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Abstract In loss-of-coolant accidents, a passive contain-
ment heat removal system protects the integrity of the
containment by condensing steam. As a large amount of air
exists in the containment, the steam condensation heat
transfer can be significantly reduced. Based on previous
research, traditional methods for enhancing pure steam
condensation may not be applicable to steam—air conden-
sation. In the present study, new methods of enhancing
condensation heat transfer were adopted and several
potentially enhanced heat transfer tubes, including corru-
gated tubes, spiral fin tubes, and ring fin tubes were
designed. STAR-CCM+ was used to determine the effect
of enhanced heat transfer tubes on the steam condensation
heat transfer. According to the calculations, the gas pres-
sure ranged from 0.2 to 1.6 MPa, and air mass fraction
ranged from 0.1 to 0.9. The effective perturbation of the
high-concentration air layer was identified as the key factor
for enhancing steam-—air condensation heat transfer. Fur-
ther, the designed corrugated tube performed well at
atmospheric pressure, with a maximum enhancement of
27.4%, and performed poorly at high pressures. In the
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design of spiral fin tubes, special attention should be paid
to the locations that may accumulate high-concentration
air. Nonetheless, the ring-fin tubes generally displayed
good performance under all conditions of interest, with a
maximum enhancement of 24.2%.

Keywords Air-steam condensation - Numerical
simulation - Heat transfer enhancement - Fin tube

1 Introduction

In the scenarios of a main steam line break accident or
loss of coolant accident, a large amount of high-tempera-
ture steam is discharged into the atmospheric space in the
containment. If the accidents are coupled with a station
blackout, some active safety measure facilities may fail,
and the temperature and pressure in the reactor contain-
ment will continue to increase. When the pressure exceeds
the design limit, the reactor containment may be destroyed,
and radioactive material will be released into the envi-
ronment. This release can be harmful to the public and the
environment, and may result in serious consequences. To
prevent this type of accident, third-generation advanced
nuclear power units are currently equipped with a passive
containment heat removal system (PCS) [1, 2]. The PCS
condenses steam inside the containment without external
power [3] and can remove heat from the containment
through density differences, etc.

The first containment was built with steel at the Knowles
nuclear power laboratory in the USA. Nowadays, some
third-generation advanced nuclear power plants, such as
AP1000, still use steel containment. Notably, the heat
inside the steel containment can be removed via spraying
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with water. The steel containment is expensive. In contrast,
many third-generation advanced nuclear power systems,
such as HPR1000, use concrete containment, where heat
cannot be removed via spraying with water. Thus, this
reactor must have a PCS heat exchanger in the containment
to remove heat and the containment pressure must be
maintained within the safety threshold. Considering the
harsh environment in the containment gas space, compact
heat transfer with higher efficiency is required for the
further development of passive safety technology [4].
Therefore, the heat transfer enhancement of the PCS heat
exchangers must be evaluated.

A large amount of steam enters the containment when a
loss-of-coolant accident (LOCA) occurs [5]. The PCS heat
exchanger exports heat by condensing steam and the air in
the containment reduces the effect of condensing steam in
the PCS heat exchanger. To achieve an optimal design of
PCS heat transfer, heat transfer enhancement studies on
steam condensation consisting of air are necessary.

Several assessments on pure steam condensation have
been conducted. The pure steam condensation can have a
stronger consolidated heat transfer capability than film
condensation by thinning the liquid film on the heat
transfer surface or via dropwise condensation [6, 7].
However, steam condensation with air is quite different
from pure steam condensation [8]. When steam conden-
sation in the presence of air, a highly concentrated air layer
is formed near the heat transfer tube, and the steam must
pass through the air layer before condensation. The high-
concentration air layer close to the heat transfer surface is
the key factor influencing the condensation heat transfer
behavior [9, 10]. Previously, when the mass fraction of air
was 2%, the thermal resistance of the liquid film was only
5% of the total thermal resistance, and the temperature
difference between the liquid film and wall surface was
only 0.4 K [11]. Of note, the effect of the liquid film on
heat transfer can be ignored. Therefore, a separate study on
the enhancement of steam condensation using air is
required.

Othmer [12] was the first to study this phenomenon
experimentally, and many scholars have conducted subse-
quent research on this issue and obtained remarkable
results.

To understand the general performance of steam-—air
condensation, many experimental studies have been con-
ducted using flat panels and plain tubes [13, 14].

In 1965, Uchida [15] first proposed a correlation for the
heat transfer coefficient for steam condensation in the
presence of air, which only considers the air mass fraction.
Subsequently, Bian [16], Su [17], Liu [18], Dehbi [19], and
others combined their experimental data and fitted their
experimental correlations. Accordingly, the new correla-
tion fully considers the influence of related parameters,
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such as the concentration of air, pressure, and wall sub-
cooling.

In addition to experimental research, many researchers
have conducted numerical simulations. At present,
numerical simulations of condensation are based on three
types of models: experimental models based on experi-
mental correlations [20], mass diffusion models based on
heat and mass transfer similarity theory [21], and theoret-
ical models for solving control equations in the diffusion
boundary layer and liquid film [22].

