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Abstract

Experimental and theoretical investigations were conducted for the film condensation with noncondensable gas in a vertical tube.
Condensation experiments were performed for a steam-air mixture in a vertical tube submerged in a water pool where the heat from
the condenser tube was removed through a boiling heat transfer. Degradation of the condensation with noncondensable gas was inves-
tigated. A heat and mass analogy model for the annular filmwise condensation with noncondensable gas was developed. In the steam-air
mixture region, general momentum, heat and mass transport relations derived by analytic method were used with the consideration of
surface suction effect. The predictions from the model were compared with the experimental data and the agreement was satisfactory.
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1. Introduction

The heat transfer analysis of film condensation is an
important area in the design of heat exchangers. The con-
densation phenomenon plays an important role in the heat
transfer process of the chemical and power industry,
including nuclear power plants. This mode of heat transfer
is often used because high heat transfer coefficients can be
achieved. However, in practical operations of the condens-
ers, small amounts of noncondensable (NC) gas may exist
in working vapors due to characteristics of the system. It is
well known that the presence of NC gas in a vapor can
greatly reduce the performance of the condensers [1]. The
NC gas is carried with vapor toward the interface where
NC gas accumulates and vapor condenses. The NC gas
boundary layer is developed as condensation proceeds
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along the condenser tube. This NC gas boundary layer
serves as a resistance for the steam condensation.

In the General Electric’s simplified boiling water reac-
tor (SBWR), the passive containment cooling system
(PCCS) was designed to remove the reactor core decay
heat to the outside of the containment via steam conden-
sation after a postulated loss of coolant accident [2]. The
relevant separate effects experiments on the PCCS con-
denser under the presence of NC gas were conducted by
Vierow [3], Siddique [4], Kuhn [5], and Park and No [6]
with the secondary jacket cooling method. These tests pro-
vided a database and correlation for forced convection
condensation of steam in a vertical tube in the presence
of NC gas. These experiments used secondary jacket to
remove heat from the condenser tube, where highly sub-
cooled water supplied at the bottom of the jacket is heated
along the condenser tube, and exits from the top of the
jacket. However, actual PCCS condenser tubes are sub-
merged in a water pool. During a postulated accident,
the secondary pool quickly reaches at the saturated condi-
tion. So, the boundary condition at the actual PCCS con-
denser is a constant water temperature and heat transfer
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Nomenclature

A heat transfer areca

be blowing parameter for momentum transfer
by blowing parameter for heat transfer
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blowing parameter for mass transfer
specific heat

diameter

friction coefficient

gravitational constant

mass transfer conductance

mass flux

heat transfer coefficient (HTC)

latent heat of vaporization

diffusion mass flux

thermal conductivity

length

characteristic length scale = (,u% /oL(pL—p)g
molecular weight

mass flow rate

mass flux

Nusselt number

pressure

Prandtl number

heat transfer rate

heat flux

radial coordinate

Reynolds number

Schmidt number

mass transfer Sherwood number = g,.,d/(pD)
heat transfer Stanton number = Nu/(Re Pr)
mass transfer Stanton number = Sh/(Re Sc)
temperature

axial velocity

radial velocity

noncondensable gas mass fraction
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y wall coordinate
z axial or streamwise coordinate

Greek symbols

r mass flow rate per unit length
0 film thickness

o" dimensionless film thickness = §/L"
u dynamic viscosity

v kinematic viscosity

0 density

T shear stress

7 dimensionless interfacial shear = 7;/(py. — p)gL”
Subscripts

avg average

b bulk

¢ condensation

cond gas region condensation

G vapor—gas mixture

g gas

I interface

1 inside

in inlet

L liquid

lam laminar

R ratio

SAT  saturation

sen sensible

TOT  total

tur turbulent

v vapor

A\ wall

00 free stream

0 quantity at no transpiration

mechanism at the secondary side is the boiling heat trans-
fer. But for the secondary cooling jacket method the
boundary condition has a varying coolant temperature
with forced convective heat transfer. Therefore, a new
database is needed on the in-tube steam condensation sub-
merged in a water pool.

The theoretical analysis of the condensation from a
vapor—gas mixture in a tube has been studied by many
researchers. The analysis of the heat and mass transfer dur-
ing condensation of a vapor in the presence of NC gas has
generally involved either the boundary layer method or the
heat and mass analogy method. Since Colburn and Hou-
gen’s work [7], there have been many researches on the heat
and mass analogy method [8-14]. This method generally
calculates the condensation mass transfer rate from the
analogy of heat and mass transfer. Also, interfacial friction
factor or interfacial shear stress is calculated based on the
single phase correlations and two phase empirical or

semi-empirical correlations. Although simplicity in this
method is a good advantage, a careful attention should
be paid to the choice of the momentum, heat and mass
transport correlations.

