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Abstract--An experimental and analytical investigation has been conducted to determine the effects of the 
presence of noncondensable gases on in-tube steam condensation under forced convection conditions. The 
local mixture Nusselt numbers were correlated in terms of the local mixture Reynolds number, mixture 
Jakob number, and the gas mass fractions or the mixture Schmidt number. Correlations including the 
mixture Schmidt number did better in representing the condensation process in the presence of one 
noncondensable gas. The experiments covered steam/gas mixture inlet Reynolds numbers from about 6000 
to 26000, inlet helium mass fraction range from 0.022 up to 0.20, inlet air mass fraction range from 0.045 
up to 0.20, and mixture inlet temperature of 100°C and 130°C (corresponding to a pressure range from 
114 to 603 kPa). The ratios of the condensate film thermal resistance to the thermal resistance of the 
steam/noncondensable gas mixture at the same bulk temperature were calculated. In general, the condensate 
film thermal resistance was found to be significant for turbulent gas mixture conditions (Re > 6000) and 
relatively low gas mass fraction (W < 0.2). A diffusion-based, simplified boundary layer model has been 
developed. The steady-state radial diffusion equations of the mixture components were solved in order 
to obtain the steam mass flux at the interface between the condensate film and the mixture. The effect of 
the axial flow was included in terms of an effective boundary layer thickness which decreases with 
mixture Reynolds number. The model included the effect of more than one noncondensable gas on steam 
condensation. The model-predicted mixture heat transfer coefficients were favorably compared to the 

experimental results. Copyright @) 1996 Elsevier Science Ltd. 

1. INTRODUCTION 

The presence of  noncondensables in steam greatly 
inhibits the condensation process. This inhibitive 
effect is a major  concern in the design of  much con- 
densing equipment in the chemical process industry 
where in-tube condensation is employed (e.g. evap- 
oration, distillation and crystallization processes). In 
the nuclear industry the effect of  noncondensable 
gases on steam condensation is one of  the major  
safety-related issues. In a nuclear containment build- 
ing, air and the accidental presence of  hydrogen rep- 
resent the main noncondensable gases. While air exists 
naturally in the containment  building, hydrogen can 
exist in the case of  a loss of  coolant  accident (LOCA) 
or steam line break accident. The principal sources for 
hydrogen are the exothermic fuel cladding chemical 
reaction with steam, the radiolytic decomposit ion of  
water and the corrosion of  certain metallic species 
present in the containment. Thus for safety analysis, 
mixtures of  steam, air and hydrogen may be assumed 
present in the containment. Experimental assessments 
of  the effects of  air, hydrogen and the simultaneous 
effects of  air and hydrogen on steam condensation are 
therefore needed. 

Many experimental and theoretical efforts have 
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addressed the effects of  noncondensables on con- 
densation. Jensen [1] offers interesting discussions on 
the progress made up to 1988. However,  most of  the 
investigations focused on the determination of  the 
average values of  condensation heat transfer 
coefficients. Recently, a number of  studies investigated 
the effects of  noncondensables on the local values of  
the condensation heat transfer coefficients. Vierow [2] 
performed experiments to investigate the effects of  air 
on local steam condensation in natural circulation in 
a vertical tube. Dehbi [3] performed steam/air and 
steam/air/helium experiments for external con- 
densation on a vertical wall under turbulent natural 
conditions. It is a common practice in experiments 
studying the effects of  hydrogen on condensations that 
hydrogen is replaced by helium because of  the more 
demanding handling of  hydrogen due to its explosive 
potential above a certain concentration. Both helium 
and hydrogen are light gases and have similar thermal 
and diffusive characteristics. Ogg [4] ran air/steam 
and helium/steam experiments in a vertical tube under 
forced flow conditions. Siddique [5] performed ste- 
am/air  and steam/helium experiments in a vertical 
tube under forced flow conditions. However,  the range 
o f  the steam/helium mixture Reynolds number and 
that of  helium mass fraction were limited. There are 
no known experiments in the literature on the sim- 
ultaneous effects of  air and helium on steam con- 
densation under forced flow conditions. 

2625 



2626 H.A. HASANEIN et al. 

NOMENCLATURE 

A tube inside surface area. or system 
parameter [see equation (7)] 

('p specific heat capacity at constant 
pressure 

D diffusion coefficient 
D~2 binary diffusion coefficient 
d condensing tube inner diameter 

(ID) 
g acceleration of gravity 
h condensation heat transfer 

coefficient 
hf~ latent heat of condensation 
Ja Jakob number 
k thermal conductivity 
/~, effective tube length 
M molecular mass 
m mass flow rate 
m" mass flux 
Nu Nusselt number 
P pressure 
Pr Prandtl number 
Q volumetric flow rate 
q" heat flux 
Re Reynolds number 
Sc Schmidt number 
T temperature 
W mass fraction 
Y mole fraction. 

Greek symbols 
condensate film thickness 

/~ dynamic viscosity 
v kinematic viscosity 
p density. 

Subscripts and Superscripts 
a air 
b bulk 
Ch based on Chen correlation [see 

equation (6)] 
c coolant in the annulus 
con condensate film 
f liquid film, condensate 
g saturation vapor 
h helium 
i interface 
in condenser inlet 
~- value at node K 
1 saturation liquid 
mix steam/noncondensable gas mixture 
N based on Nusselt assumption [see 

equation (5)] 
nc noncondensable gas 
r reference 
sat saturation 
v steam 
w tube inside wall. 

