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Experimental and analytical studies were performed to examine local condensation heat transfer coeffi-
cients in the presence of a noncondensable gas inside a vertical tube. The experimental data for pure
steam and steam/nitrogen mixture bypass modes were compared to study the effects of noncondensable
nitrogen gas on annular film condensation phenomena. The condenser tube had a relatively small inner
diameter of 13 mm. The experimental results demonstrated that the local heat transfer coefficients
increased as the inlet steam flow rate increased and the inlet nitrogen mass fraction decreased. The
results obtained using steam/nitrogen mixtures with a low inlet nitrogen mass fraction were similar to
those obtained using pure steam. Therefore, the effects of noncondensable gas on steam condensation
were weak in the small-diameter condenser tube because of interfacial shear stress. A new correlation
based on dimensionless shear stress and noncondensable gas mass fraction variables was developed to
evaluate the condensation heat transfer coefficient inside a vertical tube with noncondensable gas, irre-
spective of the condenser tube diameter. A theoretical model using a heat and mass transfer analogy and
simple models using four empirical correlations were developed and compared with the experimental
data obtained under various experimental conditions. The predictions of the theoretical model and the
simple model based on a new correlation were in good agreement with the experimental results.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The System-integrated Modular Advanced ReacTor (SMART) is a
small modular integral-type pressurized water reactor that is
developed for the dual purposes of seawater desalination and
small-scaled power generation. The reactor is designed for forced
convection core cooling during start-up and normal operating con-
ditions, and for natural circulation core cooling during an accident.
SMART increases its degree of inherent safety using advanced de-
signs, such as a passive residual heat removal system (PRHRS).

When an emergency such as the unavailability of feedwater or
the loss of off-site power arises with SMART-P, the PRHRS passively
removes the core decay heat via natural convection. The system is
connected to the feedwater and steam pipes and consists of a heat
exchanger submerged in a refueling water tank, a compensation
tank, and check and isolation valves. The heat exchanger removes
the heat from the reactor coolant system through a steam genera-
tor via condensation heat transfer to water in the refueling water
tank. The compensating tank is pressurized using a nitrogen gas
to make up the water volume change in the PRHRS. Before PRHRS
operation, nitrogen may be dissolved in the cooling water of the
PRHRS. Therefore, during PRHRS operation, nitrogen gas might be
ll rights reserved.

: +82 54 279 3199.
generated due to evaporation in the steam generator, which will
act as a noncondensable gas in the condensation heat exchanger.

Even a small amount of noncondensable gas can reduce the
condensation heat transfer considerably. In the condenser tube,
the condensate flows as an annular liquid film adjacent to the tube
wall, while the vapor/noncondensable gas mixture flows in the
core region. Consequently, the noncondensable gas layer that
forms adjacent to the liquid/gas interface reduces the heat transfer
capability.

Recently, several experimental studies have investigated con-
densation in the presence of noncondensable gas in a vertical tube.
Vierow and Schrock [1], Siddique et al. [2], Araki et al. [3], Kuhn
et al. [4], and Park and No [5] performed steam condensation
experiments in air or helium using the secondary jacket cooling
method. Kim [6] and Oh and Revankar [7] conducted steam/air
condensation experiments with secondary pool boiling. Table 1
summarizes previous steam condensation experiments in a verti-
cal tube in the presence of noncondensable gases.

To calculate the local heat fluxes, Siddique et al. [2] measured
the local coolant bulk temperatures at the midpoint of the annular
gap between the condenser tube and cooling jacket. A small
amount of air was injected through the annulus with the cooling
water to enhance the turbulence and mixing. However, this two-
phase flow pattern introduced uncertainty caused by local fluctua-
tions in the local temperature measurements. Furthermore, to
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Nomenclature

Bh suction parameter
Cp specific heat [J/kg K]
D diffusion coefficient [m2/s]
d diameter [m]
f degradation factor, fanning friction factor
G1 mixture mass flux [kg/m2 s]
g acceleration due to gravity [m/s2]
h heat transfer coefficient [W/m2 K]
hm mass transfer coefficient [mole/m2 s]
ifg latent heat of vaporization [J/kg]
Ja Jakob number
k thermal conductivity [W/m K]
L characteristic length scale
_m mass flow rate [kg/s]

m00cond interfacial mass flux [kg/m2 s]
Nu Nusselt number
P pressure [k Pa]
Pr Prandtl number
q00 heat flux [W/m2]
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
St Stanton number
T temperature [�C]
W noncondensable gas mass fraction
x distance from tube inlet [m]

Greek symbols
D change
d condensate film thickness [m]
d* dimensionless film thickness

l dynamic viscosity [Ns/m2]
q density [kg/m3]
s shear stress [N/m2]
s�g dimensionless shear stress

