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a b s t r a c t

A new air-cooled waste heat removal systemwith a direct contact heat exchanger was designed for SMRs
requiring 200 MWof waste heat removal. Conventional air-cooled systems use fin structure causing high
thermal resistance; therefore, a large cooling tower is required. The new design replaces the fin structure
with a vertical string type direct contact heat exchanger which has the most effective performance
among tested heat exchangers in a previous study. The design results showed that the new system re-
quires a cooling tower 50% smaller than that of the conventional system. However, droplet formation on
a falling film along a string caused by Rayleigh-Plateau instability decreases heat removal performance of
the new system. Analysis of Rayleigh-Plateau instability considering drag force on the falling film surface
was developed. The analysis results showed that the instability can be prevented by providing thick
string. The instability is prevented when the string radius exceeds the capillary length of liquid by a
factor of 0.257 under stagnant air and 0.260 under 5 m/s air velocity.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Currently, air cooling systems for the nuclear power plants are
gaining attention. Advantages of air cooling systems are unlimited
operation time, prevention of heat sink loss, and easier power plant
siting in arid areas. In particular, air cooling systems are required in
Small Modular Reactors (SMRs) which have been developed to
provide distributed power source in order to compete with con-
ventional thermal power plants. According to SPX Cooling Tech-
nologies, Inc. reports, different designs of thermal power plants are
built in inland area and have air cooling systems for waste heat
removal, in which 40% of the total air cooling systems are in China
and 14% are located in Africa and Middle East [1]. These regions
show growth of nuclear power generation and subsequently aim to
replace aged thermal power plants with SMRs.

In general, air cooling systems are designed to be passive decay
heat removal systems in many types of nuclear power plants [2e5].
However, research related to use of air cooling systems as waste
heat removal systems has not been widely studied. Large-sized air
cooling systems have to be designed due to the low conductivity
by Elsevier Korea LLC. This is an
and density of air. In particular, waste heat removal systems require
large surface area for a heat exchange, where the temperature
difference between the heat sink and the condenser is designed to
be small in order to obtain a high cycle efficiency. Conventional air
cooling systems utilize a fin structure for getting large surface area.
However, such structure requires volume and weight, in addition,
high thermal resistance of the systems due to conduction resistance
of the fins occurs and leads to low heat transfer performance [6].

Using a direct contact heat exchanger, which does not require a
physical wall between hot and cold fluids, is one of the options to
replace the fin structure in the air cooling systems [7]. In addition,
the direct contact heat exchanger has simpler structure and higher
heat transfer performance compared to the fin structure. However,
one of the considerable problems of the heat exchanger is vapor-
ization of the liquid. Therefore, fluids with low vapor pressures,
such as mineral oils and silicone oils, are recommended.

Currently, developingmore compact direct contact heat transfer
technology is the main focus of the nuclear industry. Several con-
ceptual designs of the air cooling waste heat removal systems
equipped with direct contact heat exchanger have been introduced.
Researchers from UCLA, Zeng et al., developed the Direct-Contact
Liquid-on-String Heat Exchanger (DILSHE) where liquid flows on
the strings as shown in Fig. 1a. Therefore, direct contact heat
transfer occurs on the liquid's surface [8]. A Spray Freezing of
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Fig. 1. Diagram a) shows the concept behind DILSHE [8] and b) the operating description of a Spray Freezing of Recirculating PCM system [9].

Fig. 2. Design concept of the new waste heat removal system.
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Recirculating Phase Change Material (PCM) system was developed
at Drexel University, Shabgard et al. In this system, spherical
droplets of the PCM are sprayed into the air as shown in Fig. 1b [9].

A previous study about heat transfer performance per unit
pressure drop of air in various types of direct contact heat ex-
changers showed that a direct contact heat exchanger using vertical
strings is the most effective. Air in vertical string type direct contact
heat exchanger has heat transfer performance per unit pressure
drop 1.5e2 times as high as that of air in horizontal string type and
droplet type direct contact heat exchangers [10].

However, two kinds of instabilities might occur in the falling
film along the vertical string. The first one is called Rayleigh-Plateau
instability, where droplets are formed from the falling film due to
surface tension [11]. When the falling film of the vertical string type
direct contact heat exchanger becomes droplets due to the mech-
anism of Rayleigh-Plateau instability, the heat exchanger has heat
transfer performance per unit pressure drop 0.5e0.7 times that of
the heat exchanger with straight film forming on vertical strings
[10]. The second instability is characterized by the falling film
forming a small wavy surface due to inertia and is known as the
Kapitza instability [12]. However, the small wave of liquid film by
Kapitza instability induces similar heat transfer performance per
unit pressure drop on air as that of with a straight film [13].
Therefore, the primary focus should be on the prevention of the
Rayleigh-Plateau instability in order to design an effective direct
contact heat exchanger.