Heat-transfer enhancement is mainly divided into active
and passive heat-transfer enhancements. Active heat
transfer enhancement aims to enhance heat transfer by
injecting pure steam near the heat transfer tube to blow
away the non-condensable gas [23]. Notably, this method
has a good heat-transfer enhancement effect. In fact, the
heat transfer coefficient after steam injection was
1.18-1.77-fold higher than that without steam injection.
This method requires an external power drive and is
unsuitable for PCS systems. A passive heat transfer
enhancement method is used to achieve bead condensation
by adding organic coatings to the heat transfer tubes [24].
The heat transfer coefficient after bead condensation was
1.3—1.8-fold higher than that before bead condensation.
Organic coatings are expensive, will easily fall off, and are
unsuitable for PCS systems.

Changing the tube structure is a common method for
enhancing the heat transfer. According to research on heat
transfer enhancement tubes, structures such as corrugated
tubes [25], vertically longitudinal finned tubes [26], and
polished tubes had obvious enhancement in heat transfer
under pure steam, and the enhancement of these structures
could reach threefold that of a plain tube. However, when
the steam contained air, the heat-transfer enhancement of
the corrugated tube was only 10%. The longitudinally
finned tube displayed heat transfer enhancement only when
the air mass fraction was very large and showed inhibited
heat transfer at an air mass fraction of less than 75%. The
heat transfer coefficient was only 40% of that of the plain
tube at an air mass fraction of 10%. The polishing tube [27]
only affected the liquid film, with little or no disturbing
effect on the air layer. Further, the liquid film had little
effect on heat transfer. Thus, although the heat transfer
coefficient increased compared with that of the plain tube,
the enhancement was mainly within 10%.

In these studies, the proposed heat-transfer enhancement
structures mainly performed well for pure steam conden-
sation. However, the existing structure displayed poor
enhancement when steam—air condensation occurred.
Therefore, the local air concentration boundary layer dis-
tribution in the vicinity of the tube wall must be revealed
and enhanced heat transfer structures must be designed
according to the local heat and mass transfer behavior. In
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this study, corrugated, ring fin, and spiral fin tubes were
designed, and their effects on heat transfer were evaluated.

2 Calculation models

The CFD software, STAR-CCM+, was used to evaluate
the heat-transfer enhancement of steam condensation in the
presence of air outside the tube. The key aspect of the
simulation involves the application of a proper condensa-
tion model to simulate the steam condensation process.

The condensation models commonly used in CFD sim-
ulations include experimental correlation and diffusion
boundary layer models. The experimental correlation
model was set according to the experiment, which was
relatively simple. However, the applicability of this model
is limited by the range of test parameters. Furthermore, this
model is used to obtain the average heat transfer charac-
teristics and pays less attention to the local heat transfer
characteristics. As a result, measuring the diffusion and
mass transfer of steam-air locally is a difficult task [28].
The diffusion boundary layer model forms a liquid film and
an air layer at the surface and the mixed gas passes through
the air layer to reach the interface between the liquid film
and air layer for condensation. Accordingly, this model is
suitable for simulating local phenomena [29]. In the sim-
ulation, a strengthened heat transfer structure combined
with the local phenomenon was required [30]. Therefore,
the diffusion boundary layer model served as a reasonable
selection in this study.

2.1 Governing equations and turbulence model

In the simulation, the following control equations were
used for the gas flow and heat transfer processes, except
steam condensation.

Mass conservation:
op

E"FV(pw):Sm (1)

Momentum conservation:

o(pw)

SE 4V (pww) = VF+ o+ S @

Energy conservation:

@ + V(pwE) = pf ,w + V(Pw) + V(ker - VT) + Sp
(3)

Species conservation:

% + V(pwwy) = V(pDg - Vrg) + S, (4)

where p is the density, w is the velocity, Sy, is the mass
source term, S, is the momentum source term, Sy, is the
energy source term, f; is the surface force, f, is the volume
force, E is the energy, kg is the effective thermal con-
ductivity, w, is the mass fraction of air, and D, is the air
diffusion coefficient.

An implicitly coupled solver is used in the calculation.
Turbulence computing applications are used to obtain k-¢
turbulence. As this model can provide good calculation
results for phenomena, such as boundary layer separation
and reflow, it can be selected in the simulation.

2.2 Steam condensation model

The condensing model was established according to the
diffusion boundary layer model. The main thermal resis-
tance during the condensation process occurred in the air
layer, and a liquid film was formed on the tube surface. As
the liquid film thickness is small, the thermal resistance of
the liquid film is generally neglected [31]. Therefore, the
effect of the liquid film was ignored in the model setup.
The vapor condensation mass flux derived from the mass
transfer equations of air and steam is expressed as:

0

- (5)

m = pww — pD

i
The condensation rate [32] derived from the mass transfer
equations of air and steam is expressed as:

_ ([ _rD dwy,
e = 1—awy on

The mixed gas diffusion coefficient D is usually calculated
using the equation:

oon(2) (2

If steam condensation occurs, the steam and the energy
carried by the steam should be removed from the interface.
The removal of vapors at the interface can be achieved by
adding mass, momentum, and energy source terms to the
first layer of the grid.