For the systematic understanding of the transport phe-
nomena of the momentum, heat and mass, the boundary
layer method, which is solving the governing equations with
a boundary layer approximation in the gas-mixture and
liquid film regions, has been studied. Recently, authors
[15] performed the filmwise condensation analysis using
the boundary layer method. Based on this boundary layer
analysis, the transport quantities, such as interfacial friction
factor, heat transfer Nusselt number and mass transfer Sher-
wood number, are calculated and these are compared with
various correlations in literature. From the comparison,
appropriate correlations for each transport quantity are
selected and the heat and mass analogy model is developed
based on the correlations.
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2. Condensation experiment

Condensation experiment is performed to investigate the
effects of noncondensable gas in a vertical tube condenser.
A scale-down condenser tube from the prototypic SBWR
PCCS condenser is fabricated and submerged in a water
pool, so the secondary heat removal mechanism of the con-
denser is boiling heat transfer.

2.1. Experimental facility

The test loop is comprised of steam generator, instru-
mented condenser test section with secondary pool boiling
section, condensate tank, suppression pool, water storage
tank, air supply line, and associated piping and instrumen-
tation. The schematic diagram of the test loop and test sec-
tion is shown in Fig. 1. A half-length and half-diameter
scaling was used in the present design. Important scaling
parameters are shown in Table 1. An immersion type
sheathed electrical heater of 10 kW capacity is mounted
at the lower flange of the steam generator (SG).

For the pool boiling heat removal at the secondary side,
test section is designed with two subassemblies, primary
condensing tube and secondary boiling tube. The primary
condensing tube is made of 26.6 mm inside diameter,
3.38 mm thickness, 2.4 m long Type 304 stainless steel pipe
with insulation housing (108 mm ID, 114 mm OD). The
secondary boiling tube is made of Type 304 stainless steel
pipe with 161 mm ID. Active tube length of condensation
is 0.984 m. To separate the active condenser region from
upstream pipe, the insulation housing is welded at the
top of the active condenser with a 6.35 mm thick plate.
This thickness of 6.35 mm plate is included in the active
tube length. The gap between the primary condensing tube
and the insulation housing is filled with the fiberglass ther-
mal insulation material to minimize the conduction heat
transfer above the active condenser.

The condensation can occur before the inlet of active
condenser due to the heat conduction through the tube
wall. The effect of the heat conduction in the inlet region
was investigated with the numerical analysis by solving
the steady state heat conduction equation for the primary
condensing tube and the insulation housing [16]. The
extended condensation length where the condensation initi-
ates before the inlet of the active condenser was estimated
to be less than 1.5% of the active length for the present test
conditions. Therefore, the effect of the heat conduction is
not accounted for the data reduction.

The annulus between the primary condensing tube and
the secondary boiling tube is filled with water and serves
as a water pool. The secondary pool is maintained at sat-
uration condition during experiment. At different axial
and circumferential location of the active tube, five nozzles
are welded for inside bulk temperature measurement. At
the opposite side of each nozzle, a thermocouple junction
is made to measure the tube outside wall temperature. To
measure the secondary side temperature, six thermocou-

ples are installed at the secondary pool at different axial
locations. The measured secondary pool temperature at
the active condenser section was around 101.5-103 °C.
These temperatures correspond to the saturation tempera-
ture at the secondary pool pressure considering the hydro-
static head. The evaporation rate during the experiment is
calculated by the level measurement of the secondary
pool. By use of the insulation housing, the pool cross-
sectional area of the steam rising section is reduced. It
gives a magnified water level difference due to evapora-
tion. Hence, it provides more accurate measurement of
evaporation rate.

A steady state steam flow rate is obtained with the SG
pressurized to 1.15 MPa. This pressure is maintained dur-
ing the experiment. Since the condensation experiments
are performed below 0.5 MPa at the test section, the steam
flow is choked at the flow control valve located at down-
stream of the SG. So, steam mass flow rate is independent
of the pressure condition at the test section. For a given test
section pressure, various steam mass flow rates can be
obtained by regulating the flow control valve. Also for a
given steam mass flow rate, various test pressure conditions
can be established by setting the suppression pool pressure.
When the SG pressure reach to about 1.15 MPa, the flow
control valve is opened and steam condensation begins in
the test section that heats up the secondary water pool.
When the saturation condition is achieved at the secondary
pool and NC gas flow rate is stabilized, the data is
acquired.

