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Abstract

LNG vaporizer is widely used all over the world to vaporize LNG by using seawater. An
intermediated fluid type vaporizer (IFV) uses intermediated fluid between LNG and heat source to
transfer heat, and is enable to utilize LNG cold energy for a cryogenic power generation, and so on.
Conventionally propane has been used as an intermediated fluid; however, refrigerants other than
propane are recently needed because of the diversified usage environments. In this study, R32 and
R410A are selected and their feasibility is discussed in heat transfer aspect. By using a number of unit
(NTU) method, prediction of boiling and condensation heat transfer rate in tube bundles was carried
out. The prediction demonstrated that those selected refrigerants can increase the vaporization rate

with IFV from the base line of propane. From those, feasibility of refrigerant use in IFV was shown.
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NOMENCLATURE

C :specific heat of tube material in Eq. (2) [J kg 'K™']
Chin ‘heat capacity flow rate of heat source or LNG [W K]
Cp :isobaric specific heat [J kg'K™!]

Dy :equilibrium breakoff bubble diameter [m]

Di :inner diameter of tube [m]

D, :outer diameter of tube [m]

Fo. :influence term of vapor pressure in Eq. (2) [ - ]

Fo. :influence term of heat flux in Eq. (2) [ - ]

Fq :influence term of tube surface roughness in Eq. (2) [ - ]
fom :material constant in Eq. (3) [ -]

F.. :material constant in Eq. (2) [-]

g :gravitational acceleration [m s]

Ga :Galileo number [ - ]

Gr :Grashof number [ - |

hee :latent heat of vaporization [J kg™!]

h; ‘heat transfer coefficient inside of a tube [WmZK™!]
ho :heat transfer coefficient outside of a tube [WmZK™!]
Ja :Jacob number [ - |

K :overall heat transfer coefficient [W m2K™]

M :molar mass in Eq. (3) [g mol!]

m Aflow rate  [kgs™]

Miotal : total condensate flow in Fig. 12

NTU :number of transfer unit [ - |

Nu :Nusselt number [ - ]

p :vertical tube pitch [m]

Pred :reduced pressure | - ]

Pt :transverse tube pitch [m]

Q :heat transfer rate  [W]

Qwall ‘heat flux outside of a tube [Wm2K™']

Ra :arithmetic mean surface roughness in Eqs.(2) and (3) [um]
Re :Reynolds number [ - ]

Rexny :film Reynolds number in Egs. (10) and (11) [ -]
To :tube outer surface temperature [K]
Tsat :saturation temperature [ K |



Uy :vapor velocity across the minimum cross sectional area [ m s™!]

(dp/dT)sat :saturated vapor pressure curve [Pa K]
£ :effectiveness [ - |
A :thermal conductivity [W m'K™]
Y7 :viscosity [Pa-s]
1% :kinetic viscosity [m?s']
o :contact angle in Eq. (2) [deg]
P2 :density [kgm™]
o :surface tension [N m™ ]
Subscript
0 :reference state
Cu :copper
D :outer diameter as a characteristic length
i :inside
in :inlet
L :saturated liquid state
0 :outside
out :outlet
tube ‘tube
A% :saturated vapor state
Superscript
[ ;i th segment in longitudinal direction
j ;j th tube in vertical direction



1. INTRODUCTION

Liquid natural gas (LNG) with small emissions of CO,, NOx, and SOx is well known as a cleaner
energy than coals and petroleum. Due to the recent increase in the interest to the global warming
mitigation, the demand for LNG is notably increasing. In general, LNG is liquefied in producing
countries, and transported mainly by tankers to demanding countries. The transported LNG is re-
gasified by the LNG vaporizer and transported to consumption regions. Heat sources to vaporize LNG,
such as sea water and industrially wasted water, are utilized for the re-gasification terminals. Table 1
shows popular LNG vaporizing systems currently used in LNG re-gasification terminals. Each
vaporizer has features such as structure and heat source to be used, and an optimum vaporizer is
adopted on the basis of operation plan of each terminal, LNG vaporization capacity, and conditions of
heat sources (e.g., Petal et al., 2013; Astolfi et al., 2017). The LNG receiving terminals are all located
in coastal areas to receive the transported LNG by tankers directly. Therefore, open rack vaporizer
(ORV) and intermediate fluid type vaporizer (IFV), which can utilize abundant sea water as a heat
source, are mainly adopted as vaporizers for base loads.