In general, there exists two main methods for ana- 
lyzing the forced convective condensation of steam 
in the presence of noncondensables. The first is the 
boundary layer (BL) based models which employ 
similarity solutions, integral methods and finite 
difference techniques [(~15]. The second one is the 
heat and mass transfer (HMT) analogy based models. 
Colburn and Hougen [16] were the first to develop a 
stepwise iterative solution method for predicting the 
condensation heat transfer rate from a vapor- 
/noncondensable mixture based on the heat and mass 
transfer analogy. Since then, a number of researchers 
[17 23] have proposed approximate numerical analy- 
ses to simplify and improve the Colburn and Hougen 
methodology which is practically cumbersome. How- 
ever, the above mentioned approximate methods dealt 
with only one noncondensable gas in the steam/gas 
mixture. 

The objective of the present investigation is to mea- 
sure the local heat transfer coefficients of condensing 
steam in the presence of helium and the simultaneous 
presence of air and helium in vertical tubes under 
forced convection conditions, and to provide evalu- 
ation models of condensation Nusselt numbers under 
such circumstances. 

2. EXPERIMENTAL SET-UP AND DATA 
ANALYSIS 

2.1. Description o f  the apparatus 
Figure 1 shows the flow diagram of the exper- 

imental test facility used in the work reported here. It 
consisted of an open cooling water circuit and an open 
steam/noncondensable gas flow path. The test section 
used a stainless steel tube for condensation of the 
mixture on its inner surface. The dimensions of the 
tube were 50.8 mm outside diameter (OD), 46.0 mm 
inside diameter (ID) and 2.54 m in length. The stain- 
less steel (SS) tube was also surrounded by a 62.7 
mm (ID) jacket pipe. Four immersion type sheathed 
electrical heaters that can be individually controlled 
(on or off) and which are rated at 7.0 kW each were 
used to generate steam by boiling water in a cylindrical 
stainless steel vessel of 5.0 m height and 0.45 m inside 
diameter. Finer control of the power level was 
achieved by means of a Variac connected to one of 
the heaters. A pressure regulating valve, a flow control 
valve and a calibrated rotameter were used to supply 
compressed gas to the base of the steam generating 
vessel. The vessel was also used as a mixing chamber 
where gas was injected near the vessel bottom to 
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Fig. 1. Schematic of experimental facility. 

ensure mixing with the steam and formation of a 
homogeneous gas mixture in thermal equilibrium. The 
steam/noncondensable gas mixture left the pressure 
vessel through an isolation valve which was fitted to 
the side, near the top of the vessel. Figure 2 depicts 
the thermocouple locations of the cooling water, the 
inside and outside of the tube wall, and the condenser 
tube centerline gases. However, most of the outer wall 
thermocouples were not functional. Replacing these 
thermocouples was not possible because of the nature 
of the design. This situation rendered the service of 
the outer wall thermocouples useless. J-type (iron- 
constantan) thermocouples were used for all tem- 
perature measurements. 

Since the coolant flow rate was kept so low that the 
flow was laminar in most cases, small amounts of air 
were bubbled into the cooling water flow in order to 
enhance turbulence and mixing. Based on the con- 
clusions of an investigation [24] on the effects of the 
cooling conditions on the determination of the local 
heat fluxes, and consequently local condensation heat 
transfer coefficients, a full scale visualization exper- 
imental facility was built in order to simulate the cool- 
ant annulus of the actual test section and determine 
the amount of air which is sufficient for good mixing 
[25]. 

A data acquisition (DA) system with 40 input chan- 
nels was used to collect data from the thermocouples, 
pressure transducers and vortex flow meter. The DA 
system was comprised of a scanner and a data pro- 
cessor linked to a personnel computer. The scanner 
scanned at a rate of 40 channels per s and the processor 
was adjusted to record data every minute and to per- 

form average and standard deviation calculations. At 
steady-state the input readings stabilized, as was mani- 
fested by low data standard deviation values. 

The test facility and experimental procedure are 
described in details in ref. [25]. 

2.2. Data analysis and experimental errors 
The local values of the heat fluxes were calculated 

from the following equation obtained from a steady- 
state energy balance on the coolant side : 

q"(x) mcCp,c dTc(x) 
nd dx (1) 

with the local gradients of the cooling water tem- 
perature profile dTc(x)/dx being determined using a 
least squares polynomial fit of the cooling water tem- 
perature profile. The adjusted R 2 value for the fit of 
the data to the polynomial was greater than 0.98 so 
that the error associated with the curve fittings was 
small. Then, the local heat transfer coefficients were 
calculated using the following equations : 

q"(x) 
h ( x ) - - -  (2) 

T~.t(x)--Tw(x) 

where Tsat(X ) is the saturation temperature cor- 
responding to the vapor pressure and Tw(x) is the 
condensing tube inner wall temperature at the axial 
position x of the condensing tube. The local con- 
densate film flow rate was determined from the fol- 
lowing equation : 
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Fig. 2. Thermocouple locations. 