Mass source term:

_ (_pD _Gwv
m=- (25, (52)

Momentum source term:

Spy = SmW 9)

(6)

i

(8)

i

Energy source term:

Sh = Su h (10)
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where m is the mass flux, subscript ¢ indicates condensa-
tion, @ is the mass fraction, subscript i indicates the air and
liquid film interface, subscript v indicates steam, 7T is the
absolute temperature, P is the pressure, and subscript 0
indicates the standard state.

2.3 Model correction under high pressure

As pressure and steam concentration increase, the steam
mass transfer process intensifies. An enhanced steam con-
densation rate can increase the lateral disturbance of the
high-concentration air layer, leading to enhanced heat and
mass transfer. In general, a correction factor 6 [9] is used to
represent additional heat transfer. 0 is defined based on
Egs. (11)—(13).

Wy — Wy

Bp=_r ¥ 11
l—wvi ( )
In(1+ B

QB:¥ (12)

0 = 2.98 + 52000 x (7 x 107%)" (13)

where m,; is the steam mass fraction near the wall and w,,
is the mainstream steam mass fraction.

2.4 Model validation

Simulations of the COPAIN experiments [33] were
performed to determine the accuracy of the condensation
model. The geometric model and dimensions of the sim-
ulation are shown in Fig. 1.

The dimensions for the experimental setup were 0.5 m
long, 0.6 m wide, and 2.0 m high, and one of the sidewalls
of the cuboid served as the condensing wall surface. Owing

0.5m

Adiabatic wall

Symmetric wall
Z direction

2.0m

Condensation wall

().3.{\_,,. A]

Fig. 1 Geometrical and mesh conditions for the COPAIN experiment
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to the better symmetry of the device, only half of the device
was calculated to reduce the number of grids and increase
the speed of the calculations. The upper part of the device
was the velocity inlet, the lower part was the pressure
outlet, and the right side was the symmetric wall. The
condensation wall was set at a constant temperature and the
rest of the wall was set as adiabatic walls. From top to
bottom, the mixture flowed in the Z-axis direction, and the
junction between the condensing wall and insulation wall
was zero. The simulated conditions are listed in Table 1.

Three experimental conditions listed in Table 1 were
simulated. The local heat flux along the Z-axis was com-
pared with the experimental values, and the results are
shown in Fig. 2.

Figure 2 demonstrates that the variation in the local heat
flux along the z-axis matches well with the experimental
values. A comparison of the experimental and simulated
values at the experimental measurement locations revealed
that 91% of the software simulations deviated from the
experimental values by less than 10%. The selected model
can correctly simulate the heat transfer characteristics of
the condensation of steam-containing air under subsequent
calculation operating conditions.

3 Geometrical and mesh conditions
3.1 Geometrical conditions

To examine the heat transfer properties of the heat
transfer tubes with an enhanced structure, calculation of
heat transfer coefficient for the plain tube is required for
comparison. The geometry and mesh model set up in the
simulation are shown in Fig. 3. A plain tube with a
diameter of 0.038 m and length of 1 m was simulated. The
tube was then placed in a cylinder with a radius of 0.3 m.
The top and bottom surfaces of the model were set as the
velocity inlet and the pressure outlet, respectively. The tube
surfaces were set as constant-temperature walls on the
condensation wall. In the mesh generating process, the
“polyhedral mesh” model was employed. The remainder
of the enhanced heat transfer tube was established in a
manner similar to that of the plain tube. Only the plain tube
was replaced with an enhanced heat transfer tube. Other
enhanced heat transfer tube configurations are described
later.

The established conditions were similar to those of the
0443 condition of the COPAIN experiment. The pressure
was 0.102 MPa, the mainstream speed was 1 m/s, the
mainstream temperature was 352.33 K, the condensation
wall temperature was 300 K, and the air mass fraction was
0.772.
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Table 1 Test conditions for the COPAIN experiment

Test number Inlet velocity (m/s) Pressure (MPa)

Inlet temperature (K)

Wall temperature (K) Air mass fraction

0264 0.52 0.119 344.87 313.28 0.867
0443 1.00 0.102 352.33 300.06 0.772
0444 0.50 0.102 351.53 399.70 0.773
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Fig. 2 Model validation results
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Fig. 3 Geometrical and mesh conditions for the plain tube
3.2 Grid-independent verification

The range of the network size was set as 0.02-0.05 m
for the calculation, and the prism layer mesh was adjusted
to result in a Y+ value less than 1. The calculated results
comparing the simulated local heat flux at different net-
work sizes are shown in Fig. 4.