The intermediate fluid type LNG vaporizer, hereinafter referred to as IFV, is a vaporizer which uses
an intermediate fluid between LNG and the heat source, and has the device configuration as shown in
Figure 1. The intermediate fluid evaporates by being heated and absorbs heat from a heating source in
the evaporator (“E-1” in Fig.1), while the heat of the intermediate fluid is transmitted to LNG by being
cooled and condensed in the condenser (“E-2” in Fig. 1). During this, the intermediate fluids circulates
by the gravitational force in the IFV system. IFV is mainly applied to the cases of using cold energy
such as cold power generation (e.g., Atienza et al., 2019; Hadid and Zoughaib, 2017; Gao et al., 2011),
intake air cooling, the case of using in dirty sea water areas, and so on (e.g., Lin et al., 2017). Propane
has been conventionally used as an intermediate fluid of IFV. Xu et al. (2015) numerically assessed
the feasibility of hydrocarbons: propylene, isobutane, butane and DME. However, since a large amount
of intermediate fluid is charged in IFVs, less flammable refrigerants other than propane and such
hydrocarbons are requested by diversification of recent use environments. Liu et al. (2013) proposed
a titanium spiral wound tube heat exchanger to reduce charge amount. Han et al. (2018) assessed
overall heat transfer coefficients of propane, propylene, butane, and DME and non-flammable
refrigerants R134a, R22. The freezing points of R134a and R22 are -103 °C (Di Nicola et al, 2012)
and -160 °C (Mc Linden, 1990), respectively. The freezing point of R134a is notably higher than LNG,
while GWP of R22 is the ozone depleting substance regulated by the Montreal Protocol. In this study,
R32 and R410A with a freezing point below -130 °C were selected as the intermediate fluid alternative
to propane. Although, both refrigerants are widely used for air conditioning, there is no case of
understanding the performance when they are applied to vaporizers. Therefore, in this study, a
calculation model to predict the vaporization performance of IFV is developed, and comparatively

verified with experimental results using a laboratory scaled IFV system. The effects of rising bubbles



in evaporator and inundation in condenser are discussed with the calculated heat transfer coefficient
distribution. From the results, the feasibility applying R32 and R410A in IFV was examined in the

aspect of LNG vaporization performance.



Table 1

Various types of applied LNG vaporizer

Intermediate fluid

Submerged

Type Open rack type vaporizer combustion Air fin type Hot water type
vaporizer (ORV) (IFV) vaporizer (SCV) vaporizer (AFV) vaporizer (HWV)
Seawater, River Seawater, River
water, Warm water, Warm Fuel gas
Heat source L) . ’ (e.g.,Qietal. Atmospheric air Hot water
discharged discharged water,
2016)
water, etc. etc.
Usage Base load Base load Peak shaving, Satellite facility Satellite facility,
Emergency use Emergency use
Capacity Medium-Large Medium-Large Medium-Large Small-Medium Small-Medium
*LNG is vaporized | *LNG is vaporized | *LNG is vaporized | LNG is vaporized
-LNG flows . i .
.. by intermediate by hot water which | by natural or by hot water
inside of a panel, . . .
. fluid, then heated | heated by forced convection | supplied from
Feature while seawater ;
. to a target submerged of air. other system.
flows outside of ) .
temperature by combustion *Defog system is -Easy
a panel. . .
seawater. burners. available. maintenance.
-LNG flow is . 'LNG flow is
ntrolled b -LNG flow is NG f d controlled by send
controtied by controlled by send ow an out demand. - Compact size for
. send out fuel gas for burner . .
Operation out demand. - Simplest small capacity
demand. . . . | are controlled by . .
. - Intermediate fluid operation. vaporizer.
- Simple . . send out demand. .
. is required. *Defrost operation
operation. . .
is required.
Maintenance | - Visual
inspection and
cleaning for I .
. . . - Inspection for .
seawater * Visual inspection . . - Inspection and
. . blower working. - Inspection for fan .
distribution and cleaning for . . cleaning for
L - Inspection for (applied for forced . .
system. inside of heat heating medium
J : control system of draft type).
nspection for source tubes. path.
fuel.
thermal sprayed
coating on
panel.
Cost:
Construction | High High Low Low Low
Running Low Low High Low High
Main Austenite stainless . . . .
materials Aluminum alloy steel, Titanium Austenite stainless Aluminum alloy. Austenite stainless

alloy.

steel.

steel.




LNG (tube side) is vaporized by heat with condensation of Propane (shell side)
Propane is condensed by LNG on the surface of tubes and drops to the bottom

of the shell E-2 LNG Vaporizer
_-‘A--_

Natural Gas

Seawater

Intermediate Fluid “=

S
E-3 Natural Gas Heater R S =

Natural Gas (shell side) is heated by E-1 Intermediate Fluid Vaporizer
seawater (tube side) up to ambient Intermediate Fluid (shell side) is vaporized by
temperature :

seawater (tube side)

Fig. 1 Intermediated Fluid type LNG vaporizer

2. Selected refrigerants as the intermediate fluid

In the vaporizers, LNG is heated from -160 °C to an ambient temperature. Thus, it is important to
avoid circulation cessation of the intermediate fluid by freezing even at such low temperatures. It is
also important that intermediate fluid has a sufficient latent heat and performs high heat transfer rate
for a downsizing and a cost reduction. In addition, it is also necessary to consider their ozone depletion
potential (ODP) and global warming potentials (GWP) complying the recent environmental
regulations. As the intermediate fluid satisfies those conditions, two kinds of refrigerants which are
used as refrigerants for air conditioning were nominated as candidate fluids. The physical properties
of each refrigerant are compared to propane in Table 2. Those two refrigerants are examined in this
study. The normal boiling points of R32 and R410A are comparable with that of propane; while the
freezing points of R32 and R410A are higher. However, since the wall temperature of the condenser
tube during heat exchange with LNG could go down to -100 °C. Thus their freezing point is considered
to be low enough to avoid solidification if the circulation flow rate is ensure. Additionally, ozone
depletion potential and global warming potential must be low as much as possible. From above, R32

and R410 are selected to be calculated in the feasibility study.