. ~ ¢ ' ( x ' )  , 
mc<,.(x) = . a l~aX'  (3) 

0 

where h~7 is evaluated at the saturation temperature 
T.,,,. The local condensate film Reynolds number was 
then calculated from the following equation : 

4m~o. (x) 
Rer(x) - (4) 

~d#r(x) 

where Pr is the condensate film dynamic viscosity 
evaluated at Tr = T~. + 0.33(T, , , -  Tw) and dis the con- 
densing tube inside diameter. The local condensation 
heat transfer coefficients of the condensate film h~, 
according to the Nusselt theory [26] for laminar film 
behavior can be calculated using the following 
expression [27]: 

' " 

= kt(x)  \ g ) = (]Rer(x))  (5) 

where Nu~ is the condensate film Nusselt number  
based on Nusselt theory, v~ is the condensate film 
kinematic viscosity, and k~ is the condensation film 
thermal conductivity at T,. However, Nusselt theory 
assumes negligible drag by vapor, negligible effect of  

condensate film acceleration and heat convection. 
Employing these assumptions should yield con- 
servative (i.e. underestimated) values of pure steam 
Nusselt numbers. Therefore, for a realistic evaluation 
of pure steam Nusselt numbers, the local con- 
densation heat transfer coefficients of the condensate 
film h~ "h based on a correlation developed by Chen et 
al. [28] are also calculated. This correlation incor- 
porates the effects ofinterfacial shear stress, interfacial 
waviness, and turbulent transport in the condensate 
film and is expressed as : 

m ?  (x) = hrh (?o (x) ), 2 
k,(x) t x ) 

= 0.31Rec' -'~ + 2 ~ 7 ~ < ,  ) 

. (Re.r_ReO~aReO.4 ~ + (6) 

where A is given by 

A - 
I 1 7 7  0 1 5 6  0.252#1 #g 

d2g2/3  pO.553 po.78 • 
g 

(7) 
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In equations (6) and (7), Ref is the local condensate 
film Reynolds number, ReT represents the film Rey- 
nolds number of the condensate if total condensation 
of the steam takes place and A is a system parameter 
which accounts for the gravitational and viscous 
forces. The local steam mass flow rate, the local steam/ 
noncondensables mixture flow rate, and the local bulk 
steam mass fraction in the mixture are calculated from 
the following equations : 

m~(x)  = m ~  (x) - m~o. (x)  (8) 

n 
mmi,(x) = m~(x) + ~ m n~ (9) 

i 

and 

m~ c 
W ; C ( x )  - 

mmix (X) 

where m~(x) is the inlet steam mass flow rate and 
m~ ~ is the mass flow rate of the ith component of the 
noncondensable gas in the mixture. The local steam/ 
gas mixture Reynolds mixture is obtained from 

4mmix 
Re(x) - 

~d~mix 

where #m~, is the steam/noncondensables mixture 
dynamic viscosity. The local steam/noncondensables 
mixture experimental Nusselt number is obtained 
from 

h ( x ) d  
Nu(x) = 

krnix 

w h e r e  kmi x is the steam/gas mixture thermal conduc- 
tivity. The steam/gas mixture Schmidt number is 
determined from 

]~mix 
Sc(x)  - 

PmixD~ 

where Pm~ is the mixture density and Dv is the mass 
diffusion coefficient of the vapor in the non- 
condensable gases. A discussion of the diffusion 
coefficient Dv will be presented later in Section 5.2. 
The mixture Jakob number is given by 

Ja(x)  = 
Cp,m~x(Tsat(x)- T~(x)) 

h~ 

where Cp,mi x is the steam/gas mixture specific heat 
capacity and hfg is the latent heat of condensation. 
The individual properties are evaluated from ref. [29] 
and the mixture properties were evaluated at the bulk 
temperature and following the procedure explained in 
refs. [12, 30]. The maximum uncertainty in deter- 
mining the condensation heat transfer coefficient was 
_+ 30.5% as shown in ref. [25]. 

3. RESULTS AND DISCUSSION 

Condensation in steam/helium systems and steam/ 
air/helium systems has been experimentally inves- 
tigated over a wide range of system parameters. The 
steam/helium experiments covered steam/helium mix- 
ture inlet Reynolds number from about 6000 to about 
24 000, inlet helium mass fractions from 0.022 up to 
0.20, and mixture inlet temperatures of 100 and 130°C. 
The steam/air/helium experiments covered ste- 
am/air/helium mixture inlet Reynolds numbers from 
about 6500 to 26 500, inlet helium mass fractions from 
0.023 up to 0.20, inlet air mass fractions from 0.045 
up to 0.20 and mixture inlet temperatures of 100 and 
130°C. The corresponding pressure range was between 
114 to 603 kPa. Complete sets of reduced data are 
given in ref. [25]. 