The mesh size had little influence on the heat flux,
except a small section of the outlet, which had a deviation
of 5% when the mesh size was set to 0.04 m. The rest of

Z direction/m

Fig. 4 Grid-independent verification results

the deviation was within 3%. When the grid size was
0.05 m, the calculation results were approximately 10% of
the deviation compared to the result of 0.02 m. A grid with
a basic size of 0.04 m was initially employed, and the grid
convergence index (GCI) [34] proposed by Roache was
used to verify the heat flux @, where GCI is defined as

1.2 c
’1'1_
ra_

GCI = x 100% (14)

ng

where r is the ratio of the base size of the grid, n is the
physical quantity used for verification, subscript c is the
coarse grid, and subscript f is the fine grid. a selected
according to the discrete format set during CFD calcula-
tion, the simulation uses a second-order format that should
be selected as 2.

As the GCI is equal to 0.303% and a value less than 5%
satisfies the requirement, the base grid size used for sub-
sequent calculations was 0.04 m. Thereafter, the grid
independence of the enhanced heat-transfer tube was ver-
ified. Of note, the 0.04 m base grid size can be used for
other structures.

3.3 Timestep sensitivity verification

The time step was set from 0.005 to 0.4 s for the cal-
culation. The total calculation time was 30s. The

@ Springer



100 Page 6 of 14

W.-T. Li et al.

calculated results of the comparison of the simulated local
heat flux at different time steps are shown in Fig. 5. The
time step was found to have little effect on the calculation.
Thus, a time step of 0.02 s was selected for the calculation;
this selection ensures the accuracy of the calculation
results.

4 Condensation heat transfer analysis
4.1 Performance of the plain tube

After the steam condenses, the air remains near the wall,
forming a concentrated layer of air near the wall. The air
mass fraction near the wall is more than 25% greater than
that near the mainstream zone. Steam must pass through
the air layer to reach the wall for condensation. As the
high-concentration air layer increased the steam diffusion
resistance, the corresponding condensation heat transfer
resistance also increased. Evidently, the high-concentration
air layer is an important factor in the heat-transfer process
and can be described by the air concentration boundary
layer.
G _ 999 (15)
@i — Wmain
where w; is the air mass fraction at the interface, wy, is the
air mass fraction at the air boundary layer thickness, and
(main 18 the air mass fraction at the mainstream.

The air boundary layer distribution and its effects on
condensation heat flux are shown in Fig. 6, which indicates
that the air boundary layer above the tube is thinner and the
local heat flux is higher, whereas the air boundary layer
below becomes thicker and the local heat flux decreases.

Local heat flux/kW-m?2
000}

~
1

2 ad T » T T T T T T - T "
00 01 02 03 04 05 06 0.7 08 09 1.0
Z direction/m

Fig. 5 Timestep sensitivity verification results
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| - m

Fig. 6 Air concentration boundary layer and local heat flux
distribution

The boundary layer thickness versus the local heat flux,
radial air mass fraction, density, and fluid velocity distri-
bution are shown in Fig. 7. The shaded portion in the fig-
ure represents the plain-tube position.

Figure 7 shows that an air layer formed near the wall,
which increased the density of the gas at the wall. As the
density of air is greater than that of vapor, owing to the
influence of gravity, the velocity of the gas mixture near
the wall is greater than that of the mainstream. The air layer
flowed downward, resulting in its accumulation and
thickening. As the resistance of steam diffusion to the
condensation wall increased, the local heat flux along the
Z-axis direction gradually decreased, and the change in the
air layer thickness was basically the same.

The trends for the air mass fraction and other parameters
at different mainstream parameters were the same as those
in Fig. 7. The air mass fraction and other parameters were
less different from the mainstream parameters at 1-2 cm
from the wall. The distance was smaller when the main-
stream air mass fraction was small. Further, the distance
varied less at different pressures for the same mainstream
air mass fraction. A structure of approximately 1-2 cm was
required to disturb the air layer. The calculated average
condensation heat transfer coefficient of the plain tube was
81.02 W m~2 K~'. This value was regarded as the refer-
ence value for the enhanced heat-transfer tube.

4.2 Performance of the corrugated tube

The diameter of the corrugated tube trough is 0.038 m,
the diameter at the peak is 0.048 m, and the pitch is
0.03 m. The corrugated tube has a potentially disturbing
effect inside and outside the tube, a large extended surface,
and can withstand high pressures. This tube is generally
applied in the power, chemical, and other fields. In this
study, the feasibility of this for enhancing steam—air con-
densation was further evaluated. The boundary condition
settings were consistent with those of the plain tube. The
heat transfer coefficient of the corrugated tube under this
condition was 106.42 W m—?2 K~', which was 31.3%
higher than that of the plain tube.