Subscripts
b bulk
c latent (or condensation)
cw cooling water
cond condensate
exp experiment
f film
g gas phase
i inner, interface
in inlet
l liquid
mix vapor/noncondensable mixture
N2 nitrogen gas
nc noncondensable gas
Nu Nusselt’s theory
o outer, without suction
other other effects
pure pure steam
r rough
s steam, sensible, smooth
shear shear effect
sus 304 stainless steel
t developing
w wall
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achieve good mixing, the air flow rate had to be so high that tran-
sition from bubbly to slug flow could occur. Kuhn et al. [4] and Park
and No [5] calculated the local coolant bulk temperatures numer-
ically by measuring temperatures at the inner and outer walls of
the annulus; however, this method required extra effort to perform
the numerical calculations and the data reduction process was
complicated. Araki et al. [3] and Kim [6] calculated local heat fluxes
by measuring the temperature gradient of the tube wall, but their
results had a large experimental error; a small error in the distance
between the inner and outer wall thermocouple locations intro-
duced a very large uncertainty to their heat flux calculations, as
the distance was very short due to the small tube thickness.

Also, many numerical studies have examined condensation in a
vertical tube in the presence of noncondensable gas. Either bound-
ary layer analysis or the heat and mass transfer analogy is gener-
ally used to analyze the heat and mass transfer. In boundary
layer analysis, the governing equations for the condensation pro-
cess including the vapor/noncondensable gas mixture and liquid
film regions are solved with an appropriate boundary layer approx-
imation. The boundary layer solutions deal primarily with the flat
plate configuration and stagnant atmospheric conditions. In the
heat and mass transfer analogy models, the general methodology
of Colburn and Hougen [8] gives the basic idea for solving the con-
densation of vapor with noncondensable gas. In their method, the
main equation involves the heat balance at the liquid/gas interface
between the heat transfer through the vapor/noncondensable gas
boundary layer and that through the condensate film. The heat
and mass analogy method deals primarily with the vertical tube
configuration and forced convection conditions for simplicity and
gives a relatively good prediction.
Wang and Tu [9] presented the first solution of the effects of a
noncondensable gas on the film-wise condensation of a vapor/non-
condensable gas mixture with turbulent flow in a vertical tube
using the heat and mass transfer analogy. They found that the
reduction in heat transfer due to the noncondensable gas was more
significant at low pressures and mixtures with low Reynolds num-
bers. Kageyama et al. [10] presented the diffusion layer theory for
turbulent vapor condensation with noncondensable gases using
‘effective condensation thermal conductivity.’ This simple parame-
ter was derived by expressing the driving potential for mass trans-
fer as the difference in saturation temperatures and using
appropriate thermodynamic relationships. Siddique [11] con-
ducted an analytical study using the analogy between heat and
mass transfer. That model included the effects of developing flow,
condensate film roughness, and property variation in the gas
phase. Munoz-Cobo et al. [12] developed approximate methods
to calculate the condensate film thickness without the need to
solve the transcendental equation that depends on the film thick-
ness iteratively. Then, they applied the diffusion layer theory in the
gas phase to consider the presence of a noncondensable gas. No
and Park [13] developed both iterative and non-iterative models
for steam condensation with noncondensable gas in a vertical tube.
The non-iterative condensation model was proposed for easy engi-
neering application using the iterative condensation model and the
assumption of the same profile of the steam mass fraction as that
of gas temperature in the gas boundary layer. Maheshwari et al.
[14] investigated condensation in presence of a noncondensable
gas for a wide range of Reynolds number. Their model incorporated
Nusselt equation with McAdams modifier and Blangetti model to
calculate the film heat transfer coefficient, and Moody correlation



Table 1
Previous steam condensation experiments in a vertical tube with noncondensable gas

Vierow and
Schrock [1]

Siddique et al.
[2]

Araki et al.
[3]

Kuhn et al. [4] Park and No
[5]

Kim [6] Oh and
Revankar [7]

Lee and Kim

Tube length (m) 2.1 2.54 2.0 2.4 2.4 1.8 0.984 2.8
Tube ID (mm) 22 46 49.5 47.5 47.5 46.2 26.6 13
Thickness (mm) 1.65 2.4 5.5 1.65 1.65 2.3 3.38 2.5
Jacket ID (mm) 50.8 62.7 159.2 76.2 100 – – 40
Noncondensable

gas
Air Air/Helium Air Air/Helium Air Air Air Nitrogen

Secondary cooling Forced
convection

Forced
convection

Forced
convection

Forced
convection

Forced
convection

Pool boiling Pool boiling Forced
convection

Steam flow (kg/h) 5.9–24.95 7.9–31.9 9.0–58.0 28.3–61.9 7.6–40.0 – 9.0–19.8 6.5–28.2
Inlet NC gas mass