(10) 3.1. Results of  steam~helium mixture experiments 
Figure 3 shows profiles of the experimental heat 

transfer coefficients of steam in the presence of helium, 
helium mass fraction, mixture Schmidt number and 
mixture Jakob number. The figure shows the gradual 
decrease of the experimental heat transfer coefficients 
as helium mass fraction, mixture Schmidt number and 
mixture Jakob number increase. Figure 4 shows pro- 

(11) files of the experimental heat transfer coefficients of 
steam in the presence of helium, the calculated heat 
transfer coefficients of pure steam using Nusselt 
assumptions [26], and the calculated heat transfer 
coefficients of pure steam using the correlation of 
Chen et al. [28]. The figure shows the gradual decrease 
of the experimental heat transfer coefficients as the 
mixture Reynolds numbers decrease. It also shows 

(12) that the calculated pure steam or film heat transfer 
coefficients are higher than those of steam/helium mix- 
tures. The heat transfer coefficients of pure steam 
evaluated using the Nusselt assumptions are lower 
than those evaluated using the correlation of Chen et 
al. ; a result which is expected, since the effects of 
waviness and vapor shear should increase the con- 

(13) densate film heat transfer coefficients. It should be 
noted that the increase of the condensation heat trans- 
fer coefficients in the mid height of the test condenser 
is due to the condenser wall temperature inversion at 
this location. Attempts have been made to explain this 
temperature inversion as described in ref. [25], but 
no satisfactory answer was given, However, since the 
cause of this temperature inversion is still unknown, 
the data point corresponding to this inversion was not 

(14) included in the data correlations. The experimental 
mixture condensation heat transfer coefficient (or 
Nusselt number, Nu) was then correlated in terms of 
helium bulk mass (mole) fraction Wh (Y0, mixture 
Jakob number Ja, mixture Reynolds number Re, and 
mixture Schmidt number Sc. However, since the mix- 
ture Schmidt number implicitly includes the effect of 
the helium mass (mole) fraction on steam conden- 
sation, including both parameters in one correlation 
was avoided in order not to duplicate the effects. 
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Fig. 3. Heat transfer coefficient variations with helium mass fraction, mixture Schmidt number and mixture 
Jakob number along the condensing tube length. 
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Therefore, the steam/helium experimental data were 
calculated by relationships of  the forms 

N u  = const" R e  ~ W ~ J a  ~ (15) 

and 

N u  = const" R e g S c h J d .  (16) 

The above expressions were linearized using log- 
arithmic transformation, and then a multiple 
regression analysis was performed in order to obtain 
the values of  the coefficients. The result was the fol- 
lowing correlations : 

and 

N u  = 1 . 2 7 9 R e ° 2 5 6 W ~ ° 7 " ~ l J a  0.95_, (17) 

N u  = 2 . 2 4 4 R e ° 1 6 '  S c  - 1 ° 5 2 j a - 1 ° 3 s .  (18) 

The mixture Schmidt number represents the 
momentum to diffusive characteristics of  the mixture 
and also includes the effects of  helium mass (mole) 
fraction. This explains the better fitting to equation 
(18) of  the experimental data [25]. Figure 5 shows a 
comparison between equation (18) and the exper- 
imental data. However, it should be noted that equa- 
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5. Comparison between the experimentally obtained Nusselt numbers and those obtained by 
steam/helium correlation, equation (18). 

tions (17) and (18) were obtained from a set of data 
that reach a higher value of Re (24 000) than shown 
in the figure. 

Comparison with steam~helium correlation of  
Siddique et al. [5]. Siddique et al. [5] performed steam/ 
helium condensation experiments and recommended 
the following correlation : 

Nu = 0 .537Re  0"433 W~l249Ja-°624 (19) 

within the range, 

0.02 < Wh < 0.52 

3 0 0 < R e <  11400 

and 

0.004 < Ja < 0.07. 

Within the above range of parameters, the exper- 
imental steam/helium heat transfer coefficients were 
plotted against those obtained from equation (19) 
as shown in Fig. 6. The plot shows good agreement 
between the predicted heat transfer coefficients using 
the Siddique~Golay-Kazimi's correlation and the 
experimentally obtained ones. 

3.2. Results of steam/air/helium mixture experiments 
It was found that the experimental mixture con- 

densation heat transfer coefficient (or Nusselt number, 
Nu) decreased with helium bulk mass (mole) fraction 
Wh(Yh), air bulk mass (mole) fraction W~(Ya), mixture 
Jakob number Ja, and with mixture Schmidt number 
Sc, while it increased with steam/air/helium mixture 
Reynolds number. The experimental data was then 
correlated in terms of these parameters in a way simi- 

lar to that used in Section 3.1. The result was the 
following correlations : 

Nu = O.12Re°368Wa°554Wh °676ja 0.931 (20) 

and 

Nu = O.199Re°3Z7Sc-2715ja -1°58. (21) 

Figure 7 shows comparisons between the con- 
densation Nusselt numbers obtained using the last 
correlation and the experimentally obtained Nusselt 
numbers. Again, this correlation, equation (21), 
included mixture Schmidt number and provided a 
good fit with the experimental data for the same 
reasons mentioned in the previous section. Another 
correlation was also obtained which applies to helium 
and steam mixtures with or without air in the mixture. 
This correlation used the steam/helium correlation, 
equation (18) as its basis in correlating the ste- 
am/air/helium experimental data. The result was the 
following correlation : 

Nu = 1.279Re°256(1 - 1.681 Wa)Wh°741Ja -0"952, 

(22) 

A comparison between the condensation Nusselt 
numbers obtained using the above correlation, equa- 
tion (22) and the experimentally obtained Nusselt 
numbers is shown in Fig. (8). 