The local velocity and heat flux distributions of the
corrugated tube are shown in Fig. 8. The arrow points in
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Fig. 8 Local velocity and local heat flux distribution

the direction of the gas flow, and the arrow represents the
velocity in the Y-direction (i.e., the transverse velocity).
The corrugated tube had a large heat transfer in the upper
part of each peak, and some suppression occurred in the
lower part and trough; this result was due to the disturbance
caused by the unevenness of the tube when the fluid
reached the upper part of the wave crest. The fluid moves
outward along the tube with a certain lateral velocity,
thinning the air layer and creating a reinforced region in the
upper half of the tube. In the upper half of the curved
section, the gas flows outward with a greater velocity. The
upper and lower sections are too close together to enable
sufficient temperature difference for the outward fluid to

flow inward. In fact, there is very little inward flow along
the lower section, making the disturbance smaller. At the
trough, the air layer has a greater resistance to flow than the
plain tube, which can cause a build-up of air at the trough,
creating a region of weakened heat transfer.

The heat-transfer region of the corrugated tube was
approximately 20% larger than that of the plain tube. In
addition, the heat transfer in the reinforced region was
significantly greater than that in the same position as the
plain tube, enabling the corrugated tube to have a 31%
higher heat transfer enhancement than the plain tube.

4.3 Performance of the spiral fin tubes
The spiral fin tube model was based on a plain tube

model with a spiral fin piece added. The geometric model
is illustrated in Fig. 9.

+—i Fin spacing | Fin height

m UELLLLUL TR A1

7 direction

Fig. 9 Geometrical model of the spiral fin tube
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The remaining size settings were consistent with the
plain tube model, and the selected conditions were the
same as those of the plain tube. The fin thickness was set to
0.5 cm and the fin height was set to 1.5 cm. Further, the
fins were set to be adiabatic, and the thermal conductivity
of the fins was ignored. The heat transfer was only
enhanced by perturbing the air boundary layer, resulting in
a more conservative result.

The fin spacing was adjusted to 5, 10, 15, and 30 cm.
The predicted heat-transfer coefficients are listed in
Table 2. The heat transfer coefficient was
92.82 W m 2 K~! when the pitch was 5 cm, which was
14.6% stronger than that of the plain tube. Pitches of 5 cm
and 30 cm were used for the comparative analysis.

The velocity field and heat-flux distributions at different
pitches are shown in Fig. 10. As depicted in the diagram,
after the addition of the spiral fins, a portion of the outer
fluid flows inward with a transverse velocity under the
influence of the temperature difference. Notably, the gas
reaching the near-wall surface flows in a spiral direction
along the fins, and the fluid that arrives at the top of the fins
will block upward flow, causing some disturbance for the
gas above the fins. This region forms the reinforced region.

The heat transfer in this region was markedly enhanced.
Further, the air below the fins was less disturbed and tended
to accumulate. Accordingly, this region formed a weak-
ened region. Increased heat transfer in reinforced area is
greater than decreased in weakened area, causing some
overall enhancement of the heat transfer. When the pitch of
the screw is larger, the bending angle of the fins is smaller,
which causes less disturbance to the gas. The vast majority
of the gas flows along the fins, with very little gas flowing
upward owing to the fins, leading to the formation of a
smaller reinforced region above the fins. When the pitch
was small, the fins were flat, and most of the gas that
reached the fins was blocked by fins and flowed upward,
leading to a larger reinforced region, and an enhancement
that is approximately 10% higher with a pitch of 5 cm than
with a pitch of 30 cm.

Local heat flux(W/m”2) Velocity(m/s)

- 20000 - 1.00
I

32
16320 080

e weakened | 12639
ﬂ area S 0.60

0.40

PN 52784 B 20
: reinforced |
! area

= 1598.0 0.00

Fig. 10 Local velocity field distribution with a pitch of 30 cm and
5 cm

4.4 Performance of the ring fin tubes

The ring fin tubes are based on the plain tube model with
additional fins on the condensing wall, the structure of
which is illustrated in Fig. 11. The fin thickness was set to
0.5 cm, and the fin section was set to a constant wall
temperature and insulation. The rest of the parameter size,
initial conditions, and grid division were consistent with
those of the plain tube. The local heat transfer coefficients
under the constant wall temperature condition and insula-
tion wall condition at a fin height of 1.5 cm and spacing of
20 cm, are shown in Fig. 12. The shaded part represents
the fin position.

According to Fig. 12, the local heat transfer coefficient
at the tube wall exhibits the same trend when the fin is
constant and adiabatic. The actual local heat transfer
coefficients should be between the constant fin temperature
and adiabatic, and because they are relatively close, the
temperature on the fin has a negligible effect on the heat
flux at the tube wall. Herein, the results were more con-
servative as the fins were insulated. The average con-
densing heat transfer coefficient when the fins were
adiabatic was 96.65 W m~2 K~'. The total heat transfer

Table 2 Comparison of the heat transfer coefficient under different pitches

Fin spacing Heat transfer coefficient

Heat transfer coefficient of plain tube

Heat transfer enhancement

(cm) (W-m—2K™h (W-m—2K™h effect

5 92.81 81.02 14.55%
10 89.84 81.02 10.89%
15 89.78 81.02 10.81%
20 89.22 81.02 10.12%
25 87.94 81.02 8.54%
30 84.42 81.02 4.20%
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Fig. 12 Distribution of the local condensation heat transfer coeffi-
cient of the ring fin tube

coefficient can be significantly improved by the distur-
bance of the fins alone, without the heat transfer coefficient
of the fins. The condensing heat transfer coefficient under
the selected conditions was 19.3% higher than that of the
plain tube.