More details for the experimental facility, test procedure
and data reduction method are reported in the authors’
previous paper [17].

2.2. Test results

Condensation experiments were conducted with inlet
steam flow rate 2.5-5.5g/s, system pressure 0.12-
0.4 MPa, inlet NC gas mass fraction 0-10%. The measure-
ment errors associated with the average condensation HTC
and condensation heat transfer rate were analyzed using
the standard error propagation method. The mean error
of condensation heat transfer rate was 1.5%. The conden-
sation HTC is largely affected by the system pressure.
Temperature difference, which is the driving force for
condensation heat transfer, decreases as system pressure
decreases. Since the temperature difference term is located
at the denominator in Eq. (11), the error increases as the
temperature difference decreases or system pressure
decreases. The error of the average condensation HTC is
around 30% when system pressure is 180 kPa and it is less
than 10% when system pressure is greater than 300 kPa.
Theoretically, the error can be an infinite value as system
pressure approaches to its secondary pressure, i.e., the tem-
perature difference between the primary saturation temper-
ature and inside wall temperature approaches to zero.
Mean error for all the data is 11%. A detailed description
for the error analysis is presented in [16].
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Fig. 1. Schematic diagram of experimental loop: (a) test loop and (b) test section.

Fig. 2 shows the effect of the inlet NC gas mass fraction.
The condensation heat transfer rate and the condensation
HTC decreases as inlet NC gas mass fraction increases.
Since the NC gas is impermeable to the liquid film, it is
accumulated at the film—gas interface so its concentration

is very high. This high NC gas concentration region is
propagating to the gas core region by mass diffusion. So
the boundary layer thickness is getting thicker and the con-
centration level is increasing along the condenser tube
length. Steam in the gas core region must diffuse long
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Table 1
Single tube scaling parameters

2527

Parameters Prototype Model Model to prototype ratio
Length (m) 1.8 0.984 Lg =0.547
Diameter (mm) 47.5 26.6 dgr = 0.56
Length to diameter ratio 37.9 37.0 (L/d)g =0.976
Heat transfer area (m?) 0.2686 0.0822 Agr =0.306
Average condensation HTC ratio for pure steam - - (heavg)rR = (LR)’O‘25 =1.163
Design heat removal capacity (kW) 20.16 7.18 (heave)r - Ar = 0.357
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Fig. 2. Effect of inlet NC gas mass fraction.

distance in high NC gas concentration boundary layer to
condense at the interface. The developing NC gas bound-
ary layer acts as a strong resistance to the condensation.
The error bar of the condensation HTC data drawn in
the figure shows the pressure dependency. For the low pres-
sure condition of 0.24 MPa in Fig. 2(a), the relative error is
9.9-12.2%. However, it is 5.1-6.5% for high pressure con-
dition of 0.40 MPa in Fig. 2(b). Since the error of the con-
densation heat transfer rate is very small (mean error of
1.5%), the error bar is not drawn in the figure.

The effect of inlet steam flow rate on the condensation
HTC is shown in Fig. 3. Two different sets of inlet steam
flow conditions at nominal system pressure of 0.2 MPa
are plotted with inlet NC gas mass fraction. Condensation
HTC decreases with NC gas mass fraction for a given

Fig. 3. Effect of inlet steam flow rate: (a) condensation heat transfer rate
and (b) condensation heat transfer coefficient.

steam flow condition. Higher steam flow results in higher
condensation HTC. As inlet steam flow rate increases,
interfacial shear also increases. This results in thinner
liquid film, i.e., smaller resistance in heat transfer. Higher
interfacial shear also enhance the heat transfer by early
transition from laminar to turbulent flow in film region
and by promoting the interface waves and ripples.