Table 2 Propane (baseline) and selected refrigerant as the intermediate fluid

R410A
Propane R32 R32/R125
(50/50mass%)
Chemical Type Hydrocarbon HFC HFC blend
ODP ® 0 0 0
GWPY 3 675 2090
Molar mass 44.1 g mol! 52.0 g mol’! 72.6 g mol’!
Normal boiling point -42 °C -52°C -51°C
Freezing point -188°C© -136°C? -155°C
Latent heat at -7 °C ) 384 kJ kg! 326 kJ kg! 230 kJ kg!
Sat“;?tgg Ly 1.9 MPa 3.4 MPa 3.3 MPa
Temperature glide - - 0.10K

a) Ozone depletion potential, Myhre et al. (2013)

b) Global warming potential of 100-years-time-horizon, Myhre et al. (2013)
c) Reevesetal., (1964)

d) McLinden (1990)

e) DiNicola et al. (2012)

f) Calculated by REFRPOP9.2 (Lemmon et al., 2013)

3. Heat transfer performance prediction of a single tube

The boiling and condensation performances of above selected refrigerants and propane are
comparatively studied in order to discuss the applicability to IFV in heat transfer performance. First,
a performance prediction model using a single tube was developed for each refrigerant, and then the
heat transfer performance was relatively compared. Physical property calculation software REFPROP
9.2 (Lemmon et al., 2013) was used for each fluid property value used in the calculation. R410A is a
mixed refrigerant of R32 and R125 with a temperature glide of only 0.1 K is treated as an azeotropic

refrigerant for simplification.

3.1 Evaporation heat transfer

An outline of the evaporation performance prediction model on a single tube is shown in Fig. 2. In
the model, assuming that a single tube is immersed in an intermediate fluid and the outside heat transfer
state is nucleate boiling. The performance prediction was carried out by setting the saturation
temperature in the shell to -7.0 °C and the heat source (seawater) temperature to 9.6 °C. To obtain heat
transfer rate from LNG to the intermediate fluid, the boiling heat transfer coefficient of the

intermediate fluid on the outside of the tube is predicted by the most authorized correlations.
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Fig. 2 Evaporation model on a single tube (Titanium)

Various empirical equations have been proposed for nucleate pool boiling heat transfer coefficient,
and the calculation results vary depending on the applied system. Therefore, in this study, 4 predicting
correlations were selected to calculate the pool boiling heat transfer coefficient of the intermediate
fluids: propane as the baseline, R32 and R410A.

Stephan-Abdelsalam (1980) conducted a regression analysis of the pool boiling experiment data
acquired by other researchers. Using several dimensionless numbers obtained from dimension analysis,
they proposed a pool boiling correlation equations available for water, hydrocarbons, low-temperature

fluids and refrigerants. The equation proposed for refrigerants Eq. (1) is selected.

0.745 0.581
Nu — ho Do — 207 Pr 0.533 (qwall Db j (p_Vj
L
ﬂ'L 2'L-I-salt pL

D, =0.014660

(1

20, , 0=35 deg for refrigerants
9(p—py)
where, h, is the heat transfer coefficient on the tube outer surface in Wm?K™! A, Pry, and pp are
thermal conductivity, Prandtl number, and density of the intermediate fluid at a saturated liquid state.
pv is density at a saturated vapor state. Ty is the saturation temperature of intermediate fluid. The wall
heat flux Qwan is implicitly obtained to satisfy the heat balance of inner and outer tube surfaces as later
explained.

Gorenflo et al. (2010, 2014) acquired pool boiling experimental data of various refrigerants using
brass, stainless and copper heat transfer tubes and proposed a correlation equation as a function of the
wall heat flux, reduced pressure, refrigerant physical properties, and heat transfer surface properties
on heat transfer characteristics of pool boiling. The following equation is the correlation of Gorenflo

et al. (2010) used in this study.
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Ribatski-Jabardo (2003) conducted pool boiling experiments using copper, brass and stainless heat
transfer tubes and proposed the following correlation for pool boiling heat transfer as a function of

heat flux, reduced pressure, surface roughness, molar mass, and material constant.

_ 02 -0.8 _
ho = fwmqwallO.9 03P prec.lOl45 [_log( pred) RdO'ZM 03

100 for copper 3)
where, f 4110 for brass

85 for stainless steel

Nagata et al. (2017) determined the material constant 90.6 for titanium tubes with outer diameters
from 18.66 to 19.12 mm based on their experiment using R1234ze(Z) . In this study, the material
constant fym and the roughness R, were set to 90.6 and 0.5 um.