As shown in Fig. 12, the heat transfer coefficient began
to decrease after a rapid increase below the fin and
decreased sharply to a minimum in the section above the
fin. Figure 13 shows the air boundary layer and local heat
flux of the ring fin tube. The velocity vector field ranged
from 0.2 to 0.4 m.

Evidently, after being influenced by the fins, a reflux
region was formed below the fins, which promotes per-
turbation of the boundary layer with the mainstream gas
owing to upwelling, ultimately producing a peak in heat
flux below the fins. Most of the gas flows outward when the
fluid flows upward to the fins, forming a stagnant zone
below the fins, where the flow velocity is low and the air
layer builds up, resulting in less heat transfer over the
distance below the fins.

Below the vortex generated by the reflux, the fluid began
to flow normally downward, and the trend of the heat flux
change was basically the same as that of the initial section
of the plain tube. The fluid continued to flow downward,
and upon arrival at the top surface of the fins, it was
blocked by the fins, with most of the gas flowing outward
along the fins. A large retention zone was also formed in
the section above the fins, where the flow velocities were
low, and a high-concentration air layer was generated. As
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Fig. 13 Air concentration boundary layer and local velocity field
distribution. a Air concentration boundary layer and local heat flux
distribution. b Local velocity field distribution of the ring fin tube

—

the heat flux in the reflux region is significantly higher than
that in the plain tube, only a small part of the heat flux
above the fins is lower than that in the plain tube, which
significantly improves the overall heat transfer coefficient
under the selected conditions compared to the plain tube.
The ring-fin tube has a better heat-transfer strengthening
effect.
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4.4.1 Effect of fin height on heat transfer

To evaluate the effect of fin height on heat transfer, the
fin height was calculated by adjusting the fin height at
intervals of 0.5 cm from 0.5 to 4 cm, while keeping the fin
thickness and fin spacing constant. A comparison of the
heat transfer coefficient under different fin heights is shown
in Table 3. The local heat transfer coefficients are shown in
Fig. 14, and the velocity field distributions at fin heights of
1, 1.5, and 4 cm are shown in Fig. 15.

The coefficient of heat transfer was greatest at a fin
height of 1.5 cm and gradually decreased as the fin height
increased. The calculation of the plain tube revealed an air
layer thickness of approximately 1-2 cm. Notably, the best
results were obtained when the fin height was 1.5 cm. A fin
height less than 1.5 cm had less effect on the air layer
disturbance and the enhanced heat transfer. Based on
Fig. 14, at a fin height of 1.5 cm, the peak of the local heat
transfer coefficient below the fin was the largest. As the fin
height increased, the peak gradually moved backward and
decreased, and the average heat transfer coefficient grad-
ually decreased.

From the local velocity field, there is a certain distur-
bance to the gas at a fin height of 1 cm, which causes reflux
under the fin. The heat transfer in the reflux region was
larger, but the reflux region was smaller than the fin height
of 1.5 cm. When the fin height was 4 cm, owing to the
relatively large fin height, most of the fluid flowing from
the outside to the wall did not reach the wall, only near the
edge of the fins to form a reflux region. Further, the air near
the wall was less disturbed. Below the reflux region, the
gas mixture was influenced by the reflux region, and the
lower fins had a certain radial velocity, resulting in peaks
below the reflux region, which were smaller at higher fin
heights owing to less radial perturbation. The best
enhancement was 20.2% at a fin height of 1.5 cm. A fin
height of 1.5 cm was employed in subsequent studies.

W.-T. Li et al.
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Fig. 14 Distribution of the local heat transfer coefficient under
different fin heights
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Fig. 15 Local velocity field under different fin heights
4.4.2 Effect of fin spacing on heat transfer

Although the other settings were unchanged, the fin
spacing was adjusted to 10, 20, and 30 cm. The local heat-

Table 3 Comparison of the heat transfer coefficient under different fin heights

Fin height Heat transfer coefficient Heat transfer coefficient of plain tube Heat transfer enhancement
(cm) (W-m™2K™h (W-m™2K™h effect