The Rayleigh-Plateau instability has been widely studied. Qu�er�e
revealed that the instability does not occur at large fiber coated
with a thin film and defined conditions for prevention of the
instability for very thin film and string [14]. Kliakhandler et al.
theoretically and experimentally analyzed a thick liquid film along
a string [15]. Duprat et al. obtained a flow regime map for a liquid
film along a vertical string with stagnant air. The flow regime is
determined by the film thickness, liquid viscosity, and string
thickness [16].

These studies were conducted with stagnant air condition;
therefore, a drag force on surface of the liquid film has been
neglected. In case of the direct contact heat exchanger, the drag
force by counter-current air flow on the liquid film needs to be
evaluated. Several studies observed a droplet formation of liquid
film on a vertical string under a counter-current air flow. Zeng et al.
discovered that the air velocity increases with the size of the
droplet, while Grunig et al. studied how the counter-current flow
affects the breakup of the falling film [8,17]. However, conditions for
prevention of the Rayleigh-Plateau instability have not been
evaluated.
In this study, physical modeling and experiments on prevention
of the Rayleigh-Plateau instability were executed. In addition,
design of a newwaste heat removal systemwith direct contact heat
exchanger is introduced. The new system was designed for appli-
cation in SMRs such as SMART, requiring 200 MW heat removal
performance.
2. Design of the system

2.1. Purpose and method

The concept of the newwaste heat removal systemwith vertical
string type direct contact heat exchanger is shown in Fig. 2. Steam
from turbine condenses in a fin tube heat exchanger submerged in
an oil pool and resulting condensate returns to steam generators. A
pump makes heated oil flow to thin vertical strings. The oil returns
to the oil pool by gravity while air flows along a cooling tower.
Silicone oil-100 cst, which has low vapor pressure (less than
0.1 mmHg at 300 K), fills the oil pool. The oil is not lost during the
operation due to its non-evaporative property. In addition, the flash
point of the oil (315 �C) is sufficiently higher than temperature of



Table 1
Steam and oil temperatures.

Parameters Values

Steam temperature 40�C
Inlet oil temperature 37�C
Outlet oil temperature 39�C
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the steam from turbine (~40 �C) and the highest temperature of the
secondary side of the nuclear power plants (285 �C) [18].

The goal of the new system is to remove 200 MWof waste heat,
which is approximately the amount of waste heat in SMRs. The new
systemwas designed to have 200MWheat removal performance at
10 K temperature difference between air and steam from turbine.
This condition is same as inwater-cooled condensers in the nuclear
power plants; therefore, the system can maintain power cycle ef-
ficiency of the nuclear power plants. Air temperature is assumed to
be 30 �C, then steam from turbine temperature is 40 �C.

In this study, both the conventional ACC and the new systems
were analyzed. The conventional ACC with a fin tube heat
exchanger, generally having geometric conditions as shown in
Fig. 3, was evaluated in previous study with conditions of steam
temperature of 40 �C and air temperature of 30 �C [19]. The new
system was analyzed by obtaining the following parameters: the
size of the direct contact heat exchanger for 200 MW heat removal,
pressure drop on air side of the direct contact heat exchanger, and
the cooling tower height providing enough driving pressure.

The analysis was conducted by controlling the cooling tower
footprint area. Vertical strings of the direct contact heat exchanger
have 1.5mmdiameter and total cross-sectional area of the strings is
3% of the footprint area of the cooling tower. Oil is assumed to be
distributed uniformly to the vertical strings.

2.2. Heat transfer performance

The heat is transferred from the steam to air through two heat
exchangers connected in series: fin tube heat exchanger in the oil
pool and direct contact heat exchanger in the cooling tower.
Thermal resistance of the heat exchanger in the oil pool is very
small compared to the direct contact heat exchanger. Therefore, the
oil pool temperature is assumed to have small difference with the
steam temperature as shown in Table 1, and only the direct contact
heat exchanger was analyzed.

