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Abstract

A new type of passive containment cooling system of nuclear power plant has been put forward in previous research.
The effect of non-condensable gases on steam condensation over tube external surface is a key factor to evaluate the
heat removal capacity of the system. Experiments of steam condensation over inclined tube external surface under
different pressure, wall subcooling and air mass fraction have been carried out. The results show that the steam
condensation heat transfer coefficient over inclined tube increases with the decrease of air mass fraction and wall
subcooling. The increase of pressure can also enhance the heat transfer coefficient. The inclined tube has a better heat
transfer performance than vertical tube’s.
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1. Introduction

As the last safety barrier to the escape of radioactive species, the design of containment is essential to
ensure the safety of nuclear plant. Under severe accidents, heat released in containment must be removed
effectively to guarantee the integrity of containment. Considering improving the long term passive
residual heat removal capacity of containment, a time-unlimited passive containment cooling system
(TUPAC) has been designed[1]. The system consists of inbuilt heat exchanger, outside air cooler, rising
pipe and descending pipe. When accident occurs, steam condensation will happen over the inbuilt heat
exchanger and heat the cooling water in tube of exchanger. Natural circulation will then bring the heat
outside the containment.

During the process, steam condensation with non-condensable gases over tube external surface will
affect the heat removal capacity of the system. Numbers of experimental investigations have been carried
out to study this phenomenon. Nusselt[2] first proposed theory about pure steam laminar condensation
and obtained a series of theoretical relations. Uchida[3] and Tagami[4] studied steam condensation over
vertical plate with non-condensable gases and obtained widely-used relation under normal pressure, but
only one parameter was considered. Dehbi [5], Liu [6], Su[7, 8] discussed the effect of non-condensable
gases on steam condensation over vertical tube external surface under different pressure and wall
subcooling besides air mass fraction. Also they calculated the responding empirical relations under
different parameters. In addition, pure steam condensation over inclined tube external surface were
studied by Hassan[9], Selin[10], Garrett[11]. The heat transfer coefficient over inclined tube was proved
bigger than the value over vertical tube.

In this paper, steam condensation over inclined tube external surface under different pressure,
subcooling and air mass fraction are studied and the effect of different parameters on heat transfer
coefficient are discussed. The effect of inclination is also researched.
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2. Experimental System and Method

2.1. Experimental system

As shown in Fig. 1, experimental system consists of five parts, including gas injection system, test
section, natural circulation loop, forced circulation loop and data acquisition system.

A 4m high, 1.5m outer diameter carbon steel pressure vessel is used to simulate containment. The
design pressure of the vessel is 1MPa. Stainless steel test section located in the middle of the vessel has a
30° inclination. The effective heat transfer length of test section is 1.8m with 38mm outer diameter and
2mm thickness. The external surface of vessel and horizontal section of test section are all covered by
thermal barrier. Steam in vessel is produced by heating deionized water in the bottom water tank. Air is
injected into the vessel from air storage tank through upper and bottom inlets. Cooling water in the test
section is heated by mixed gases of steam and air, flows into condenser and cooling water tank
successively. Water in tank is then pumped back to inlet of vessel and finishes the whole circulation.
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Fig. 1. Experimental system

2.2. Data acquisition

In 9 locations at 230mm interval along the test section, 18 K-type thermocouples are buried in the
opposite side of the outer wall of tube respectively by tin soldering to measure wall temperature. In the
same cross section, another 18 K-type thermocouples are fixed 80mm away to measure environment
temperature in the vessel. Two thermal resistances are installed at the inlet and outlet of test section to
measure inlet and outlet temperature of circulation loop. The total pressure of mixed gases is measured by
pressure transducer installed in the top of the vessel. Mass flowrate of circulation loop is measured by
Coriolis force flowmeter.

Based on NI data acquisition system, voltage and current signal from instrumentations are then
transmitted to PC.

2.3. Measurement method

Under steady condition, assuming steam saturation and applying the ideal gas law, the total pressure is
the sum of air pressure and steam pressure. For the steam pressure, it can be obtained based on
environment temperature in vessel and corresponding saturated steam parameters. The ratio of air mass to
steam mass and air mass fraction Wa can then be calculated.
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Where, m-mass(kg), n-number of molecules(mol), M-molecular weight, P-total pressure(Pa), a-air, v-
vapor.
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Assuming no energy loss, the heat transfer rate of mixed gases over the tube is equal to the cooling
water heat transfer rate which is determined by cooling water temperature change and mass flow rate in
the test section.