0.5 91.34 81.02 12.73%

1.0 94.35 81.02 16.45%

1.5 96.65 81.02 19.29%

2.0 93.29 81.02 15.14%

2.5 89.42 81.02 10.36%

3.0 85.75 81.02 5.83%

35 82.47 81.02 1.79%

4.0 80.12 81.02 -1.11%
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transfer coefficients for different fin spacings are shown in
Fig. 16. The calculated average heat transfer coefficients
were 89.13, 96.65, and 95.16 W m 2 K™/, respectively.
When the fin spacing was small (e.g., 10 cm), the return
region generated below the fins was influenced by the next
fin, and the upward flow was reduced, thereby reducing the
perturbation of the return region. The peak below the fins
was smaller when the fin spacing was 10 cm, and the
average heat-transfer coefficient decreased significantly.
When the distance between the fins was large, the reflux
regions under the fins were almost the same. The trend of
the reflux region under the fins was almost the same as the
downward trend of the inlet section of the plain tube, and
the size of the region above each fin that reduces the heat
transfer was almost the same. The number of fins with a
spacing of 20 cm was greater than that with a spacing of
30 cm. If the enhancement of heat transfer of the fins was
considered, a better enhancement of heat transfer occurred
with a fin spacing of 20 cm.

4.5 Analysis of heat transfer enhancement
under different working conditions

4.5.1 Comprehensive analysis of heat transfer
enhancement at different air mass fractions

Each tube was analyzed to assess the heat transfer
enhancement at different air mass fractions. The selected
pressure was atmospheric pressure, the wall subcooling
degree was 52.33 K (unchanged), and the air mass frac-
tions were adjusted to 0.1, 0.2, 0.3, ..., 0.9 for each rein-
forced structure calculation. After the calculations were
performed, the condensed heat transfer coefficients of
various structures at different air mass fractions were

—-—--Plain tube

210

0- T T T T T T
0.0 0.1 02 03 04 0.5 0.6 0.7 0.8 09 1.0

Z direction/m

Fig. 16 Comparison of the local heat transfer coefficients with
different fin spacing

calculated and compared. The predicted results are shown
in Fig. 17.

The trend is essentially the same for different structures,
with decreasing heat transfer coefficients as the air mass
fraction increases. The smaller the air mass fraction, the
greater the decrease in the heat transfer coefficient; this is
due to an increase in the air mass fraction in the wall during
the formation of the air layer concentration. The boundary
layer thickness increases the resistance to steam through
the air layer, causing continuous decline of the heat
transfer.

At atmospheric pressure, the best enhancement of heat
transfer among the simulated structures was achieved by
the ring fin tubes, with enhanced heat transfer of approxi-
mately 22-24% for every air mass fraction. The enhance-
ment in the heat transfer of the corrugated tube was lower
than that of the ring fin tubes when the air mass fraction
was less than 0.6. The corrugated tube exhibited a favor-
able heat transfer enhancement when the air mass fraction
was high. The best enhancement in the heat transfer
reached 27.4% when the air mass fraction was 0.9. At
atmospheric pressure, spiral fin tubes for strengthening the
effect were poor. Further, when the air mass fraction was
less than 0.5, the enhancement of heat transfer was similar
to that of a plain tube. The enhancement of the heat transfer
was lower than that of the plain tube when the air mass
fraction was less than 0.3. When the air mass fraction was
high, a certain enhancement in heat transfer occurs, and the
value is approximately 10%. The best enhancement in heat
transfer was 14.0% when the air mass fraction was 0.9.

Spiral fin tubes exhibit different enhancements in heat
transfer under different air mass fractions owing to the
large influence of the air mass fraction on the weakened
region. When the mainstream air mass fraction was 0.8, the
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Fig. 17 Comparison of the heat transfer coefficients under different
air mass fractions
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maximum air mass fraction below the plain tube was 0.972,
and the maximum air mass fraction below the spiral fin
tube fins was 0.976 in the weakened section owing to the
air buildup. Although the air mass fraction was greater than
that of the plain tube, the larger amount was less, and the
heat transfer enhancement of the region above the fins was
markedly greater than that of the plain tube at the same
location, somewhat reinforcing the spiral fin tube at a high
air mass fraction. When the mainstream air mass fraction
was 0.2, the maximum air mass fraction of the plain tube
was 0.932 and the maximum air mass fraction of the weak
region of the spiral fin tube was 0.966. The weakened
region had a large weakening effect, and the enhancement
of the heat transfer was close to or insufficient to counteract
the effect of the weakened region. The enhancement in the
heat transfer of the spiral fin tube was approximately 3%
less than that of the plain tube when the mainstream air
mass fraction was low.

4.5.2 Comprehensive analysis of heat transfer
enhancement at different pressures

Each tube was analyzed to evaluate the heat transfer
enhancement at different pressures. By keeping the air
mass fraction of 0.4 and the wall subcooling degree of
50 °C constant, the pressure interval of 0.1 MPa was set
from 0.2 to 0.6 MPa, and the interval of 0.2 MPa was set
from 0.6 to 1.6 MPa. The above structures were calculated
separately. The calculated condensation heat transfer
coefficients are shown in Fig. 18.

As the gas pressure increased, the heat transfer coeffi-
cients of the different structures gradually increased; this is
because as the pressure increased, the saturation tempera-
ture of the steam increased, and the molecular thermal
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Fig. 18 Comparison of the heat transfer coefficient under different
pressures
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motion of the molecules became stronger, assisting the
steam with its efforts to reach the wall for condensation,
which enhances the heat transfer.