4. PERFORMANCE MODEL 

The following steps outline a procedure by which 
the correlations developed in the previous section are 
to be used in practice in sizing a vertical condensing 
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tube in which a mixture of  steam and noncondensable 
gases flows downward. In this model the temperature 
profile of  the condenser wall as well as the conditions 
at its inlet are assumed to be known. The inlet con- 
ditions are the system total pressure, mixture bulk 
temperature, mass fractions of  the noncondensable 
gases, steam flow rate, and the flow rates of  the non- 
condensable gases : 

(1) At one step A Tb of the steam/gas mixture bulk 
temperature down the condenser length, l, the new 
bulk temperature T~ + ~ is given by 

T~ ~+ '~ = T ~ ' - A T h .  (23) 

Assuming the mixture components  are in ther- 
modynamic equilibrium with one another, the vapor 
pressure P~+ ~) corresponding to this new bulk tem- 
perature is calculated from 

p 0 , +  l )  
v , b  = P~at { T~+ t)}. ( 2 4 )  

Since the total system pressure Pt is almost constant 
along the condensing tube, W~b +~), UP(~+J) and • , r  a , b  

W~ + I ) h,h can be obtained by solving the system of equa- 
tions (51)-(54) at T~ +~). The system of  equations 
(48)-(51) will be presented later in Section 5.2. 

(2) Since the noncondensable gases mass flow rates 
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Fig. 8. Comparison between the experimentally obtained Nusselt numbers and those obtained by 
steam/air/helium correlation, equation (22). 

are constant and equal to their values at the inlet of 
the condensing tube, the local steam flow rate m~ ~+~), 
and the condensate flow rate dm~ + ~) between the node 
(x) and the node (x+ l) are given by 

m ( ~ +  1) 1 - -  Iff'r(r+'" nc,b I) 
• .-v = rnn~ (25) 

Wt~+ 1) 
nc,b 

and 

where 

dm~n+ I) = m~) _ m~ +1) (26) 

W~c = Wa + Wh. (27) 

(3) Assuming a value to the wall temperature 
T~w ~+1), the mixture properties can be evaluated at the 
corresponding bulk temperature. Once the mixture 
properties are known, the mixture Reynolds, Schmidt 
and Jakob numbers can be calculated. The local wall 
heat flux is then obtained from 

q~ = h ( T b  - Tw) (28) 

where h is the local condensation heat transfer 
coefficient and is obtained using one of the cor- 
relations developed in the study reported here. 

(4) Assuming a linear profile of the wall heat flux 
along Al ~) of the condensing tube length, for steady- 
state conditions, the total heat transfer for the x-node 
Aq ~ can be related to the local heat fluxes at the 
condenser wall q~]~) and q"~+ i) as follows : 

aq~ ~) = nd[½(q~ t~) + q"~+ 1))]al~) 

for 2 6 / d  << 1, where Aq ~ is given by 

(29) 

A q  ~K) - -  -.,.conrlr"t~ + l ) h~',jg --4-rn(~+..-mix I)Cp mixATb,, (30) 

and the mixture mass flow rate m~i + 1) is given by 

rn~]+x 1) = m ~ +  l) + m .c .  (31) 

Step 4 yields a value for Al ~). The tube length U +'~ 
at the end of the x-node can be expressed as 

l t'+l) = ~ Al ~ .  (32) 
K=I 

(5) From the given wall temperature profile, the 
tube length I t~+l) is used to calculate T~ ~+ i). If this is 
different than the guessed value in step 3, a new value 
is assumed and the steps from 3-5 are repeated until 
a consistent solution is reached. 

(6) A new bulk temperature step ATb down the 
condenser tube length is taken and the calculation 
from step 1 to step 5 is repeated. The calculation is 
terminated when the steam in the mixture is depleted 
or when the end of a known condensing tube length 
is reached, i.e. when l ~+1) >~ Io, where lo is the effective 
length of the condensing tube. 

5. THEORETICAL MODEL 

The condensate film will be dealt with first. An 
appropriate correlation for condensate film heat 
transfer coefficient is to be selected. Given the local 
wall temperatures Tw, the local values of the mix- 
ture/condensate interface temperature T~ can then be 
calculated along the condensing tube length. Next, the 
steam/noncondensable gas mixture will be modeled. 
The heat transfer coefficients of steam/gas mixture, 
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obtained using the model, will then be compared to 
those obtained from the experimental measurement. 

5.1. Condensate fi lm 
The condensate film will be modeled as an annular 

layer on the inside of the vertical condensing tube. 
Chen et al. [28] developed a general in-tube con- 
densation correlation which incorporates the effects 
ofinterfacial shear stress, interfacial waviness and tur- 
bulent transport in the condensate film. This cor- 
relation is established on the basis of analytical and 
empirical results from the literature and is found to 
be in excellent agreement with all existing data [28]. 
For local condensation Nusselt numbers for con- 
current annular-film flow inside a vertical tube, the 
correlation is expressed in equations (6) and (7). Once 
the local condensate film Nusselt number is known, 
the local condensate film heat transfer coefficient hf 
(kW m-Z s ~) and the local condensate film thickness 
6f (m) can be obtained from the following expressions : 

kf 

and 

6 f -  
Nu~ 

where the local condensate film Reynolds number Ref 
is given by equation (4) for 

2c~ 1 
---<< 1. 
d 

The condensate film properties are evaluated at a ref- 
erence temperature Tr = Tw+0.33(T~-Tw)where T, 
is the interface temperature and Tw is the condensing 
tube inner wall temperature. The local condensate film 
flow rate m~on can be calculated from the experimental 
measurement as described in equation (3). An initial 
guess for the interface temperature is assumed and 
equations (4), (6), (7) and (33) can be used in this 
order to obtain the local condensate film heat transfer 
coefficient hf. Once hr is known, the interface tem- 
perature T~ is calculated from 

T , = T w + q ' ~  ' 
hf 

where q" is the local heat flux obtained from the exper- 
imental measurements, equation (1). The new inter- 
face temperature is then used together with the system 
of equations (4), (6), (7) and (33) to improve the initial 
guess. This is repeated until a consistent solution is 
reached. 