Q ¼ DTlm
R1 þ R2

;R1 ¼ ðhdAsÞ�1; R2 ¼ ðhaAsÞ�1 (1)

The direct contact heat exchanger is investigated by applying
the conduction equation for oil film and convection correlation for
air as listed in Table 2. Where Nu is Nusselt number, k0 is thermal
conductivity of oil, dh is hydraulic diameter, r is string radius, d is
film thickness, Re is Reynolds number, Pr is Prandtl number and ka
Fig. 3. Fin tube heat exchanger in conventional ACC.
is thermal conductivity of air. The heat transfer performance and
thermal resistance of the direct contact heat exchanger were
calculated as follows [20]:

Where Q is the heat transfer rate, DTlm is the log mean tem-
perature difference between air and oil, R1 is the thermal resistance
of liquid film, R2 is the thermal resistance of air and As is the total
surface area of liquid films. Thickness of falling film on vertical
string is an important parameter to obtain the hydraulic diameter
of the system.
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Where Aa is the air flowarea and n is the number of strings. The film
thickness can be determined from mass flow rate of the film. The
mass flow rate of the oil film on a string _m is calculated as follows
[21]:

Where ro is the density of oil, g is the gravitational acceleration
(9.81 m2=s), mo is the viscosity of oil, and C is defined by the
following equation:

C¼ f rav
2
r

8mo
(4)

Where f is the Darcy friction factor, ra is the density of air, and vr is
the relative velocity of air. The mass flow rate of oil is considered to
be a design parameter; therefore, the thickness of the film can be
obtained and Eq. (1) can be solved.

2.3. Pressure drops in cooling tower

Fig. 4 shows pressures in the cooling tower. Atmospheric pres-
sure at the top of the cooling tower P2 is equal to outlet air pressure
of the cooling tower P4. The pressures can be obtained by the
Barometric formula as follows [22]:

P2 ¼ P1 exp
��gMH

RT1

�
; P4 ¼ P3 exp

��gMðH � LÞ
RT3

�
(5)
Table 2
Correlations for the heat transfer coefficients.

Heat transfer coefficients Correlations

Conduction in oil film
hd ¼ ko

ðr þ dÞln
�r þ d

r

�
Convection of air

ha ¼ Nu
ka
dh

¼ 0:023Re0:8Pr0:3
ka
dh



Fig. 4. Pressures in the cooling tower.
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Where, M is the molar number of air, H is the height of the cooling
tower, L is the length of the string, R is the gas constant, P1 is the
inlet air pressure, T1 is the inlet air temperature, P3 is the pressure
at the top of the direct contact heat exchanger and T3 is the outlet
air temperature. The height of the cooling tower is obtained from
Eq. (5) as follows:

H¼ 1
T3 � T1

�
T1T3R
gM

ln
�
P1
P3

�
� T1L

�
(6)

P3 is calculated by P1 and pressure drops as follows:

P3 ¼ P1 � DPf � DPg (7)

Where DPf is the frictional pressure drop and DPg is the gravita-
tional pressure drop. The frictional pressure drop is calculated by
the Blasius equation and the gravitational pressure drop is calcu-
lated by average density of air in the direct contact heat exchanger
as follows, respectively [18]:

DPf ¼ f
L
dh

rav
2
r

2
; for f ¼ 0:316Re�0:25 (8)

DPg ¼ ragL (9)
2.4. Minimum height of cooling tower

At a specific footprint area of the cooling tower, cooling tower
height is minimized when the pressure drop is minimized. The
Darcy friction factor is derived from the Chilton-Colburn analogy,
which explains the relation between pressure drop and heat
transfer performance [7].

f ¼ 8ðNuÞðReÞ�1ðPrÞ�1=3 ¼8
maha
ravrka

Pr�1=3 (10)

The pressure drop and heat transfer coefficient are expressed
respectively by the following equations:
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Where va is the air velocity. The surface area is calculated by the
heat removal performance and the temperature difference be-
tween air and the falling oil. Therefore, the pressure drop is further
derived as follows:

DPf ¼ f
Q

haDTlmAa

rav
2
a

8
; As ¼ Q

haDTlm
(12)

From Eqs. (9) and (11), final expression for pressure drop is
obtained as:

DPf ¼
ma

rakaPr
�1=3

Q

A2
a

_ma

DTlm
(13)

Where _ma is mass flow rate of air. Eq. (13) shows that the pressure
drop is proportional to a function _m=DTlm. Fig. 5 shows a relation
between outlet air temperature and the function with inlet air
temperature being 30 �C. The function is minimized when the
outlet air temperature is 36 �C. Therefore, the system is designed to
have outlet air temperature of 36 �C.