As the pressure increased, the heat transfer enhancement
of the ring fins gradually increased from 12.2 to 21.7%.
The enhancement in the heat transfer of the corrugated tube
was 8.6% at a pressure of 0.2 MPa. The enhanced effect
decreased as the pressure increased, and the enhancement
of heat transfer was worse than that of the plain tube when
the pressure was more than 1.4 MPa; this is because, as the
pressure increases, the enhancement of the heat transfer of
the plain tube significantly increases. The corrugated tube
has less disturbance, making the lower section of the
reinforced region of the enhancement of heat transfer more
similar to that of the plain tube. The trough at the air layer
has a greater accumulation, and because of the increased
molecular thermal motion, the trough below the original
strengthening of the region has more air, weakening the
heat transfer of the region, leading to poor heat transfer at
higher pressures.

The spiral fin tube had reduced heat transfer at low
pressures. At a pressure of 0.2 MPa, the heat transfer
coefficient was worse than that of the plain tube. As
pressure increased, the enhancement of heat transfer began
to increase at a pressure of 1.6 MPa, with an enhancement
of approximately 26.1%. This result is because gas tem-
perature is lower at lower pressures, less molecular thermal
motion occurs, and the thick air layer near the wall moves
along the fin spiral angle. The fluid blocked by the fins had
a smaller upward velocity and a smaller region of upward
disturbance, resulting in reduced heat transfer at lower
pressures. When the pressure was higher, the saturation
temperature was higher, and the molecular thermal move-
ment of molecules was accelerated. Owing to fin blocking,
the upward velocity is greater, and the disturbance to the
air is noticeable and extensive. On the back half of the
tube, the maximum air mass fraction in the weakened
region below the fins differs less from that in the plain tube.
The heat transfer in the weakened region was less different
from that in the plain tube at the same location, causing the
spiral fin tubes to exhibit a very good enhancement in heat
transfer under high pressure.

5 Conclusion

To enhance the steam-—air condensation heat transfer,
numerical analyses were performed on plain, corrugated,
and fin tubes. The simulation results for the plain tube
revealed that the key factor affecting condensation heat
transfer is the high-concentration air layer near the wall
surface. To effectively disturb the air boundary layer,
corrugated, spiral fin, and ring fin tubes were designed and
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numerically analyzed. A wide range of simulations was
performed on various tubes under different air mass frac-
tions and pressures, and the applicability of different
structures under different conditions was obtained. The
main conclusions are as follows:

1.

When steam condenses, an air layer forms near the
tube. The high-concentration air layer is the key factor
affecting heat transfer. The thickness of the high-
concentration air layer was found to be greater than
2 cm. To enhance the condensation heat transfer,
additional structures should be designed to disturb the
air layer and promote the gas mixture between the
near-wall and mainstream regions. The structure that
facilitates the accumulation of the air layer reduces the
condensation heat transfer within a certain range of
parameters.

The corrugated tube has a large extended surface that
can disturb the air layer. This tube exhibited a better
enhancement of the heat transfer at atmospheric
pressure. In fact, the maximum enhancement was
27.4% higher than that of a plain tube. Under violent
molecular thermal motion, the disturbance effect of the
corrugated tube was too small to play a role. Therefore,
the enhancement of the corrugated tube under higher
pressure is poor. The enhancement of the corrugated
tube was below 10%. When the pressure was higher
than 1.4 MPa, the heat transfer coefficient was lower
than that of the plain tube.

Air tends to accumulate under the fins of spiral fin
tubes and this region forms a weakened region. The
gas above the fins experiences an effective disturbance
and this region forms the reinforced region. When the
fin spacing was large, the disturbance effect worsened.
At atmospheric pressure, the weakened regions had a
greater effect on heat transfer. The enhancement in the
heat transfer of the spiral fin tube at atmospheric
pressure was poor, with a maximum enhancement of
only 14%. When the air mass fraction was less than
0.4, the heat-transfer coefficient was approximately 2%
lower than that of the plain tube. Owing to the strong
molecular thermal motion, fins have a greater distur-
bance to the air. The reinforced region at high pressure
has a greater effect on the heat transfer. The enhance-
ment of the spiral fin tube was better under high
pressure, with a maximum enhancement of 26.1%.
When the rib height was 1.5 cm and fin spacing was
20 cm, the ring fin tube exhibited a good disturbance
of the air layer. A large region of air was disturbed
below the fins, and a smaller region of air tended to
accumulate. The ring fin tube enhanced the heat
transfer under all calculated working conditions and
could adapt to changing situations in the event of

accidents. At all air mass fractions, the ring fin tube
had a good disturbance effect on the air, with an
enhancement of approximately 20% in all cases, and a
maximum enhancement of 24.2%. The ring fin tube
also exhibited a certain enhancement in heat transfer at
different pressures. The minimum and maximum
enhancements were 12.2% and 21.7%, respectively.
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