Jung et al. (2003) conducted pool boiling experiments of HFC refrigerants on copper smooth tubes
by reference to pool boiling heat transfer correlation equations of Stephan-Abdelsalam (1980) and

Cooper (1984) and proposed a pool boiling heat transfer correlation, as shown below.

G

h0 — 10i O By predo.l (1 -T,, )-1-4 PrL—o.zs
Db Z’I.Tsal

“)

20,

0.309
C = 0.855(&] ., D, =0.01460
a(p.-ny)

L

On the other hand, the heat transfer coefficient in the tube corresponding to the heat transfer of the
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heating source side (sea water) was obtained from a Dittus-Boelter equation, Eq. (5). This is the most

common equation available for fully developed single phase flow in long circular tubes.
Nu = % =0.023Re, “*Pr" ®)

where n = 0.4 for heating mode and n = 0.3 for cooling mode. The fluid properties of heating source

are represented by water for simplification. The typical Reynolds number Re, is approximately 28950

in the actual system.

The overall heat transfer coefficient, K, based on outside tube surface area is calculated using Eq.

(6).

KoL D, ln[D"JJth (6)

The calculation procedure is specified in Fig. 3. First, the internal heat transfer coefficient h; is
calculated by Eq. (5). Then, temporarily determined heat flux, g,, was given and the pool boiling heat
transfer coefficient h, is calculated by one of the predicting correlation. From those heat transfer
coefficients, the outside and inside tube wall temperatures were calculated. Using these temperatures
and heat transfer coefficients, the heat flux is re-calculated and assigned a symbol, g, . With this new
heat flux the pool boiling heat transfer coefficient and tube wall temperatures are calculated. The
repeated calculation is carried out until re-calculated heat flux, g, , becomes the same value of the

prior, .

12



( Using Re and D, as input values, the heat transfer coefficient )
h; of seawater (water) is calculated from Dittus-Boelter
L equation Eq. (5). )
-
e
Assume or redefine g,(q,,), and use T, D, and A as the
) input value, the outside heat transfer coefficient h, is
calculated from the correlation of Stephan-Abdelsalam Eq
0 J
(" Assume or redefine 0o(Qywan)> @nd use (dp/dT),, as the input
@ value, the outside heat transfer coefficient h, is calculated
L from the correlation of Gorenflo et al. Eq. (2). )
0,(Gyan) is provisionally determined or redefined as q,’, and h
3 R, is input. The outside heat transfer coefficient h, is
provisionally calculated from the Ribatski-Jabardo
\_ correlation Eq. (3). )
~
0,(0yan) is provisionally determined or redefined as q,’, and
@ T, is used as an input value, and the outside heat transfer
coefficient h, is provisionally calculated from the correlation
~ \ of Jung et al. Eq.(4). )
' ‘ )
Calculate T, T, using T, h;, hy, 0,(Gyan)-
-
[ Calculate q,’ from T, and T,. ]
-

|qo 'qo,‘ < 0.1 [Wm-Z]
No

Yes -
Finish

Fig. 3 Evaporation calculation flow on a single tube

3.2 Condensation heat transfer

Fig. 4 shows the heat transfer prediction model of a single tube for condensation. In this model,
LNG flows in the tube and the heat transfer mode of intermediate fluid side on the tube is assumed as
film wise condensation. Nusselt equation (1916) is the most authorize theoretical correlation of free

convective filmwise condensation on a single horizontal smooth circular tube. This is shown in Eq.

).
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The saturation temperature in the shell, T, was set to -7.0 °C; meanwhile, the outside tube wall
temperature, T,, was set to -80 °C that is an average value of LNG inlet temperature (-160 °C) and
LNG outlet temperature (0 °C) for the comparison on condensation performance among the selected
intermediate fluids.

On the other hand, the heat transfer coefficient in the tube is obtained from Dittus-Boelter Equation,
Eq. (5). The Reynolds number Repi of LNG flow was set to 177300, referring to typical operation
conditions. The overall heat transfer coefficient is calculated by using Eq. (6). The above calculation

flow is specified in Fig. 5.

Fig. 4 Condensation model of a single tube (Stainless)

Using T, T, and D, as input values, the heat transfer
coefficient h, of intermediate fluid side is calculated from
Nusselt's equation, Eq. (7).

-

Using Rey; and D; as input values, the heat transfer
coefficient h; of LNG side is calculated from Dittus-
Boelter equation, Eq. (5).

-

Using D,, D;, h, and h; as input values, the overall heat
transfer coefficient K is calculated from Eq. (6).

.