fraction (%)
0–14 10–35 0–24 0–40 10–40 0–30 0–10 0–40

Pressure (MPa) 0.03–0.45 0.1–0.5 0.15–0.25 0.1–0.5 0.17–0.5 0.35–7.5 0.1–0.4 0.1–0.13
HTC(W/m2 K) 0–16,000 100–25,000 – 500–13,000 100–7000 4000–7400 3500–6500 300–27,900
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and Wallis correlation to account for film waviness effect on gas
boundary layer. And then, a comparative study with various mod-
els was made. Oh and Revankar [15] developed an empiricism-free
or minimum empirical mechanistic model. They used general
momentum, heat, and mass transport relations derived using an
analytic method, and considered the surface suction effect.

The main objective of the present study was to improve the de-
sign of a PRHRS condensation heat exchanger by investigating its
heat transfer characteristics. Nitrogen acts as the noncondensable
gas in this heat exchanger, but no data are available for steam con-
densation in the presence of nitrogen. The condenser tube diame-
ter in a PRHRS heat exchanger is smaller than those studied in
previous research (see Table 1). Therefore, a database was gener-
ated for the condensation heat transfer of pure steam and a
steam/nitrogen mixture inside a small-diameter condenser tube.
We also developed a theoretical model using a heat and mass
transfer analogy and simple models using four empirical correla-
tions to investigate the effects of air or nitrogen on the heat trans-
fer coefficient of steam condensing inside a vertical tube.

2. Experiment

2.1. Experimental apparatus

A schematic of the experimental apparatus is shown in Fig. 1.
The experimental facilities consisted of a steam generator, steam
Boiler

Surge Tank 

Moisture 
separator

Valve 

Flow Pressure
Temp

high mass flow 

low mass flow 

Control

Fig. 1. Schematic diagram of th
flow rate control system, steam/nitrogen gas mixing system, test
section, and data acquisition system.

The steam came from a gasoline boiler controlled by an on/off
operation at a gauge pressure of 3–5 kgf/cm2. A surge tank was in-
stalled before the steam supply line to minimize the effect of pres-
sure fluctuations in the boiler on the steam flow rate. A moisture
separator was installed between the surge tank and the steam flow
rate control system to supply pure steam with a 100% quality. A
steam supply line with a 15-mm inner diameter (ID) was used to
measure a steam flow rate of 5–30 kg/h. The steam supply line
had a RTD and a pressure transducer to measure the temperature
and pressure to calculate the density of the steam, and a vortex
flow meter to measure the volumetric steam flow rate. The flow
computer and flow controller were connected to a steam pneu-
matic control valve to obtain the desired steam mass flow rate.
The steam/nitrogen gas mixing system consisted of a nitrogen
gas mass flow rate controller, a pre-heater, a chamber, and several
valves.

The test section consisted of an inner condenser tube and an
outer cooling jacket, as shown in Fig. 2. The condenser tube was
made from a 3-m-long, 304 stainless steel pipe with a 13-mm ID,
2.5 mm thickness, and 2.8-m effective length. Sheathed 0.01-in.-
diameter K-type thermocouples (T/Cs) were silver-welded onto
the outer surface of the condenser tube at 13 different axial loca-
tions, 0.05, 0.20, 0.35, 0.50, 0.70, 0.90, 1.15, 1.40, 1.65, 1.90, 2.15,
2.40, and 2.65 m from the start of the effective length to measure
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Condensate 

separator drum

e experimental apparatus.
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Fig. 2. Sheared view of condenser tube and cooling jacket.
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the outer wall temperatures. At the same locations, 0.01-m-long
stainless steel tubings were inserted through the condenser tube
wall horizontally. Sheathed 0.02-in.-diameter K-type thermocou-
ples were then inserted through those tubings and silver-welded
onto the outer surface of the condenser tube to measure the cen-
terline bulk temperatures. All of the wall and bulk thermocouple
wires were taken out through the head of the cooling jacket. Two
high-precision calibrated pressure transducers and one differential
pressure transducer were used to measure the absolute pressures
and the differential pressure between the entry and exit of the test
section.

Three pairs of approximately 1-m-long acrylic blocks, for a total
of six blocks, were installed around the condenser tube, forming an
annulus for the cooling water flowing between the condenser tube
and the acrylic blocks. The acrylic cooling jackets had a 40-mm ID.
The local coolant bulk temperatures were measured at 11 different
axial locations: the inlet, the outlet, and at 0.11, 0.45, 0.79, 1.09,
1.39, 1.69, 1.99, 2.33, and 2.67 m from the start of the effective
length. Sheathed 0.062-in.-diameter rigid K-type thermocouples
were inserted through the cooling jacket wall to the midpoint of
the annular gap. Peterson et al. [16] identified the weak points of
several different experimental techniques that had been used to
determine the coolant bulk temperatures and the condensation
heat fluxes. Even though the bubble mixing technique also has dis-
advantages as the temperature fluctuation and transition from
bubble to slug flow, the local heat fluxes were calculated from
the gradient of the measured coolant bulk temperatures when
small amounts of air were bubbled through the annulus along with
the cooling water for the reasons given by Siddique et al. [2] like
the enhancement of turbulence and mixing in cooling water. At
least one weak point of this technique was eliminated because
the acrylic cooling jacket was transparent and the flow pattern in-
side the annulus was checked.

