988, / (TBAT & 273 .18)
PELY « J74.138 « TRAY

it les, 8

deop=-1

IF (¢ .€0. 1) 0O YO

PR = DN o X o (J = 1) & FLJ)
TR e BN e X oo FlJ)

RES o« TAU o 1. E~08 « DELY oBuM
PRAT = EXP(RES) « 22 008

BEUM = - §.81 ¢ DSUN

BED » «1. E~88 o (TAUsoR « DELY o SUM / 1009, « TAU « SUM - TAU
1 e BELY «» DBUN)
DPSAT = PRAT » RED

R

Le

BUBHOUTINE SATEE (PRAT TRAT)

NnHOOH O

THRIS SUBROUTIME CALCULATE SATURATION TOWPIRATURE WITHW G1VvEx
SATURATION PRESSURE .

IMPLICIT DOUBLE PRECISION (A-d, O=1)
ACTURA = 1 0L~
TEAT = 200,

2 CALL SAT (TSAT, PRaATA, DFRAT)
PELP = PRAT - PRATA
IF (ARS(DELP/PSAT) LT . ACCURA) 0O TO 3
TSAT & TSAT & DELF / OPSAY
IF (TRAT. QY. 374.138) TRAT » J74.138
® ™

3 RETURN
e

FECTION ARAD(TDS )

CALEULATION OF THEMMAL COMDUETIVITY OF ALR

IWPLICIY DOUBLE PRECISION (A-w, O=2)
PluDesion A(18)

BATA A /1.8, 6.8, 0 .0240. 0.0250, F.0284,

L] €827, €. RITR, 0.0283. ©. 0392, €. 829,
i S.0008, 0.0313, 00320, 0.0327, 0.8336 /
ING « 3. ¢ (YO «a(2)) / a(1)

Pe g -2

Tl » A(2) » 8 » A1)

THIGN = TLOW o A(Y)

A = A(IDE) & (TD® - TLOW) / (THIGH « TLOW)
v e (A(IBUBe1) = A(TSUS))

T

e
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PUMCT 108 AMULD(TEWP)

CALCULATION OF VISTUSITY OF LIQUID (WATER)

IMPLICTY DOUBLE PRECISION (A, O-I)
Dludegion af11)

BATA AZ20.. #.. 1787, 1.0010, 0.683, ¢.0865, 8. 3548, €. 382,

€.2310, B.104Y, 0187/

INN « 3. « (TO® ~a(2)) / A(1)

e I0W ~ 3

TLOW = A(2) o B » A1)

THION « TLOW « A(Y)

MNEND = A(ISUE) ¢ (TOUS = TLON) S (THIGH - TLOW)
o (A(ISUBe1) = 2(IBm})

MAILD = AULD o 1 80D

RETUN

O

PUsCT 10w CPAD(TEW )

CALCULATION OF SPECIFIC WEAT OF ALR

INPLICIT DOURLE PRECISION (A-s, 1)
DinDesion A(1e)
SATA A F V08, 208, 1e8e n, 1085 8. 1990.9.
TOE.6, 10086, Y0t .0, 1813, 0, 1010.0 /
ISUE » 3. « (TO ~a(2)) / al1)
LIRS -7 B )
TLOW = A(2) « B « A1)
THIGH = TLOW ¢ A(1)
CPAD = A(INUE) « (TOW - TLOW) / (TMIGH = TLOW)
o (A(ISUBs1) = A(IBUS))
TR
(< 3

PUCT ION CPSD(TEW )

CALCULATION OF SPECIFIC WEAT OF STOAN

t

TWPLICIY DOUBLE PRECISION (A8, O-1)

PisDesion A(18)

BATA A 0.8, 1.8, 1ETR., 1880, TRE.. 1906,
TR, 1826, 948, 7. . 1., 2034,
WTE., 2128, 1184, /

ISR = 3. ¢ (TD® «4(2)) / A1)

geinm -3

Tiow o a(2) » 0 » A(Y)

THION = TLO0W « a(1)

CFID » A(IRE) o (TR « TLOW) / (THIGH - TiLOW)

o (AIBUBe1) « a(189))

FURCTION CPLD(TEW )
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2038 METEAM o MEYEAM o 10000

2837 RETURN

2034 [+ 4]

2630 [ .

164 FUCT 10N SVED(TEW )

r941 ¢

42 € CALCULATION OF SPETIFIC vOLUME OF ST0AM

2843 [

1944 IMPLICIY DOURLE PRECISION (A-d, O-3)

1048 DIMERgIoN  A(3Y)

w48 BATA A /8., ®.. 206 .94, 147,12, 106.38. TT.83, §7.79,
867 ! 43.36, n1.m, 2H.22. 19.32, 15.38, 12.83, 8 0S8,
T 2 TETY, 0007, 5.842, 4.13%1, 3.7, 3.818,
oo 3 2.361, . BBI, 1.6728. 1.6184, 1.32102. 1.8386.
1056 « o goe, o YIRS, . 5083, 0.5822. 0. 5889, #. 4e83,
2851 ] G 3038, 0 3485, 0.3071, §.2727, ®.2628/

2082 IS8 = 3, ¢ (TOW «a(2)) /7 alV)

1083 =58 ~3

1954 TLOW » A(3) « 8 » a(1)

2858 THIOH « TLOW ¢ A(Y)

2088 SVED « A(ISUE) o« (TDW « TLOW) / (THIGH - TLOW)

2087 ' o (A(ISUBe1) = A{I5WN))

1088 RETURN

rese L
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