The effect of the system pressure is presented in Fig. 4 at
the inlet steam flow rate of 3.6 g/s. Condensation heat
transfer rate and condensation HTC for two sets of system
pressure, 0.28 and 0.32 MPa, are plotted with inlet NC gas
mass fraction. For a given pressure condition, the conden-
sation heat removal rate and condensation HTC decrease
with an increase in the NC gas mass fraction. As system
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Fig. 4. Effect of pressure at inlet steam flow rate = 3.6 g/s: (a) conden-
sation heat transfer rate, (b) condensation heat transfer coefficient and (c)
fraction of stream condensed.

pressure increases, the condensation heat transfer rate also
increases. However, the condensation HTC decreases with
system pressure. These results are consistent with the theo-
retical Nusselt solution where the condensation HTC
decreases with the temperature difference between inside
wall and steam saturation temperature. As system pressure
increases, the temperature difference increases more rapidly
than the increase of condensation heat removal rate. Large
temperature difference enhances the condensation rate,
which results in thicker liquid film. Since the liquid film acts

as a resistance for the heat transfer, the condensation HTC
decreases as system pressure increases.

Until now, the condensation data are plotted with inlet
NC gas mass fraction. For a given inlet NC gas fraction,
the amount of steam condensed is a function of system
pressure and inlet flow conditions. Therefore, tube average
(or outlet) NC gas fraction is not equal for the same inlet
NC gas fraction conditions. For the purpose of the up-scale
of the present data to the prototype condition, the data
presentation with inlet NC gas fraction is more useful.
However, the amount of the steam condensed and the
range of the NC gas fraction provide additional informa-
tion. Fig. 4(c) shows the fraction of steam condensed
(=condensation rate/inlet steam flow rate) with tube aver-
age NC gas mass fraction. X-axis bar in the plot shows the
inlet and outlet NC gas mass fraction for each case. As
expected, the higher fraction of condensation is achieved
for the lower inlet (or average) NC gas mass fraction.
The wider range of the NC gas fraction is shown for the
higher inlet NC gas fraction. Also, it shows that more
steam is condensed for the higher system pressure condi-
tion for the same inlet steam flow rate of 3.6 g/s.

2.3. Applicability of data to prototype

Data obtained from present half-length and half-diame-
ter scale test facility should be properly up-scaled to be
used in prototype condition. Important scaling parame-
ters based on single condenser tube are summarized in
Table 1.

The change in tube diameter has relatively small effects
on the condensation heat transfer as long as the tube diam-
eter is large enough compared with the liquid film thickness.
However, the length of condenser tube can explicitly affects
the condensation heat transfer. From the theoretical Nus-
selt solution for pure steam condensation, the local and
average condensation HTC varies with —1/4 power of the
tube length [1]. Therefore, the average condensation HTC
for short length model tube will be greater than that for pro-
totype condenser tube with the ratio of

(hC-,an)Model

(heave)p = ( = (Lp) ¥ = 1.163. (1)

hC~an ) Prototype

By assuming same fluid properties and pressure condition,
the following can be obtained:

dTr = (hig)g = pr = br = kr = 1. 2)

Then, the ratio of heat flux or condensation mass flux is
equal to the ratio of the average HTC:

(Q)R = (mg)R = (hc‘avg)R = 1.163. (3)

Heat transfer rate or condensation rate ratio can be ob-
tained as

(Q)R = (mC)R = (Q)R Ar = 0.357. 4)
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To validate these relationships, the pure steam cases are
analyzed for the model and prototype geometry with the
analogy model developed in next section. For the analysis
of prototype condition, the inlet flow rate should be prop-
erly up-scaled. The ratio of inlet flow rate can be selected as
the ratio of condensation rate in Eq. (4):

(mG,in)R = (mc)R = 0357 (5)

Then, the ratio of inlet Reynolds number can be calculated
as follows:

PG - UGin - d 4. mgin
(329 - (222
e} R n-d-Ug/ R

MG,in
_ ( . )R — 0.638. (6)

Fig. 5(a) shows the model to prototype ratio of the aver-
age condensation HTC, (A ave)r, fOr pure steam cases pre-
dicted by the analogy model. The predicted ratios are very
close to the theoretical value of 1.163 as given in Eq. (1).
For the NC gas cases, the same analysis for the model
and prototype geometry is performed with inlet Reynolds
number ratio in Eq. (6). The model experiment conditions
are inlet steam flow rate of 3.8 g/s and system pressure of

1.20
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o
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Fig. 5. Model to prototype ratio of condensation HTC predicted by
analogy model: (a) pure steam cases and (b) NC gas cases.