Q = hA(Tb_Tw) = m(iout - iin) (3)

Where, h-heat transfer coefficient(\W/m=C), A-heat transfer area(m¥, Ty-environment
temperature(‘C), T,-wall temperature("C), m-mass flowrate of cooling water (kg/s) , i-enthalpy of
cooling water(kJ/kg).

The wall temperature and environment temperature in vessel as well as cooling water temperature can
be measured by thermocouples. The enthalpy of cooling water can be obtained from steam properties
table. Also the flowrate of cooling water is measured by flowmeter. Therefore, the average heat transfer
coefficient can be derived by following formula.

= m(@i_,—1i.
h= —(i“‘ _in 4)
ACT, -T,)
Where, h-average heat transfer coefficient (W/m> « ‘C), T-average temperature (‘C).
In this experiment, considering the uncertainty of each measured parameter, an average uncertainty of
15.75% is obtained based on calculations of measurement error of all instrumentations.

3. Experimental Results and Discussion

During experiment, the change of pressure, wall subcooling and air mass fraction can all have
influence on the heat transfer over inclined tube. Hence, by controlling two of three variables and
adjusting the last one, each parameter can be evaluated.

To study the effect of wall subcooling on heat transfer coefficient, pressure and air mass fraction
remain stable, inlet and outlet temperature of test section can be adjusted by changing flowrate of cooling
water. As shown in Fig. 2, there is a significant drop of heat transfer over inclined tube with the
subcooling increasing. Under a 0.5 air mass fraction, when the wall subcooling increases from 9°C to
20°C, the corresponding heat transfer coefficient decreases about 35%. Since the subcooling is the
difference between wall temperature and environment temperature, increase of subcooling means a lower
wall temperature. Therefore, the heat transfer is less.
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Fig. 2. The effect of wall subcooling.
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In Fig. 2, the effect of wall subcooling on heat transfer coefficient under low air mass fraction is more
obvious than the condition of higher air mass fraction. Under a 0.73 air mass fraction, when the wall
subcooling increases from 9°C to 20°C, the corresponding heat transfer coefficient decreases about 26%
which has a great difference with 35%.

As shown in Fig. 3, under same pressure, when the wall subcooling stays approximately constant, the
heat transfer over inclined tube decreases significantly as the air mass fraction increases. When the
pressure of mixed gases is up to 0.3MPa, there is a 15% decrease of heat transfer with about 5% increase
of air mass fraction. When wall condensation occurs, non-condensable gases in the vessel accumulate at
the gas-liquid interface of tube external surface which increases the thermal resistance of diffusion
boundary layer and impedes the heat transfer of steam. The heat transfer coefficient of mixed gases
decreases a lot compared to pure steam.

By comparison of heat transfer coefficient under different pressure in Fig. 3, increasing pressure can
strengthen the heat transfer over inclined tube. Under a 0.5 air mass fraction, when pressure of mixed
gases increases from 0.23MPa to 0.3MPa, the heat transfer coefficient increases about 12%. When the
amount of air in vessel is constant, increase of pressure is achieved by heating deionized water which
leads to an increase of the amount of steam. Consequently, air mass fraction decreases and steam heat
transfer over test section is improved. Heat transfer coefficient increases finally.
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Fig. 3. Steam condensation heat transfer coefficient curve of pressure and air mass fraction (a) Wall subcooling
against air mass fraction (b) Heat transfer coefficient against air mass fraction.

A vertical tube and an inclined tube are mounted in the same location in the vessel successively to
study the effect of inclination on the heat transfer coefficient. As shown in Fig. 4, by comparing data
under same thermal condition of two test sections, heat transfer coefficient of mixed gases over inclined
tube is much bigger than the value of vertical tube which is the same with the condition for pure steam
[11]. During the condensation process of mixed gases over inclined tube, a layer of water film forms. The
thickness of water film decreases due to gravity as the inclination increases. Decrease of thermal
resistance results in the increase of heat transfer coefficient.
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Fig. 4. The effect of inclination.
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4. Conclusions

Experiments about steam condensation over inclined tube under different pressure, wall subcooling
and air mass fraction have been performed. The following conclusions are made based on experiment:
e Heat transfer coefficient over inclined tube external surface decreases as the wall subcooling and air
mass fraction increase. It can also be improved by increasing pressure of mixed gases.
e The effect of wall subcooling on heat transfer coefficient over inclined tube is more significant under
low air mass fraction.
e Under the same condition, heat transfer over inclined tube is strengthened compared to vertical tube.
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