2.2. Data analysis

The present study only focused on the condensation phenom-
ena, except for the single-phase region of the pure steam mode.
Thus, the local heat flux could be obtained using the slope of the
coolant temperature profile in the phase change region:

q00ðxÞ ¼ �
_mcwCp

pdi

dTcwðxÞ
dx

: ð1Þ

The slope of the cooling water temperature profile was deter-
mined from a least-squares polynomial fit of the coolant tempera-
tures as a function of the condenser length. The inner wall
temperature was calculated using the measured outer wall tem-
perature and the obtained heat flux:

Tw;iðxÞ ¼ Tw;oðxÞ þ q00ðxÞ � di lnðdo=diÞ
2 � ksus

: ð2Þ

Then the local heat transfer coefficient was calculated using the
heat flux, inner wall temperature, and bulk mixture temperature:

hðxÞ ¼ q00ðxÞ
ðTb � Tw;iÞ

: ð3Þ

The local condensate film flow rate was determined by integrat-
ing the heat balance equation between the heat flow rate and the
latent heat transfer:

_mcond ¼ pdi

Z x

0

q00j ðx0Þ
ifgðx0Þ

dx0: ð4Þ
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Fig. 3. Comparison of experimental heat transfer coefficients with the variation of
the inlet steam flow rate.
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Here, the gas-phase sensible heat transfer was neglected.
The local steam flow rate was determined by subtracting the lo-

cal condensate flow rate from the known inlet steam flow rate.
Then the local nitrogen gas mass fraction was calculated using

WN2 ðxÞ ¼
_mN2 ðxÞ

_msðxÞ þ _mN2 ðxÞ
: ð5Þ

Here, the nitrogen gas mass flow rate was assumed to be
constant.

2.3. Experimental error

From Eqs. (1) and (3), the uncertainty associated with the heat
transfer coefficient can be given by

rh

h
¼ rq00

q00

� �2

þ
rðTb�Tw;iÞ

ðTb � Tw;iÞ

� �2
" #1=2

¼ r _mcw

_mcw

� �2

þ rðdTcw=dLÞ

dTcw=dLð Þ

� �2

þ
rðTb�Tw;iÞ

ðTb � Tw;iÞ

� �2
" #1=2

: ð6Þ

Here, the K-type thermocouples were calibrated within a ±0.1 �C er-
ror limit. The turbine meter used to measure the flow rate of the
cooling water had a ±0.5% accuracy. The variables Cp, do, and di were
assumed to be error-free. The error associated with the local heat
transfer at the first location, 0.05 m, was too large for the data to
be meaningful and those data was not considered here.

In the pure steam test, the error increased from 6.8% to 57.0% as
the inlet steam flow rate increased in the upper condenser tube.
The large error was due to the relatively small temperature differ-
ence between the bulk and inner wall temperatures. In this paper,
we only used data with an error less than 19.2% for pure steam test
to analyze the condensation phenomena correctly.

In the mixture bypass test, the errors increased very rapidly
downstream of the test section. In this region, the large nitrogen
mass fraction acted as a large thermal resistance to the condensa-
tion heat transfer, reducing the heat flux. Eventually, the tempera-
ture gradient of the cooling water decreased and a large error was
introduced. However, this large error region was not of interest be-
cause almost all of the condensation occurred within the first me-
ter of the tube, which had lower uncertainties. In our analysis, we
used data with an error less than 20.1% for mixture bypass test.
(a) Present data

(b) Kuhn’s data 

0.0 0.5 1.0 1.5
0

5

10

15

20

ms=49.7 kg/h,Pure

ms=50.3 kg/h,W
N2

=2.3 %

ms=50.2 kg/h,W
N2

=20.6 %

Axial location (m)

H
ea

t 
tr

an
sf

er
 c

oe
ff

ic
ie

nt
 (W

/m
2 K

)

Axial location (m)

Fig. 4. Comparison of experimental heat transfer coefficients with the variation of
the inlet noncondensable gas mass fraction.
3. Experimental results

3.1. Results of condensation tests

The pure steam and steam/nitrogen mixture condensation tests
were run at inlet steam flow rates of 6.5–28.2 kg/h with an inlet
nitrogen mass fraction ranging from 0% to 40%. The operating pres-
sure was close to atmospheric.