Figure 9 shows the measured bulk, measured wall, 
and the calculated interface temperature profiles for a 
typical experimental run. The mixture Reynolds num- 
bers are relatively low and cover the range from about 
1000 to 4000. The flow is believed to be laminar for 
mixture Reynolds numbers less than 2300 and tur- 
bulent for mixture Reynolds number greater than 
2300. The mixture Reynolds number profile is also 
shown in the figure. The interface temperatures are 
calculated following the procedure outlined above. 
The calculated interface profile is very close to the 
wall temperature profile and eventually converges into 
it near the end of the condensing tube as the mixture 
Reynolds numbers get well into the laminar flow 
region. This shows that, at these relatively low mixture 
Reynolds numbers the thermal resistance due to the 
condensate film is a small fraction of the total thermal 
resistance and almost negligible as the mixture flow 
becomes laminar. In other words, at relatively low 
mixture Reynolds numbers, the main thermal resist- 
ance comes from the steam/noncondensables mixture 
and in practice the interface temperature may be 

(33) assumed to be equal with the wall temperature without 
introducing any significant error. 

Figure 10 shows the measured bulk, measured wall 
and the calculated interface temperature profiles for 
another experimental run. The mixture Reynolds 
numbers are relatively high and cover the range from 
about 6000 to 17 000. The mixture flow is definitely 
turbulent. The mixture Reynolds number profile is 

(34) also shown in the figure. The calculated interface tem- 
perature profile starts almost halfway in between the 
bulk temperature profile and the wall temperature 
profile, which means that the condensate film thermal 
resistance is comparable to the mixture thermal resist- 
ance. As the mixture flows down, the interface tem- 
perature profile parallels the wall temperature profile 
while it diverges from the bulk temperature profile. 
This behavior is due to two reasons. First, as the 
mixture flows down the condensing tube, the mixture 
becomes less turbulent, and second it gets richer in 
noncondensable gas content. Both mechanisms con- 
tribute to the mixture thermal resistance increase. This 
shows that, in forced convection flows, at high mixture 
Reynolds numbers the thermal resistance due to the 
condensate film is comparable to the mixture thermal 
resistance at relatively low noncondensable mass frac- 
tion (Wnc < 0.2), and it gets smaller as the non- 
condensable mass fraction increases. Under those con- 
ditions, the thermal resistance due to the condensate 
film is important, and the assumption of equal inter- 
face temperature and wall temperature would intro- 

(35) duce significant error. 

5.2. Steam-noncondensable boundary layer 
The steady-state diffusion equation in the radial 

direction y of each component in the mixture can be 
written as 

m'f = - p D ~  + Wvm~ (36) 
vy 



Forced convection in-tube steam condensation 2635 

1 1 0  , , ,. , ~ . . . .  , . . . .  , . . . .  ~ . . . .  4 0 0 0  

', R e l n i x  M i x t u r e  I n l e t  T e m p e r a t u r e  = I 0 0  C . . . . . . .  Re 
q, ~ >  I n l e t  S t e a m  F low Rate  = 10.0 kglhr m i x  

** I n l e t  H e l i u m  Flow Rate  = 1.7 k g / h r  ~¢ 
92 ~ e m  P r e s s u r e  = 185 k P a  ,& T b 3500 oE 

' T I 

A T w L 

3000 e~ 

74 
z 

2 5 0 0  

O 
56 ~ 

2 0 0 0  

P 

° ~  3 8  1 5 0 0  

2 0  . . . .  I , , , , I . . . .  I~ ' " ' . . . . . . . .  ~ -  1 0 0 0  

0 0 . 5  1 1 . 5  2 2 . 5  

l e n g t h ( m )  
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Fig. 10. The calculated interface temperatures, the measured centerline and inner wall temperatures along 
the condensing tube length for a typical steam-helium run in turbulent forced convection flow. 

and 

t3 Wa ,, 
m• = - - p D ~ y  + Warnt, (37) 

m ( ,  = - pDh ~ -  + Whrn't ' ( 3 8 )  
oy 

m~' = m~ + m: + rn~ (39) 

where m~, m~, rn~, and m't' are the steam diffusive mass 
flux, air diffusive mass flux, helium diffusion mass flux, 
and total diffusive mass flux, respectively. We, W~ and 
Wh are the steam mass fraction, air mass fraction and 
helium mass fraction, respectively, p is the mixture 

density. De, Da, and D h are  the effective mass diffus- 
ivities for steam, air and helium, respectively. 