0.27 MPa. As shown in Fig. 5(b), the condensation HTC
ratios for the NC gas condition are slightly greater than
the theoretical value of 1.163 from pure steam Nusselt solu-
tion in Eq. (1). It means that the condensation performance
of the prototype tube for NC gas condition is more
degraded than that for pure steam condition. This is due
to the additional heat transfer resistance, the NC gas
boundary layer region, for the NC gas cases. For the pure
steam cases, the condensation for longer tube is degraded
only due to the increasing film thickness. For the NC gas
cases, the condensation is further degraded due to the
development of the NC gas boundary layer as the tube
length increases. It is also notable from the Fig. 5(b) that
the degradation is larger as inlet NC gas mass fraction
increases. Therefore, short condenser tube is more efficient
as far as the heat removal capacity is concerned.

It is worthy to discuss the effects of the entrance length.
As condensation proceeds along the tube, the NC gas
boundary layer is developing. From the boundary layer
analysis for air-steam system [16], it was found that the
boundary layer for velocity, temperature, and NC gas mass
fraction is almost fully developed around L/d =15 for
different diameters. This region (0 <L/d<15) can be
regarded as an entrance length in a sense of the NC gas
boundary layer. However, this region is not necessarily a
true entrance region as an aspect of the condensation
HTC. Condensation is characterized by a very high con-
densation HTC at the inlet. So, the developing boundary
layer region will not have considerable effects on the con-
densation, especially for pure steam or low inlet NC gas
conditions. Even for a very high NC gas condition, the
present scaling method will be valid since L/d for model
and prototype is 37.0 and 37.9, respectively. As a general
guideline, the applicable range of the present scaling
method can be set as L/d> 15.

3. Heat and mass analogy model

The heat and mass analogy method is based on the heat
balance at the liquid-gas interface, where the heat trans-
ferred from the vapor—gas boundary layer is equated to
the heat transferred through the condensate film. The heat
transfer from the gas region is the sum of the sensible cool-
ing of bulk mixture and latent heat of condensation. To
balance the heat transfer rate between film and mixture
regions, the interface temperature is determined iteratively.
These procedures are repeated along the condenser length.

3.1. Energy balance

The physical model of the film condensation in a tube is
shown in Fig. 6. Variables or properties related with liquid
film, vapor, and NC gas are respectively denoted with sub-
script L, v, and g. However, those related with vapor—gas
mixture have no subscript for simplicity in the presentation
of equations. The vapor-gas mixture is assumed to be
saturated for the present model. Heat transfer in the
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Fig. 6. Physical model for film condensation.

gas—vapor mixture region consists of the latent heat of con-
densation and sensible heat transfer. Then heat flux at the
mixture-liquid film interface can be written as

910t = 9cond T Gsen = m::/ ' hfg + hsen - (TSAT - TI) <7>
All the flux terms in this analysis such as heat flux, mass
flux, and diffusion flux are based on the tube inside surface

area. The gas region heat transfer rate must be balanced
with heat transfer rate at film region, i.e.,

gror = gL = hv - (T1 — Twi). (8)

From the latent heat of condensation and the tempera-

ture difference between interface and bulk saturation, a

condensation HTC (/.onq) can be defined as
my - hig

heopd = ——"—. 9
d (Tsat — T1) ©)

By substituting Eq. (9) into (7) and equating to Eq. (8),
he - (Tt — Twi) = (heond + hsen) - (Tsat — T1). (10)

Total condensation HTC for the annular film condensation
can be defined as

he = ——110T (11)

(Tsat — Twi)

It should be noted that /,q is the HTC defined as Eq.
(9) which takes account of the condensation heat transfer
in gas region only. However, /. is total condensation
HTC defined as Eq. (11) which reflects the heat transfer
resistance of film, gas region condensation, and gas region

sensible heat transfer. To avoid the confusion between
these two condensation HTC, /,,q 1s called as gas region
condensation HTC, hereafter.

Total resistance of heat transfer which is an inverse of
total condensation HTC can be expressed as sum of indi-
vidual resistance:

1 1 1

— =t — 12

hc hL * hcond + hsen ( )
To obtain /., the heat transfer components (A1, ficong

and Ag.,) should be estimated and the procedures to calcu-

late these components are presented in the following

sections.