Fig. 5 Condensation calculation flow on a single tube

3.3 Experimental evaluation on heat transfer performance of a single tube

Fig. 6 shows the prediction results on condensation and evaporation heat transfer performance of a

14



single tube. The bars show the overall heat transfer coefficients relative to the propane those are
calculated by the correlations noted in the legend. It was clarified that the condensation performance
calculated by Nusselt equation was improved by approximately 32% in R32 and approximately 11%
in R410A to propane. On the other hand, the relative merits and demerits of the evaporation
performance changed depending on the prediction equation used. The correlations of Stephan-
Abdelsalam (1980) and Ribatski-Jabardo (2003) underestimate the evaporation performance than
propane; on the other hand, the correlations of Gorenflo et al. (2010) and Jung et al. (2003)

overestimate the evaporation performance than propane.

1.4
&® Nusselt -
13 | Stephan-Abdelsalam |}

& Gorenflo et al.
Ribatski-Jabardo
HJung et al.

-
N

based on propanel-]

-
o

relative overall heat transfer coefficient

0.9 A

0.8

Propane

Fig. 6 Predicted overall heat transfer coefficients on a single tube. (relative overall heat
transfer coefficient using Nusselt Eq. (7) for condensation heat transfer coefficient; Stephan-
Abdelsalam Eq. (1), Gorenflo et al., Eq.(2), Ribatski-Jabardo Eq.(3), and Jung et al., Eq. (4)

for pool boiling heat transfer coefficient)

In order to confirm the validity of this prediction method and obtained heat transfer performance,
heat transfer experiments using the selected intermediate fluids were carried out with a laboratory
scale IFV system using cold water as a cooling source and warm water as a heating source. An outline
of the laboratory scale IFV system is shown in Fig. 7. The shell length and inner diameter are 1000
mm and 165 mm for both condenser and evaporator. Inside the condenser shell, 9 U-tunes of 15.9 mm
outer diameter and 12.7 mm inner diameter are installed in staggered manner with a tube pitch of 22
mm. Inside of the evaporator, 4 straight tubes of 19.05 mm and 16.65 mm are installed in staggered

manner with a tube pitch of 60 mm. The temperature of cold water was controlled using a chiller, and
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that of warm water was controlled using an electric heater. The tested intermediate fluid is circulated
between the cooling source and the heating source by thermosiphon, in a manner same as IFV. The
transfer rate is determined from the heat balance of cooling and heating water sides: inlet and outlet
temperatures and flow rates. Meanwhile, the heat transfer coefficient on the outside of the tube is
determined from outer surface temperature of the tube and saturation temperature of the intermediate
fluid that is determined from the measured pressure. The experimental conditions are listed in Table
3. Table 4 lists the uncertainty in each measurement parameter and the uncertainty propagated in heat
transfer rate at 2.5 kW and heat transfer coefficients. The most dominant factor in the propagated
uncertainties is uncertainty in water temperatures. As the results, the uncertainty in boiling heat

transfer coefficient exhibited 14%.

1000
968

Chiller (®) i
p—d () Intermediate fluid (gas) @
—~ T

o
Flowmeter 5855 |
00000 VF|S
000020000 |
' 3
L 100 L 760 < 5,5
= ? o
@ v £ 00 3
1 | 6o |=

] N
/E (5 Pump Intermediate fluid (liquid)
Heater

Water Flow meter Hot water
Tank

Cross section

Fig. 7 Tested laboratory scale IFV system.

Fig. 8 shows the experimentally obtained heat transfer coefficient of pool boiling and condensation,
and also the heat transfer rate relative to propane. As shown with red and gray bars in Fig. 8, the both
boiling and condensation heat transfer coefficients of refrigerants obviously exceed that of propane.
The heat transfer rate, plotted with the green line, thus increases approximately by 50% in R32 and
approximately by 35% in R410A. These experimental results indicate that the application of R32 and
R410A may provide higher heat transfer performance than propane. Comparing Fig. 8 with Fig. 6, the
predicting method can be evaluated with the experimental results. For the condensation heat transfer,
it was confirmed that Nusselt‘s equation shows a qualitative tendency in condensation. Among the
selected predicting correlation for pool boiling heat transfer coefficient, the correlation of Jung et al.
(2003) appears to be showing a qualitative tendency best. This is considered to be due to the fact that

the boiling heat transfer rate of smooth tubes was corrected in the direction suitable for this system

16



using the low-temperature fluid by reference to Stephan-Abdelsalam’s correlation (1980) referring to
test results of low-temperature fluid.

As shown with a green line in Fig. 8, R32 exhibited the largest heat transfer rate. This is because,
under the running pressure condition, the heat transfer coefficients for both condensation and
evaporation are notably higher than the others, due to the favorable thermophysical properties: greater
liquid thermal conductivity, smaller surface tension, and so on. Because the heat transfer area are fixed
in the experimental setup, this means larger heat transfer rate. Moreover, R32 vapor is denser than the
others and pressured drop is kept smaller during the circulation. Then the smooth circulation is kept at

higher heat transfer rates (higher circulation rates) with the gravitational force.