In the problem at hand, while the steam condenses 
at the inner wall of  the condensing tube, the air and 
helium do not. In other words, the condensate inter- 
face is impermeable to both air and helium. Therefore, 
the net diffusive air and helium fluxes should be zero. 
This is expressed mathematically as 

m" = m;( --- 0 and m't' = m~ = const. (40) 

along the y-direction and equations (39)-(41) are 
reduced to 

~wv 
m" = - p D - ~ -  + Wvm(, (41) 

cy 
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0 = - - p D ~  + W~m:: 
vy 

O= - pD ~ + Whm',L 
C V 

Therefore, the transport phenomenon within the 
gaseous boundary layer can be viewed as unidirec- 
tional diffusion, only one molecular species--that of 
vapor~if fuses  through helium and air which are 
motionless in the radial direction relative to stationary 
coordinates. D in the above equations is equal to D, 
which is given by [31] 

Dvh / 

where F' refers to the mole fraction compositions on 
a vapor-free basis. D,~, and Dvh are the binary diffusion 
coefficients between vapor and air, and vapor and 
helium, respectively, and are obtained from the fol- 
lowing equation [12] : 

012  
6.6x 10 4TI 83 / ~  1 

where 1 refers to one component in the binary mixture, 
while 2 refers to the other component. Tc ( K )  refers 
to the critical temperature and Pc (kPa) refers to its 
corresponding critical pressure. 

Steam/noncondensables bounda O' layer thermal 
equilibrium condition. The basic assumption in the pre- 
sent analysis of the steam/noncondensables boundary 
layer is that the components of the steam/air/helium 
mixture are in thermal equilibrium with one another. 
Another assumption is that the steam within the mix- 
ture is, and remains, saturated over the entire length 
of the condensing tube. The mixture temperature at 
any location within the steam/noncondensable 
boundary layer is therefore equal to the saturation 
temperature corresponding to the vapor pressure at 
this location, i.e. 

7~ Th 7", T 7", ~ . . . .  T~.~ ~ P,j.  (46) 

Alternatively ; 

P,, = P~.,{T}. 

The third assumption is that each of the gases in the 
mixture obeys the perfect gas law and consequently 
Gibbs-Dalton perfect gases mixture equation, i.e. 

M P ~  
W ~ -  

M~ P, 

where Mv is the vapor molecular weight, P, is the 
system total pressure, and M is the mixture molecular 
weight given by 

l Wv W. Wh (49)  
(42) M = M,~ + ~ + M~" 

From the conservation of mass 
(43) 

w ,  + w ,  + Wh = 1. (50) 

Also, over the entire length of the condenser, the 
air flow rate and the helium flow rate remain the same 
and are equal to their values at the inlet. This leads to 
their ratio at any location be the same and given by 

w, w~' 
- const. (51) 

W~ W m a 

where W~ and W'h" are the inlet air mass fraction and 
(44) the inlet helium mass fraction, respectively. 

Steam mass' f lux  m;~ at the interface. With the 
assumption that the mixture density p and the effective 
diffusivity D are not a function of the radial position 
y (they will be evaluated at a reference temperature 
and a reference composition as shown in ref. [25]), 
equations (42) and (43) can be added, rearranged and 
then integrated as follows : 

ff ',, d(l - W,,) m~' ( 'd) '  (52) 
(l--W3 ;D J,, (45) ,, - 

m',~ = In - -  )' ~ l - W , . u ) "  (53) 

By definition 

Wo,,.i = l - W , , ,  and Wn~.b= 1--W,.~ (54) 

and theretbre 

mnc,i- mnc.b = my. b - -  m , ,  i. (55) 

Using equations (54) and (55), equation (53) can 
be written as 

m~ pD W, b-- Wvi //Wn.i \ 
- T ~ Z ~ b  In ...... " ~Wn~.b) (56) 

Now define WJo~ such that 

Win'no = m '~c ' i -  mnc'b (57) 

In .... 

is the logarithmic mean difference between the non- 
condensable gas concentrations in the bulk and at the 

(47) interface. Equation (56) can then be rewritten as 

pD 
m',: = ~ ( W ~ . b -  W~..). (58) 

The noncondensable gases do not diffuse. However, 
their concentration gradients are established by fric- 

(48) tion with vapor molecules as they move towards the 
condensate/gaseous boundary layer interface. This 
intermolecular friction is the source of the non- 
condensables inhibiting effect on the condensation 
process. This inhibiting effect can be well represented 
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by the average noncondensables concentration W~ m 
which appears in equation (58). 

Effect of axial flow : effective mixture boundary layer 
thickness 6~. So far, the effect of axial flow has not 
been considered in the above analysis. The distance y 
from the interface in equation (58) is the parameter 
which carries this effect and is going to be replaced by 
the symbol 6on from now on. This effective thickness 
is very similar in concept to the boundary layer thick- 
ness. The higher the axial flow, the thinner this effec- 
tive thickness is, and consequently the higher the mass 
transfer m". This is also what has been observed in 
practice; the higher the mixture Reynolds number, 
the higher the condensation rate. As the mixture flows 
along the condensing tube, vapor is continuously 
sucked toward the wall. In the absence of this suction, 
the mixture boundary layer would develop until it 
becomes fully developed at a certain axial location 
depending on the mixture Reynolds number at the 
entrance. However, within the condensation region, 
the mixture boundary layer will not have the chance 
to fully develop and the mixture boundary layer thick- 
ness is expected to be much thinner than that without 
condensation. Therefore, we will assume relationships 
between the mixture boundary layer 6o~ and the mix- 
ture Reynolds number Rernix which will take the form 

6erf C 
d n In Remix Scmix 

(59) 

where C, n and m are constants to be determined. In 
the present analysis we use, for laminar flows, C = 5, 
n = 1/2 and m = 1/3, while for turbulent flows, 
C = 0.17, n = 1/5 and m = 0, with the dependence on 
mixture Schmidt number dropped. The values of these 
constants are close to those used for developing flows. 