2.5. Results of system analysis

Both new and conventional systems were analyzed by a devel-
oped code in Matlab and the results show that the new system
requires smaller cooling tower than conventional system due to
high heat transfer performance per unit pressure drops. Fig. 6
shows height and diameter of the cooling tower for 200 MW heat
removal.

Fin structure of the conventional system takes large volume in
the cooling tower and that leads to decrease of air flow area and
increase of frictional pressure drop. Fig. 7 shows that about 45% of
cooling tower area are covered by fin structures, while films and
strings of the new system cover only 10%. Moreover, thermal



Fig. 5. Relation between outlet air temperature and function with inlet air tempera-
ture being 30 �C.

Fig. 6. Cooling tower height for 200 MW waste heat removal.
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resistance of the conduction in the fin structures decreases the heat
transfer performance of the conventional system and fin efficiency
was calculated to be 0.55. The new system has thermal resistance
caused by the conduction in film flowing down along the vertical
string. However, the thermal resistance was found to be only
10e30% of the total thermal resistance of the system as shown in
Fig. 8. Both of the systems have similar thermal resistance of air, but
large air flow area and small thermal resistance of oil film provides
high heat removal performance of the new system.
3. Prevention of Rayleigh-Plateau instability

3.1. Physical modeling

Duprat et al. created a Rayleigh-Plateau instability map while
Fig. 7. Effective air flow area in cooling tower.
considering surface tension, viscous force, and gravity on a film
flowing down along a vertical string [17]. The Rayleigh-Plateau
instability was observed to occur when the film thickness be-
comes within specific range as shown in Fig. 9. Duprat et al.
revealed that the Rayleigh-Plateau instability does not happen
when string radius is 0.24 times the capillary length of the oil.

However, because the new system employs counter-current air
flow on the oil film surface, region of the Rayleigh-Plateau insta-
bility changes. This analysis is based on spatio-temporal analysis
[23]. Fig. 10 shows oil film on a vertical string. The oil film thickness
is expressed by the following equation:

d¼ d0 þ d1f ðz; tÞ¼ d0 þ d1 exp½iðkz�wtÞ� (14)

The wave function consists of spatial part and temporal part,
where k is the wave number, z is the axial location, w is the period
of the wave and t is the time. Both k and w are complex numbers
and Eq. (16) can be written as:

f ðz; tÞ¼ exp½ � kizþwitþ iðkrz�wrtÞ� (15)

Where ki and wi are the imaginary parts and kr and wr are the real
parts of the k and w. The wi describes the magnitude of instability
on the film during time. The film is stable when the largestwi is less
than zero. Such case is called convective instability. Contrarily,
when the variable is greater than zero, the instability is amplified
and is called absolute instability [23].

wiðk0Þ<0; convective instabilty ðglobally stableÞ
wiðk0Þ ¼ 0; threshold of absolute instability

(16)

The k0 is the value of kmaking the largest value ofwi. It is obtained
by the following conditions:

vwi

vki
ðk0Þ¼

vwi

vkr
ðk0Þ ¼ 0 (17)

In order to find the wave function on the falling film along
vertical string, the following relations construct the momentum
balance on the falling film [24]:

r0g� vzpþmo
y
vy
�
yvyu

	¼0 (18)

uðrÞ¼0; vyujy¼ rþ d ¼ t



mo ¼ C ¼ f rav

2
r

8mo
(19)

Where vzp is the pressure gradient caused by surface tension, u(y) is
the flow velocity in vertically downward axis z for specific value in
radial direction axis y, t is the sheer stress on liquid film surface.
Fig. 8. Ratio of total thermal resistance.



Fig. 9. Instability map of a film flowing down along vertical string [12].

Fig. 10. Oil film on vertical string.
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The flow velocity is expressed as follows:
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Laplace's law calculates the pressure gradient as [24]:

vzp¼ � s

�
1

ðr þ dÞ2
vzdþ vzzzd

�
(21)

Where s is the surface tension of oil. The falling film is considered
to be an incompressible fluid. Therefore, the following relations are
based on the mass balance [24]:

vtdþ vzq ¼ 0 (22)
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Where q is the flow rate per unit length, x is d=r, and BðxÞ with DðxÞ
are form factors. Finally, the w is derived as:
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3.2. Prevention of Rayleigh-Plateau instability

The complicated Eq. (27) can be simplified by substitution of
variables as follows:

w¼ EðxÞ
h
KUþ i

�
K2 �K4

�i
; K ¼ kðrþ d0Þ (27)