Table 3 Experimental conditions

. Inlet temperature [°C] 5.0
Cooling water - :

Volumetric flow rate [L min™'] 5.0

] Inlet temperature [°C] 26.0
Heating water ) )

Volumetric flow rate [L min™'] 30.0

Table 4 Measurement uncertainties and estimated propagated uncertainty of 95%

confidence at a typical test condition

Parameters Instrument Uncertainty (k =2)
Cooling water flow rate Volumetric flow meter 1.5% (0.08 L min™)
Heating water flow rate Volumetric flow meter 1.6% (0.45 L min™")
Pressure of intermediate fluid | Pressure transducer 0.5% (0.2 K in Tgar)
Temperature Thermocouples calibrated 0.5K
with ITS-90
Propagated uncertainty in heat transfer rate at 2.5 kW 0.06 kW (condenser)
0.36 kW (evaporator)
Propagated uncertainty in heat transfer coefficient 2.4% (condenser)
14% (evaporator)

17



e Condensation heat transfer coefficient
e=miEvaporation heat transfer coefficient
—e—Heat transfer rate

2.0 5.0

L T S 45
16 formemmemeeneonnes 4.0
R 3.5
1.2 foeememeenenees ‘ g 3.0
O 25
0.8 |roremrememranennns - 2.0
R -l 15
04 |- g -1 1.0
02 |-BEgaay -1 05
0.0 0.0

Relative heat transfer rate based
on propane [-]

Relative heat transfer coefficient based
on propane [-]

Propane R32 R410A

Fig. 8 Experimentally determined heat transfer performance for the selected

intermediate fluids.

4. Simulation model of tube bundles to evaluate vaporization performance
Evaporator and condenser of actual IFV are composed of tube bundles. The heat transfer
performance of tube bundles sometimes behaves unexpectedly different from that of single tubes. Thus,
a performance prediction model is developed with the number of transfer units method for the tube
bundles in evaporator and condenser, and then the vaporization performance is evaluated for the

selected intermediate fluids.

4.1 Evaporator model

Fig. 9 shows a configuration of the tube bundles of the IFV evaporator. The tubes are arranged in a
staggered arrangement in the cross section, and the column numbers are assigned vertically. In the
longitudinal direction, i.e. flow direction of the heat source (sea water), the tube bundles of evaporator
are divided into 8 segments.

As illustrated in Fig. 9, generated bubbles of the intermediate fluid rise in tube bundles. Due to the
convective effect of the bubble motion, the boiling heat transfer coefficient on tube bundles can
increase. The boiling heat transfer rate in tube bundles was calculated using the following empirical

correlation of Ribatski et al. (2008).
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where, N is a number of tube array in vertical direction from the bottom. hN"! is the reference heat
transfer coefficient of the first bottom tube calculated by the correlation of Jung et al. (2003); while,
hNis that of the N th tube. This number of columns are set to 9 (i =18) in this study.
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Fig. 9 Segmented calculation model of tube bundle IFV evaporator

Meanwhile, the heat transfer coefficient of the heat source (sea water) flowing in the tubes was
calculated using Dittus-Boelter equation, Eq. (5). From those, the overall heat transfer coefficient in a
segment of i th and j th in vertical and longitudinal directions, K, is calculated. The heat transfer rate
in a segment, AQ'"J, is obtained using the number of transfer units method “&-NTU” as shown in Eq.
(9) in consideration of the calculation stability.
AQ" =£"C, (Touin ™ ~ T
£ =1-exp(-NTU")

i 9
NTU = K A ©)
Cmin
Cmin = (rmp)watcr

where Cin is the heat capacity flow of water (heating source) in this case. A is a heat transfer area in
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a segment. T and T, " are saturation temperatures of intermediate fluid and heat source inlet

water,in
temperature of a segment, respectively. £/ and NTU 'J are an effectiveness and a number of transfer
units in a segment, respectively.

Fig. 10 shows the calculation procedure of total heat transfer rate in evaporator. The outlet

temperature of the heat transfer tube of a whole unit T! was assumed, then the total heat transfer

water.out
rate Q' can be defined. The heat flux in a segment is obtained, then the internal and external heat
transfer coefficients, and the overall heat transfer coefficient Kl are calculated. From Eq. (9), the heat
transfer rate AQ" in a segment is obtained, and then the heat source outlet temperature is sequentially
obtained through a unit tube. The total heat transfer rate is re-defined as Q! . Those are repeated until
the difference between prior and current heat transfer rates becomes negligibly small. The above
calculation is repeated for all heat transfer tubes and finally the total heat transfer rate in the evaporator

is obtained.

( )
Temporarily determine the heat source outlet
temperature T, Of a unit.

-

Calculate the total heat transfer rate Q, from )
The inlet and outlet temperatures.

\_ (?1J = rmp (Tv&falcr,in _Tv&falcr,oul) )
-

( Calculate the internal and external heat
transfer coefficient hi and h i, by Dittus-
Boelter equation Eq.(5), and Ribatski et al.