Local interfacial heat flux q~ix.i and mixture Nusselt 
number Numi ×. Within the condensation length, the 
local heat fluxes are practically due to the latent heat 
given by the steam at the wall. The sensible heat from 
the mixture due to the temperature differential in the 
radial direction can be practically neglected, There- 
fore, the local heat flux q~i×,i c a n  be simply obtained 
by multiplying both sides of equation (58) by hrg with 
3, replaced by fio~, i.e. 

o D  
qmix.i = m"hcg -- ~ l m ( W *  b -- W~,,). 

heft Wn¢ ' 
(60) 

Define the mixture heat transfer coefficient hm~ and 
the mixture Nusselt number as 

q~aix,i 
hmi x - (61) T~- T, 

hmtx × d 
Numix k (62) 

where k is the mixture thermal conductivity. The mix- 
ture Nusselt number is therefore ; 

Prmi x d 1 
Num~x - Ja~xSCmix 6°. W~ (wV'b- WvA. (63) 

Substituting for 6on from equation (59) into equa- 
tion (63), a final expression for the mixture Nusselt 
number Num~x is obtained. It is given by 

Prmi x n - J Rernix Sc~ix 
Numix - (Wv.b-- Wv,i) (64) 

Jamix C WZ,"~ 

where Pr~j~, Ja~,~x and Sc,~x are mixture Prandtl, Jakob 
and Schmidt numbers, respectively. An explicit 
expression for the mixture heat transfer coefficient can 
be obtained from the definition 

k 
hmix = ~ × Numi x (65) 

where Nu~x in the above equation is obtained from 
equation (64). 

All mixture properties in the above equations are 
evaluated at a reference composition and temperature 
using the procedure outlined in ref. [25]. 

Now, let us turn to the comparison between the 
mixture heat transfer coefficients as obtained from 
experimental measurement and those obtained from 
the model presented here, namely equations (64) and 
(65). The measured Nusselt number and heat transfer 
coefficient are obtained from 

hmix,exp_ q~'xp Tb -- T~' (66) 

hmixxxp × d 
gumix'exP = -  k (67) 

where T~ is the interface temperature calculated using 
the procedure outlined in Section 5.1 and q"xp is the 
measured wall heat flux at the inner wall of the con- 
densing tube and is obtained using the gradient of the 
coolant temperature profile. This measured value of 
q~xp is practically equal to the heat flux at the interface, 
since the condensate film thickness 6 is much less 
than the condensing tube inner diameter d so that 
d / (d -  26) ~ 1. Figure 11 shows the measured and the 
calculated mixture heat transfer coefficient profiles for 
a typical experimental run. The mixture Reynolds 
number profile is also shown in this figure. In general, 
the mixture heat transfer coefficients obtained using 
the model are in good agreement with the measured 
mixture heat transfer coefficients. Figure 12 shows 
a comparison between the model-predicted steam/ 
noncondensables mixture Nusselt numbers as cal- 
culated from equation (64) and the experimentally 
obtained Nusselt numbers. Again, the figure shows 
good agreement between the model and the exper- 
iment with the values of n, m and C in equation (64) 
taken equal to 0.2, 0.0, and 0.185, respectively, for 
turbulent flows, while for laminar flows the n, m and 
C values taken equal to 0.5, 1/3 and 5, respectively. 
Figure 12 shows that below a Nusselt number of 100 
(corresponding mainly to laminar flows) the scattering 
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Fig. 12 Comparison between model-predicted steam/noncondensable mixture Nusselt numbers and exper- 
imentally obtained mixture Nusselt numbers. 

is relatively high between the model-predicted values 
and the experimentally obtained ones. 

6. CONCLUSIONS 

The condensation of flowing steam/helium and 
steam/air/helium mixtures has been experimentally 
investigated over a wide range of system parameters. 
The experimentally obtained local condensation heat 
transfer coefficients were correlated in terms of the 
controlling parameters. The developed correlations 
predict the experimental data very well, and can be 
used in order to predict the local condensation heat 

transfer coefficients inside vertical tubes for the range 
of conditions utilized in the experiments reported in 
this study. Correlations including the mixture Schmidt 
number did better in representing the condensation 
process in the presence of noncondensable gases. The 
Siddique-Golay-Kazimi's steam/helium correlation 
prediction of the condensation heat transfer 
coefficients was found to be in reasonable agreement 
with the steam/helium experimental condensation 
heat transfer coefficients reported here. In general, 
the condensate film thermal resistance is significant in 
forced convection in-tube condensation in the pres- 
ence of noncondensable gases, when the gas mixture 
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Reynolds  n u m b e r  are high (Re > 6000) and  the mass  
fract ion of  the noncondensab le  gases of  the mixture  
is low ( W  < 0.2). The  theoret ical  model  presented 
here seems to reasonably  predict  the experimental ly 
obta ined  hea t  t ransfer  coefficients. 
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