Fig. 3 shows that the local heat transfer coefficients increased as
the inlet steam flow rate increased at the same inlet nitrogen mass
fraction. Fig. 4 shows that the effect of the inlet noncondensable
gas mass fraction on the condensation heat transfer coefficients
at the same inlet steam flow rate. As the inlet noncondensable
gas mass fraction increased, the local heat transfer coefficients de-
creased. In the present data obtained for a 13-mm-ID condenser
tube, as shown in Fig. 4a, the local heat transfer coefficients were
relatively small after a tube length of about 1 m. This indicates that
the tube beyond a length of 1 m did not play an important role in
the heat transfer, which should be considered when determining
the thermal size of a PRHRS heat exchanger. The heat transfer coef-
ficients of the steam/nitrogen mixture with a 3% inlet nitrogen
mass fraction were almost the same as those of pure steam
condensation. In previous research with relatively large-diameter
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condenser tubes, however, the effect of the noncondensable gas
was significant even when the inlet noncondensable gas mass frac-
tion was very small. For example, the data of Kuhn [22] (shown in
Fig. 4b) were obtained for a 47.5-mm-ID condenser tube with a
similar Reynolds number and system pressure as the present data
given in Fig. 4a, and the heat transfer coefficients of steam/air mix-
tures with very small air mass fractions differed from those of pure
steam. Therefore, our results suggest that noncondensable gas has
only a weak influence on steam condensation in small-diameter
than large-diameter condenser tubes with the same inlet mixture
Reynolds number.

3.2. Development of new empirical correlation

The interfacial shear stress increases as the condenser tube
diameter decreases for the same mixture Reynolds number. The
condensation heat transfer coefficients also increase due to the
shear stress. The effect of the interfacial shear stress was not suffi-
ciently considered in previous correlations using the Reynolds
number. Thus the dimensionless shear stress s�mix and noncondens-
able gas mass fraction Wnc were used to develop a new correlation.
The degradation factor f defined as the ratio of the experimental
heat transfer coefficient to a reference heat transfer coefficient
was used to correlate the present data because of its simplicity.

Here, the dimensionless shear stress was defined as

s�mix ¼
smix

gqf L
¼ 1=2qmixu2

mix � f
gqf L

; ð7Þ

where umix = Remixlmix/qmixdi, L ¼ ðm2
f =gÞ1=3, and f ¼ 0:079Re�1=4

mix for
Remix > 2300 or f = 16/Remix for Remix < 2300. The factor for the pure
steam condensation heat transfer fpure was correlated against the
dimensionless shear stress of pure steam s�pure, as shown in Fig. 5.
This gives

fpure ¼ hexp ;pure=hNu ¼ 0:8247s�0:3124
pure : ð8Þ

The correlation for the effect of noncondensable gas was ob-
tained by plotting the data set of mixture bypass mode in the form
(1� f=s�0:3124

mix Þ versus Wnc, as shown in Fig. 6. Thus the final form of
new correlation is given by

f ¼ hexp ;mix=hNu ¼ f1 � f2 ¼ s�0:3124
mix ð1� 0:964W0:402

nc Þ ð9Þ

for 0:06 < s�mix < 46:65 and 0.038 < Wnc < 0.814.
0.01 0.1 1 10 100
0.1

1

10
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re

dimensionless shear stress

fpure=0.8247τ
* 0.3124

pure

Fig. 5. Factor for pure steam condensation heat transfer.
4. Modeling

4.1. Theoretical model

Fig. 7 depicts the problem under investigation schematically. It
is assumed that the flow of condensate in the film is laminar, and
that the vapor entering the tube is saturated. The inside wall of the
tube is at a prescribed temperature Tw, which is lower than the sat-
uration temperature of the vapor. Therefore, condensation takes
R

Tw

Ti

Condensate film 

Fig. 7. Schematic view of the physical model.
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place on the wall surface. A condensate film forms, of thickness d,
which is a function of the position along the flow direction. The va-
por/noncondensable gas mixture has a given inlet bulk tempera-
ture Tb, and a corresponding inlet concentration of the
noncondensable gas Wnc,b at the given pressure. At the liquid/gas
interface, the temperature Ti and the noncondensable gas mass
fraction Wnc,i are unknown and must be determined from the anal-
ysis. The analysis of steam condensation in the presence of a non-
condensable gas typically involves the heat balance at the liquid/
gas interface. However, separate models for the condensate film
and vapor/noncondensable gas mixture are linked and solved
simultaneously for the heat and mass transfer rates.