3.2. Liquid film model

For the liquid film, the force balance in the control vol-
ume in Fig. 6 can be described as

w=(pL—p) g (0—y) +u. (13)

Liquid film is assumed to be laminar for the film thick-
ness calculation. For laminar film, the velocity profile in the
liquid film can be obtained from the above equation:

(pL—p)-g< . yz) T
w() =L (5 ) 4 (14)

The first term in the right hand side of above equation is
the parabolic velocity distribution, which is exactly same
with Nusselt analysis for no interfacial shear. The second
term is the linear velocity distribution due to the interfacial
shear. The liquid film mass flow rate (m1) can be calculated
by integrating the velocity profile. Then, mass balance in
liquid film can be expressed with respect to the film thick-
ness as follows:

_ m _(pL—p) 8 2 Y
F_Tt~d_ 3vp 0 +2vL5' (15)

Above equation can be simplified by use of dimension-
less parameter as
R =Lty a0 (5. (16)

o3

By solving Eq. (16), film thickness can be calculated. If
there is no interfacial shear, the Nusselt film thickness [1]
can be explicitly obtained.

For laminar film, the temperature distribution in the
film region is almost linear. Therefore film heat transfer
coefficient can be written as

_k

hy, 5 (17)
Film Nusselt number is defined as follow:
N =L (18)
ky

From Egs. (17) and (18), film Nusselt number for laminar
film can be expressed as
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N L1
up, = S = 5 .
Above theoretical Nusselt number is based on the
assumption of smooth liquid film. However, actual film
surface shows waviness and rippling. The waviness and rip-
pling enhance the heat transfer in the film. Also, turbulent
film transition can occur at very low film Reynolds number
for high interfacial shear condition. Hughmark [18] devel-
oped model for liquid film thickness based on many exper-
imental data. The model showed that the dimensionless
film thickness for very small film Reynolds number is con-
tinuously matching with one for very high film Reynolds
number, i.e., turbulent film. It means that transition to tur-
bulent film can occur at very small film Reynolds number.
To take into account the heat transfer enhancement due to
film wave and turbulent effects, McAdams [19] modified
Eq. (19) by the multiplication factor of 1.2.
Blangetti et al. [20] developed the empirical film model
applicable to a wide range of film Reynolds number as

(19)

NuL = (Nui,lam + Nui,tur)IM' (20)

Laminar film Nusselt number (Nuy 1.y) is the theoretical
value as shown in Eq. (19). For turbulent film Nusselt
number (Nup ) they suggested the following empirical
equation:

NuL,tur =Cy Reiz Pl”f : (1 + Cq - (Tik)cs)7 (21)

where, ¢;—c5 are constant depending on the dimensionless
shear stress, tj.

To take into account the effects of film waviness and tran-
sition regime between laminar and turbulent film, Blangetti
model in Eq. (20) is used for the present analysis. The heat
transfer in the film region is coupled with the momentum,
energy, and mass transfer in the gas region through the
parameters such as film thickness, interfacial shear stress,
and film flow rate. The transport phenomena in the gas region
are discussed in the next section. Film properties are evaluated
at the film temperature, which is the arithmetic mean of the
inside wall temperature and interface temperature.

3.3. Momentum, heat and mass transfer in gas region

The momentum, heat and mass transfer and the effects
of suction in the gas region are discussed in this section.

Table 2
Correlations, transpiration effects and blowing parameters [21,22]

Since the condensation can be regarded as a kind of wall
suction, the results of the transpiration effects could be
applied to the condensation problem. Characteristics of
the momentum, heat and mass transfer are affected dra-
matically for the transpiration boundary layer such as suc-
tion or blowing at the wall. For arbitrary variation of the
suction or blowing velocity, Couette flow analysis has been
used [21]. Although the derivation procedure in Couette
flow analysis is based on constant suction or blowing veloc-
ity for the external boundary layer, it can be used for arbi-
trary changing suction or blowing velocity by assuming
that the suction or blowing velocity is constant at each
small domain of calculation. Also, it is assumed to be valid
for internal boundary layer such as a pipe flow. The effect
of transpiration was formulated by the ratio of the dimen-
sionless transport quantity with transpiration to one with-
out transpiration as a function of blowing parameter. The
dimensionless quantities for momentum, heat and mass
transfer are friction coefficient (f), heat transfer Stanton
number (S7) and mass transfer Stanton number (St,,),
respectively. These quantities and the corresponding blow-
ing parameters are defined in Table 2. Subscript 0 in Table
2 represents the quantity without transpiration. It should
be noted that the blowing parameter is negative for suction
and positive for blowing and suction enhances the momen-
tum, heat and mass transfer, i.e., condensation is character-
ized with the enhanced transport mechanism at the
interface due to the surface suction effect.