9 (2008), Eq. (8), respectively. )

-

(" Calculate Kii from above. Then NTU, £i, AQ' )
are obtained by Eq.(9). The heat source outlet
temperature of a segment is calculated as,

\ Tvl&"ajter,out = T\):/;\Jter,in - (AQI'J /Cmin ) )
P

N
Get the heat source outlet temp. T, .. and
re-calculate the total heat transfer rate Q,

\_ QZJ = rrnp (T\Jater,in _T\Jater,om) )

Finish

Fig. 10 Calculation procedure for evaporator
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4.2 Condenser model
Fig. 11 illustrates the configuration of tube bundles in the IFV condenser. In the condenser, the U
tubes are arranged in staggered arrangement in vertical direction. The tube bundles including outgoing

and return tubes were divided into 26 in the flow direction of the LNG for heat transfer rate prediction.
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Fig. 11 Segmented calculation model of IFV condenser

The condensed liquid flows down dripping on the tube surfaces in the vertical downward.
Thickening the liquid film covers the tube surfaces, and this resists the heat transfer and decreases
condensation heat transfer coefficient. On the other hand, due to the convective effect of the liquid
flow and drugged vapor flow, condensation heat transfer coefficient can increase in lower part of tube
bundles. The complex condensation in tube bundles was calculated by the following correlation

proposed by Honda et al. (1988).
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/4
Nu, = { Nup, * +(Nup, Nug, )2 + Nqu“}

- I3 03\* o2 41V
Nu, = Gro!*{(1.2/Re, ") +(0.072Re, )} o
0.7 N 1/2 12 o
Nup, =0~165[&j Re,, " +1.83 qw;“N Ep_vj Re, Por;
pl pVhngV PL Refu ’

Nupg represents a convective heat transfer contribution of condensate flow driven by the gravity, and
Nups represents the contribution of that the condensate is uniformly dispersed by the inertia force of
vapor speed. pt and pi are tube pitch in transverse and vertical directions. Cwan" and U,Nare the heat
flux and vapor velocity across the minimum passage area between tubes of N th column. The non-

dimensional parameters in Eq. (10) are defined as,

ND ND _ D?
Re =9V D po YD g _9A (A 2pv) }
VL VV IUL
2zD.q,
oqwall (N :1) (11)
:uthg
A P T
ﬁ . 0
2 (z QWallk —+ qwallN] (N > 2)
IUthg k=1 P

The LNG heat transfer rate in the heat transfer tube was calculated using Dittus-Boelter equation of
Eq. (5) with the physical properties of LNG represented by methane. At a near pseudo critical point,
the boiling like flow (i.e., Shiralkar and Griffith, 1969) sometimes exhibits heat transfer degradation
because of the phenomena similar to dryout or drypatch in flow boiling (i.e., Lei et al., 2013; Yamagata
et al., 1972). Nevertheless the portion of enthalpy change under such heat transfer degradation in the
total enthalpy change during LNG vaporization is quite small (Pu et al., 2014), and the change in LNG
chemical composition considerably affects the heat transfer coefficient (Xu et al., 2018). In order to

avoid the calculation divergence, using Eq. (5) is justified.
Fig. 12 shows the calculation flow of tube bundles in condenser. The heat transfer rate was obtained

using &NTU method as well as the evaporator, however the heat capacity flow of LNG side is used

in this case.
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sat
" =1-exp(-NTU") (12)

ntut =KAo =(me,)

min

AQ" = gi’jcmin (T _TLNG,ini‘j )

‘min

First, the LNG outlet temperature of the heat transfer tube of the unit T!

Noow and the condensate

quantity in the return tube were once assumed without consideration of inundation. Then, the heat
transfer rate Q' can be obtained from the inlet and outlet temperatures of a unit tube from Eq. (12).
With the obtained heat flux, the overall heat transfer coefficient K'i, effectiveness €4, and heat transfer
rate AQ" in a segment are calculated. From this sequential calculation, the temperature distribution
of LNG flow in a unit tube is calculated to satisfy the heat balance. The vapor velocity, Uy, and
condensate flow rate from the whole tube bundle My is obtained and the above procedure is repeated
with consideration of inundation next. Then change in the condensate flow rate is checked and

repeatedly calculated until it converges.
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Temporarily determine the LNG outlet
temperature T\, Of a unit.

-

Calculate the total heat transfer rate Q, from )
The inlet and outlet temperatures of a unit.
Qll =mc, (TLJNG,out _TLJNGJn )

\_ J
-

4 . )
Calculate the internal and external heat
transfer coefficient hi and h i, by Dittus-
Boelter equation Eq.(5), and Honda (1988),

L Eq. (10), respectively. )

- =
(" Calculate Kii from above. Then NTU, £i, AQ! )
are obtained by Eq.(12). The heat source outlet
temperature of a segment is calculated as,
\_ Tl_lfvlc,om :TLIf\JJG,in ‘*’(AQI'J /Cmin) Y,

-

N
Get the LNG outlet temperature Ty, and
re-calculate the total heat transfer rate Q,

L Q= me, (TLJNG,om _TLJNG,in ) )