The heat transfer through the vapor/noncondensable gas mix-
ture boundary layer consists of the sensible heat transfer and the
latent heat transfer given up by the condensing vapor, and it must
equal that from the condensate film to the tube wall. Therefore, we
get

hf ðT i � TwÞ ¼ ðhc þ hsÞðTb � T iÞ: ð10Þ

Then, the total heat transfer coefficient htot is given by

htot ¼
1
hf
þ 1

hc þ hs

� ��1

: ð11Þ

The condensate film thickness is given by

d¼ 1:259d�4=3
Nu

½dpða1þa2xþa3x2Þþ liðb1þb2xþb3x2þb4x3Þþmidpðc1þc2xÞ�1=3 ;

ð12Þ

where ai, bi, and ci are coefficients of polynomial functions in x; and
mi and li are functions of the interfacial shear stress. This approxi-
mate method proposed by Munoz-Cobo et al. [12] was developed
without the need to solve the transcendental equation that depends
on the film thickness iteratively. Therefore, it is simple for engineer-
ing applications and provides good predictions.

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

h ¼ kl

d
: ð13Þ

In this study, the heat and mass transfer analogy was used to
analyze steam condensation with noncondensable air or nitrogen
gas in a vertical tube. Therefore, the sensible and latent heat trans-
fer rates can be calculated simultaneously.

The sensible heat transfer coefficient can be expressed as

hs ¼ Numix
kmix

di
ð14Þ

and the condensation (or latent) heat transfer coefficient can be de-
fined as

hc ¼
m00condifg

ðTb � T iÞ
: ð15Þ

To find m00cond, the mass balance at the interface is calculated to
yield the following equation:

m00cond ¼ �qD
oWv

oy

� �
i
þWv;iðm00totÞi: ð16Þ

As the condensate surface is impermeable to the noncondens-
able gases, Eq. (16) can be simplified as

m00cond ¼
ð�qDðoWv=oyÞÞi

1�Wv;i
¼ hm

ðWv;b �Wv;iÞ
ð1�Wv;iÞ

; ð17Þ

where hm is the mass transfer coefficient. Eq. (17) can be recast as
Shmix ¼
m00condd

qD
Wnc;i

ðWnc;i �Wnc;bÞ
: ð18Þ

The modifications necessary to incorporate the condensate film
roughness, developing flow, and suction effect on the heat and
mass transfer involve modifying the Nusselt and Sherwood num-
bers, as discussed below.

Film roughness increases the heat transfer from the gas phase
by influencing the turbulence pattern close to the interface and
disrupting the gaseous laminar sublayer. The method to consider
the effect of a wavy surface was considered with the concept of
the simple model of Kim and Corradini [17] which applies the mix-
ing length theory presented by Kays and Crawford [18] for a rough
surface to the momentum, thermal, and mass concentration
boundary layer. The effect of roughness on the heat and mass
transfer for flow in a tube was considered using Dipprey and Saber-
sky’s [19] correlation as

St ¼ fr

1:0þ
ffiffiffiffi
fr

p
ðkf ½Reg

ffiffiffiffi
fr

p
ðes=dÞ�0:2Pr0:44 � 8:48Þ

; ð19Þ

StAB ¼
fr

1:0þ
ffiffiffiffi
fr

p
ðkf ½Reg

ffiffiffiffi
fr

p
ðes=dÞ�0:2Sc0:44 � 8:48Þ

; ð20Þ

where kf = 5.19, es=d ¼ eð3:0�0:4=
ffiffiffi
fr
p
Þ, and fs = 0.0791Re�0.25.

Here, the rough wall friction factor fr is calculated using Whal-
ley and Hewitt [20] correlation for pressures higher than 105 Pa as

fr ¼ fs 1þ 24
ql

qmix

� �1=3 d
d

" #
: ð21Þ

In the vapor/noncondensable gas layer, the condensation pro-
cess leads to thinning of the boundary layer, which is called the
suction effect. This means that at the interface, the velocity compo-
nent normal to the wall is not zero. Kays and Moffat (18) obtained
the following correlation for a boundary layer subject to suction
experimentally

St
Sto
¼ ln

1þ Bh

Bh

� �
; ð22Þ

where Bh ¼ m00cond=G1St is called the suction parameter. This equa-
tion can be recast as

Nux ¼ exp
m00condRexPr

G1Nuo;x

� �
� 1

� ��1 G1

m00condRexPr

� ��1

: ð23Þ

Using the analogy between heat and mass transfer, Eq. (23) can
be written as

Shx ¼ exp
m00condRexSc

G1Sho;x

� �
� 1

� ��1 G1

m00condRexSc

� ��1

: ð24Þ

Combining Eqs. (18) and (24), we get m00cond as follows:

m00cond ¼
G1Sho;x

RexSc
ln 1þ RexScDqð1� xÞ

G1d

� �� �
; ð25Þ

where x is the ratio of the noncondensable gas mass fraction in the
bulk to that at the liquid/gas interface. As most of the heat transfer
takes place in the first part of the condenser tube, it may be impor-
tant to consider the developing flow effect in the heat and mass
transfer model. Therefore, the suggestion of Reynolds et al. [21] is
adopted for the thermal entrance zone, and is given by