Now, we need to find the correlations at no transpira-
tion boundary. A large number of the correlation for
momentum, heat and mass transfer without transpiration
has been developed in pipe flow [21,22]. A proper choice
of the transport correlations is crucial for the heat and
mass analogy model. To choose most appropriate correla-
tions, the boundary layer model developed by authors [15]
is used. In the boundary layer model, two sets of governing
equations for liquid film and vapor—gas mixture regions
were numerically solved and the model was validated with
various available condensation data. From the analysis
results, the best fitting correlations for momentum, heat
and mass transfer are selected and summarized in Table
2. A detailed procedure can be found in [16].

For the momentum transfer, interfacial friction factor is
determined as follows: First, the interfacial friction factor
for no suction condition (fy) is estimated using the gas

Transport mode Correlations

Transpiration effect Blowing parameter

Laminar flow Turbulent flow

Momentum, £, .16 fo =0.079 - Rej"
Jo=——
Reqy
Heat, St or Nug Nuy =4.364 Nug = 0.022 - Re}® - P03
Mass, St or Shy Shy =4.364 Sho = 0.022 - Re® - S

2 b b ="/ G
(7/2)y  explby) — 1 T2,
St b b M/ Go
Sto exp(bn) — 1 "= TS
St &m _ bm b — m" |G
/G

S[m() B 8&mo B exp(bm) -1 - StmO
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mixture Reynolds number. Then, the blowing parameter
for momentum transfer (b;) is calculated. In the actual
analysis, the mass flux terms for suction/blowing (")
and free stream (G,, = psolis) in the blowing parameters
are modified with condensation mass flux (m) and bulk
mixture mass flux (pu,.,) for the previous iteration, respec-
tively. Finally, the interfacial friction factor with suction
effect (f) can be determined from the momentum transfer
blowing parameter (bg) and the interfacial friction factor
for no suction condition (fy) using the expression in Table
2. Interfacial shear stress is calculated using the following
definition of the interfacial friction factor:

T

P (uavg - uLtavg)z/z -

/= (22)

Here, it should be noted that the velocity component in the
above equation must be a relative velocity between the gas
and film regions.

For the sensible heat transfer, sensible heat transfer
Nusselt number (Nus,) is determined by the similar proce-
dure using the heat transfer blowing parameter (o) and the
heat transfer Stanton number for no suction condition
(Sty). The sensible heat transfer coefficient (/) is calcu-
lated using the following definition:

hsen -d

Nug, = . 23
e = 22 (23)

For the mass transfer, mass transfer Sherwood number
(Sh) is also determined using the mass transfer blowing
parameter (b,,) and the mass transfer Stanton number for
no suction condition (St,0). Mass transfer conductance
(gm) extracted from the mass transfer Sherwood number
can be related with the diffusive mass flux of NC gas as

jv,I jg‘l jI

- - . (24)
Wai—=Wee Wea—Wep Wi—W,

8m

In the above equation, the relationships of j, +j; =0,
W, + Wy=1 are used and subscript g for j, and W,, is
omitted for simplification. Since the radial velocity of the
NC gas is zero at the interface, the diffusive mass flux of
NC gas at the interface (j;) can be expressed as follows
using the definition of the NC gas diffusive mass flux

(jg = pg(Ug - U))Z
Ji=—Wim.. (25)

Combining Eqgs. (24) and (25), the condensation mass
flux can be determined.

The relationship between vapor partial pressure and NC
gas mass fraction at interface or bulk is expressed from
Gibbs-Dalton ideal gas mixture equation:

)2 1-w
pror 1-— w(l _Mv/Mg).

(26)

Mixture viscosity, mixture thermal conductivity and
mass diffusion constant are calculated using the theory of

the gas transport properties [23]. Specific heat capacity
for the mixture is simply calculated by mass fraction
weighted average:

Co=W-Cpg+ (1= W) - Cpy. (27)

3.4. Calculation procedure
The calculation procedures are summarized as follows:

(1) Specify inlet and boundary conditions.
(2) Initialize the variables and parameters for next axial

node.

(3) Assume interface temperature, condensation mass
flux, interface shear and calculate relevant
parameters.

(4) Calculate film thickness from film mass balance.

(5) Calculate film Nusselt number.

(6) Calculate blowing parameters.

(7) Calculate interfacial friction factor, heat transfer
Nusselt number and mass transfer Sherwood
number.

(8) Calculate total condensation heat transfer coefficient.

(9) Calculate total heat flux, condensation mass flux and
interfacial shear.

(10) If interface temperature, condensation mass flux,
total heat flux and interface shear converge, go to
Step 11. If not, update interface temperature and go
to Step 4 for the next iteration.