- Yes

Calculate U, for each row and each column
and calculate the total condensate flow rate

rﬁlotal

-

The total amount of
condensate m, is
stored m'

s
‘mo‘al — Mo

otal

<0.001

total

Ry
Finish

Fig. 12 Calculation procedure for condenser

4.3 Feasibility of intermediate fluids

Fig. 13 compares the heat transfer rate of each unit tube in the evaporator between selected
intermediate fluids. For the comparison, the results are relatively plotted based on the heat transfer
rate of propane in the first segment of second column. Along the flow direction of heat source (sea
water) in tube, the heat transfer rate decreases from the upstream to the downstream as temperature
difference decreases. This monotonic decrease of evaporation heat transfer qualitatively agrees with
the overall heat transfer coefficient calculated by Xu et al. (2016) for propane. However, the
calculation of Xu et al. (2016) does not show the heat transfer distribution in vertical direction. As

shown in Fig. 13, the overall heat transfer coefficient of 1st column, i.e., the bottom tube, differs from
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the other columns of 2nd to 18th. The heat transfer rate becomes higher in the second and later tubes
from the bottom, because the rising bubbles induce convective contribution in the pool boiling heat
transfer. This effect is more evident in the heat transfer rate of R32 and R410A, which exhibit higher
pool boiling heat transfer coefficient than propane, as shown in Fig.8. Among the selected intermediate
fluids, R32 shows the highest heat transfer rate. The heat transfer rate of R32 is high than that of
propane approximately by 10%. While R410A shows comparable heat transfer rate to propane.
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Fig. 13 Heat transfer rate profile in evaporator tube bundles predicted by Eq. (8) (Ribatski
et al., 2008) and NTU method.

Fig. 14 plots the heat transfer rate of each unit tube in the condenser. A unit tube (single U tube) is
divided into 26 and returns at a segment of 13th. For comparison, those results are relatively plotted
based on propane. Considering the inundation, the portion of segment from 1 to 13 affected by the
convective effects of dripping down liquids and drugged vapor flows. This can increase heat transfer
rate and emphasize the difference between upstream and downstream. At segments from 1 to 7, the
heat transfer rate decreases along the LNG flow of liquid sate with decreasing temperature difference
between LNG and an intermediate fluid. More specifically, at the entrance (segments from 1 to 4), the
heat transfer rate varies with the number of column. This suggests the influence of inundation is most
obviously reflected in condensation heat transfer at the entrance, where higher heat transfer rate (i.e.
heat flux) is exhibited from the large temperature difference. Then, at segments from 6 to 9, the heat
transfer rate steeply increases. In this region, LNG flow is pseud critical region and drastically
changing heat capacity and thermal conductivity results this sharp profile in heat transfer rate. Then
the heat transfer rate gradually decreases to downstream. Although the local heat fluxes numerically
obtained by Xu et al. (2016) do not show the effects of inundation, the overall trends are consistent to

the present results on heat transfer rate distribution in condenser tube bundles. Among the selected
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intermediate fluids, R32 shows the highest heat transfer rate. The heat transfer rate of R410A slightly

exceeds propane.
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Fig. 14 Heat transfer rate profile in condenser

With respect to the total heat transfer rate in a whole tube bundle, the performance using R32 and
R410 is equivalent or somewhat higher in evaporator. The total heat transfer rate in condenser is
improved by 7% in R32 and by 4% in R410A compared with propane. In addition, the tube surface
temperature has been checked. Although very cold LNG at a temperate of -160 °C flows into the tubes,
the tube surface temperature is way above -130 °C that is higher than the freezing point of propane,
R32, and R410A. Overall, the feasibility of R32 and R410A was shown as an intermediate fluid of

IFV alternative to propane with respect to the heat transfer performance of the vaporizer.

5. Conclusions

In this study, the feasibility of refrigerants to intermediate fluid type vaporizer (IFV) was examined.
To begin with, R32 and R410A were selected as candidate refrigerants adapting in the physical
properties from the use condition of the LNG vaporizer. Next, in order to verify the applicability of
the heat transfer performance of R32 and R410A which are refrigerants used in air conditioners, a
boiling and condensation performance prediction models in single tubes ware developed, and the
validation check with experimentally obtained heat transfer coefficients were carried out. The
correlation of Jung et al. (2003) shows a qualitative tendency and that R32 and R410A may provide
higher heat transfer performance than propane. Then the calculation model using & NTU method is
developed for tube bundles in evaporator and condenser. In evaporator, the overall heat transfer
coefficient of second and above column tubes increases by 10% from the bottom tube. In condenser,
the effects of inundation predicted by the correlation of Honda et al. (1988) are most evident at the

entrance of LNG flow and varies heat transfer rate depending the number of column. Also, the tube
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bundle heat transfer model clarified that by applying R32 and R410A to IFV, the boiling performance
was equivalent to that of propane, and the condensation performance was improved by about 7% in
R32 and about 4% in R410A from propane. The tube surface temperature in condenser is above the
freezing points of those candidate fluids. The results suggest that the application of R32 and R410A

to IFV might have a higher vaporization capacity than conventional one.
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