U¼ r2

l2c
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Where EðxÞ is a form factor and lc is the capillary length of oil. El-
ements w and K both consist of a real part and an imaginary part.
When the largest wi is smaller than 0, the Rayleigh-Plateau insta-
bility is prevented. FromEqs. (17) and (27), threshold conditionU

0
is

defined by following relations [23]:

U0 ¼ 32
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24
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þ 4

 
71=2 � 1

24

!1=2

¼1:622 (29)

For U greater than U0, the instability becomes the convective
instability and Rayleigh-Plateau instability is prevented. With this
condition, an instability maps were obtained as shown in Figs. 11
and 12. The results show that the absolute instability can be avoi-
ded if the film thickness is very small or very high. In addition, the
instability is not observed when the string radius is greater than
that of 0.257 times the capillary length of the fluid. The absolute
instability region expands with air flow velocity; however, Fig. 12
shows that the region increases to only 1% at the real system
condition, which has air flow velocity of 3e5 m/s.

The studied system had strings of 1.5 mm diameter, which was
0.6 times the capillary length of silicone oil 100 cst; therefore, the
Rayleigh-Plateau instability on the film flowing down on the strings
was not observed.

3.3. Experimental apparatus

An experiment was conducted to observe a presence of the
Rayleigh-plateau instability on the film along the vertical string.
The experimental apparatus is shown in Fig. 13. A rubber string
having 1.5 mm diameter was used and weight was installed at the
tip of the string. An oil pool filled with silicone oil 100 cst was
connected to a nozzle in an acryl tube having 25 mm inner diam-
eter and 1500 mm length. The oil pool had small heater for main-
taining oil temperature at 30 �C. An ejector was installed at top of



Fig. 11. Rayleigh-Plateau instability map under counter-current air flow (10e30 m/s).

Fig. 12. Rayleigh-Plateau instability map under counter-current air flow (2e10 m/s).
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the tube and was used to absorb 20 �C air in order to form ho-
mogeneous inlet airflow in the tube. The experimental apparatus
had 23 mm hydraulic diameter and Reynolds number was kept
similar with that of the real system with a value range of
Fig. 13. Experimental apparatus.
4000e7000.
The experiment was conducted under stagnant air and counter-

current air flow. Air flow velocity was controlled from 1.5 m/s to
4.07 m/s to obtain desired values of Reynolds number. In the
experiment condition, the instability map was obtained as Fig. 14.
The nozzle was controlled to generate 0.13 g/s of oil mass flow. The
oil film was observed by high-speed camera focused on 40 cm
below the nozzle. The air flow rate was obtained by flow meter
installed at the top of the acryl tube.

3.4. Observation of film formation on a vertical string

The Rayleigh-Plateau instability was not observed on film dur-
ing the experiments for both cases of counter-current air flow and
stagnant air. Film formation on vertical string in counter-current air
flow is shown in Fig. 15. Only the Kapitza instability on the filmwas
observed and thewave amplitude increases insignificantly with the
air flow rate. The new system has 1.5 mm diameter strings and
3.5 m/s air flow; therefore, the film flows in globally stable condi-
tion and is not separated into series of droplets.

4. Conclusion

A new air-cooled waste heat removal system utilizing a direct
contact heat exchanger was designed to have high heat transfer
Fig. 14. Instability map with experiment condition.

Fig. 15. Film formation on a vertical string in counter-current air flow.
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performance. The new system has higher heat transfer perfor-
mance per unit pressure loss than the conventional air cooling
system; therefore, smaller cooling tower than that of the conven-
tional system is required. The fin structure of the conventional
system has high thermal resistance which is 50% of total thermal
resistance of the system, whereas the oil film of the new system has
conduction thermal resistance which is only 10e30% of total ther-
mal resistance of the system. Moreover, the conventional system
has small air flow area due to large volume of fin structures, while
the new system has large air flow area due to the small volume of
the direct contact heat exchanger.

This system has stable oil flow on vertical strings. Physical
modeling considering viscous force, surface tension, gravity, and
interfacial force on oil film surface due to counter-current air flow
was conducted. The results showed that the effect of air flow on the
oil film is small enough to be neglected. An instability map was
obtained and the results show that the Rayleigh-Plateau instability
does not occur on the film along the thick string. Experiments were
conducted in the same condition with the new system and the
instability was not observed.

In this experiment, 1.5 mm string diameter was used to observe
Rayleigh-Plateau instability. The diameter was thick enough to
prevent the instability. Therefore, the obtained instability map
could not be verified through this experiment. The validity of the
obtained instability map is to be the aim of future studies.
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