(11) Go to Step 2 for the next axial node.

3.5. Analysis results

The heat and mass analogy model is run for the present
experiment conditions. Fig. 7 compares the tube average
condensation HTC for various conditions with inlet NC
gas mass fraction. Fig. 7(a) shows the effects of pressure
for a given inlet steam flow rate of 3.8 g/s and Fig. 7(b)
shows the effects of inlet steam flow rate for a given system
pressure of 0.34 MPa. The analogy model predicts very
well the general trend of experimental data: The condensa-
tion HTC decreases with the increase of the NC gas frac-
tion and system pressure and it increases with the
increase of inlet steam flow rate. For low inlet NC gas mass
fraction cases, the model underestimates the heat transfer
coefficient. This trend is mainly due to the heat transfer
enhancement from the film waviness. A large amount of
condensation due to low inlet NC gas mass fraction results
in higher film Reynolds number. As the film Reynolds
number increases, the effect of the film waviness acts more
role in the heat transfer mechanism. The wave itself
increases the condensation surface area and it enhances
the thermal mixing in the liquid film. Fig. 8 compares the
calculated and the measured average condensation HTC
for the present experimental data.
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Developed heat and mass analogy model is also tested for
Kuhn’s [5] experimental conditions. Kuhn performed the
condensation experiment with secondary jacket cooling
method with 47.5 mm ID, 2.1 m length condenser tube. He
reported the local condensation HTC up to 1.5 m from the
tube inlet. The experiment cases used in this paper is the
run number 212 and 2112: nominal inlet steam flow rate of
50 kg/h, system pressure of 0.41 MPa. Inlet air mass frac-
tions for the run number 212 and 2112 are 2% and 34%,
respectively. The comparison of the local condensation
HTC between data, the present heat and mass analogy
model, and the boundary layer model [15] is presented in
Fig. 9. The relative error of the local condensation HTC
was reported as 18.7% [5]and the error bars are drawn based
on this value. Both models predict very well the data. For
low inlet NC gas fraction (2%) case, both models slightly
underestimate the local condensation HTC near the end of
tube (1.5 m from inlet). This trend is also due to the film
waviness, explained previously. The film Reynolds numbers
at 1.5 m from inlet are around 1100 for low inlet NC gas
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fraction (2%) case and around 500 for high fraction (34%)
case. The results of the analogy model are almost identical
to those of the boundary layer model except for the tube inlet
region. As discussed in Section 3.3, the momentum, heat and
mass transfer correlations applied in the analogy model are
validated with the boundary layer model. This is the reason
why the analogy model results are very similar to the bound-
ary layer analysis results. Also, the discrepancy between two
models at tube inlet region is originated from the fact that
the correlations for the momentum, heat and mass transport
used in the analogy model is based on the fully developed
flow condition.

4. Conclusion

Experimental and theoretical investigation was con-
ducted for a vertical in-tube condensation system with
the presence of the noncondensable gas. Condensation
experiments were performed with a vertical tube condenser,
which is submerged in the secondary water pool where the
condensation heat transferred from the tube is removed by
the boiling. This type of the condenser has been designed in
the PCCS of the SBWR. A PCCS condenser tube with half-
length and half-diameter scale was used to obtain the con-
densation heat transfer coefficient. The condensation heat
transfer coefficient and heat transfer rate decrease with
the noncondensable gas. The condensation heat transfer
rate is enhanced by increasing the inlet steam flow rate
and the system pressure. The condensation heat transfer
coeflicient increases with the inlet steam flow rate, however,
decreases with the system pressure. The present experimen-
tal data provide a new database for the in-tube steam con-
densation with noncondensable gas submerged in water
pool for the PCCS operating conditions.

A heat and mass analogy model is developed to predict the
filmwise condensation with the noncondensable gas. This
model uses the momentum, heat, and mass transport corre-
lations selected from the general relationships, which have
the strong theoretical background and the less empiricism.
The effects of the surface suction at the condensation inter-
face were taken into account in the correlations. The analysis
results of the model were compared with the average conden-
sation heat transfer coefficient data in the present experiment
and the local condensation heat transfer coefficient data in
Kuhn’s experiment [5] and the agreement was satisfactory.
For a large film Reynolds number region, the model slightly
underestimates the condensation heat transfer coefficient
due to the heat transfer enhancement by the film waviness.
A proper consideration of the wavy film into the model will
improve the prediction capability of the model.
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