Nuo;t ¼ Nuo 1þ 0:8ð1þ 7� 104Re�3=2Þ
x=d

" #
ð26Þ

Sho;t ¼ Sho 1þ 0:8ð1þ 7� 104Re�3=2Þ
x=d

" #
: ð27Þ
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Fig. 10. Comparison of theoretical model and simple models for Run 3.3–2.
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The calculation commences at the tube inlet for which the inlet
mixture temperature, inlet steam flow rate, inlet noncondensable
gas flow rate, and total pressure are given. Here, the pressure drop
through the condenser tube is assumed to be negligible. The inner
wall temperature profiles are given as boundary conditions. The
heat fluxes through the liquid film and mixture boundary layer
are calculated separately with an assumed interface temperature.
Iteration is needed to get reasonable heat transfer coefficients of
hf, hc, and hs by modifying the interface temperature until the heat
fluxes converge within a specified accuracy. The condensing tube is
divided into axial control volumes of a specific size of 1 mm. The
calculation procedure at each axial location of the tube is explained
in Fig. 8.

4.2. Simple models

Simple models using empirical correlations were developed to
estimate the condensation heat transfer coefficients of steam/
nitrogen or steam/air mixtures easily. These were based on the
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Fig. 8. Calculation procedure.

0.0 0.5 1.0 1.5 2.0
0

5

10

15

20

25

30

H
ea

t 
tr

an
sf

er
 c

oe
ff

ic
ie

nt
 (

K
W

/m
2 K

)

Axial location (m)

Exp .data (Lee and Kim MB42)
Theoretical model

Models using correlations:
Lee and Kim
Vierow and Schrock
Kuhn et al.
Siddique et al.

Fig. 9. Comparison of theoretical model and simple models for MB42.

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

2

4

6

Axial location (m)

Exp. data (Siddique Run26)
Theoretical model

Models using correlations:
 Lee and Kim
Vierow and Schrock
Kuhn et al.
Siddique et al.

H
ea

t t
ra

ns
fe

r 
co

ef
fi

ci
en

t 
(K

W
/m

2 K
)

Fig. 11. Comparison of theoretical model and simple models for Run 26.

0.0 0.5 1.0 1.5 2.0
0

2

4

6

H
ea

t t
ra

ns
fe

r 
co

ef
fi

ci
en

t 
(K

W
/m

2 K
)

Axial location (m)

 Exp. data (S.J. Kim's test)
 Theoretical model

Models using correlations:
 Lee and Kim
 Vierow and Schrock
Kuhn et al.
 Siddique et al.

Fig. 12. Comparison of theoretical model and simple models comparison for Kim’s
sample data.



Fig. 13. Comparison of experimental heat transfer coefficients with models.
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Table 2
Comparison of prediction standard deviation by different models

Data set Number of
data points

Standard deviation

Theoretical
model

Correlations

Lee and
Kim (%)

Vierow
and
Schrock
(%)

Siddique
et al. (%)

Kuhn
et al.
(%)

Siddique
et al.

120 25.0 27.5 61.2 75.6 47.2

Kuhn
et al.

158 19.5 20.9 108 129 46.5

Lee and
Kim

225 25.8 17.5 22.8 35.5 50.4
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new correlation (Eq. (9)) and three previous correlations (described
below). Even though the previous correlations were developed for
a steam/air mixture flow, a comparison with the present data has
meaning because the molecular weights of air and nitrogen are
very similar.

Vierow and Schrock [1] proposed a correlation that simply ex-
pressed the local heat transfer coefficients in the form of a degra-
dation factor, which was a function of the steam/air mixture
Reynolds number and bulk local air mass fraction as follows:

f ¼ hexp

hNu
¼ f1 � f2 ¼ ð1þ aReb

mixÞ � ð1� cWd
ncÞ; ð28Þ

where a = 2.88 � 10�5, b = 1.18, c = 10, and d = 1.0 for Wnc < 0.063;
c = 0.938 and d = 0.13 for 0.063 < Wnc < 0.6; and c = 1.0 and
d = 0.22 for 0.6 < Wnc.

Siddique et al. [2] developed a nondimensional correlation. The
governing conservation equations of the vapor/air boundary layer
were used as a basis for defining the appropriate nondimensional
groups for correlating the data, and the Nusselt number was corre-
lated with the mixture Reynolds number, noncondensable gas
mass fraction, Jakob number, and Schmidt number to yield

NuðxÞ ¼ 6:123Re0:223
mix

Wnc;w �Wnc;b

Wnc;w

� �1:144

Ja�1:253: ð29Þ

Kuhn et al. [4] developed a correlation also using a degradation
factor method. A modified form of f1 was used to evaluate the film
heat transfer enhancement due to the effects of interfacial shear
and surface waviness. The final form was as follows:

f ¼ hexp

hNu
¼ f1 � f2 ¼ f1;shear � f1;other � f2

¼ dshear

dNu
� ð1þ aðRef=4ÞÞ � ð1� bWc

ncÞ ð30Þ

where a = 7.321 � 10�4, b = 2.601, and c = 0.708 for Wnc < 0.1; and
b = 1.0 and c = 0.292 for 0.1 < Wnc. The condensate film thickness
with interfacial shear was obtained from Munoz-Cobo’s approxi-
mate method (Eq. (12)).
5. Modeling results

Figs. 9–12 show the modeling results for the MB42 (ID = 13 mm,
Remix,in = 33,494, WN2 ;in ¼ 10:2%, P = 0.105 MPa), Run 3.3–2 from
Kuhn [22] (ID = 47.5 mm, Remix,in = 37,537, Wair,in = 10.2%, P =
0.199 MPa), Run 26 from Siddique [11] (ID = 46 mm, Remix,in =
15,139, Wair,in = 22.4%, P = 0.233 MPa), and the example data from
Kim [6] (ID = 46.2 mm, Remix,in = 42,112, Wair,in = 26%, P = 2.9 MPa),
respectively. The theoretical model using heat and mass transfer
analogy and the simple model based on the new correlation pre-
dicted the various sets of experimental data well, and their results
were very similar. In particular, Fig. 12 shows that the new correla-
tion can be used to evaluate the condensation heat transfer for a
high-pressure steam/noncondensable gas mixture even though it
was developed for low-pressure conditions. However, simple mod-
els based on the previous empirical correlations exhibited some lim-
itations under various conditions. The model based on the Kuhn et al.
[4] correlation underestimated the present data obtained from a
small-diameter tube, as shown in Fig. 9. Figs. 10–12 indicate that
the model based on the Vierow and Schrock [1] correlation overes-
timated the data obtained from large-diameter tubes. The model
based on the Siddique et al. [2] correlation was not very good for var-
ious sets of data, especially at high pressures.

Fig. 13 compares the experimentally estimated heat transfer
coefficients with those calculated by the theoretical and simple
models, with the standard deviation band of 30%. The simple mod-
el based on the Vierow and Schrock [1] correlation was only
acceptable for small-diameter condenser tubes, as shown in
Fig. 13c. The simple model based on the Siddique et al. [2] correla-
tion predicted the present data well, but it had a narrow range of
applicability and its general prediction capabilities were poor for
the experimental data obtained by Kuhn et al. [4], as shown in
Fig. 13d. The simple model based on the Kuhn et al. [4] correlation
had poor prediction capabilities for the most experimental data, as
shown in Fig. 13e. However, Fig. 13a and b show that the theoret-
ical model and simple model based on the new correlation not only
predicted the present data well, but also the data obtained by other
studies. Table 2 summarizes the standard deviation of the models
from the experimental data. The theoretical model showed the
best prediction ability for the data from large-diameter tubes.
The simple model using the new correlation showed the best pre-
diction ability for the data from small-diameter tube, and its abil-
ities for large-diameter tubes were similar with those of theoretical
model. Therefore, we propose the new correlation to calculate the
steam condensation heat transfer coefficient in the presence of air
or nitrogen inside vertical condenser tubes.

6. Conclusion

An experimental study was performed to investigate local con-
densation heat transfer coefficients in the presence of noncondens-
able nitrogen gas in a relatively small-diameter vertical tube
(ID = 13 mm). The local heat transfer coefficients increased as the
inlet steam flow rate increased and the inlet nitrogen mass fraction
decreased. The results obtained using pure steam and steam/nitro-
gen mixtures with low inlet nitrogen gas mass fraction were sim-
ilar. Therefore, the effects of noncondensable gas on steam
condensation were weak in small-diameter condenser tubes be-
cause of interfacial shear stress. A new correlation based on dimen-
sionless shear stress and noncondensable gas mass fraction was
developed to evaluate the condensation heat transfer coefficient
inside a vertical tube with noncondensable gas, irrespective of
the condenser tube diameter. We developed a theoretical model
using a heat and mass transfer analogy and simple models based
on four empirical correlations to analyze steam condensation with
noncondensable air or nitrogen gas in a vertical tube. The predic-
tions of the theoretical model and the simple model based on the
new correlation showed good agreement with the experimental
data obtained under various experimental conditions, including
different tube diameters, inlet mixture Reynolds numbers, inlet
noncondensable gas fraction, and system pressure, using air or
nitrogen as the noncondensable gas.
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