N
N

N

HAL

open science

Modelling of multi-component droplet evaporation under
cryogenic conditions

Xiaochun Xu, Romain Privat, Jean-Noél Jaubert, Yongfeng Qu, Marc Bonnissel

» To cite this version:

Xiaochun Xu, Romain Privat, Jean-Noél Jaubert, Yongfeng Qu, Marc Bonnissel.
component droplet evaporation under cryogenic conditions. Oil & Gas Science and Technology - Revue d’IFP

Energies nouvelles, 2020, 75, pp.81. {10.2516/0gst/2020074). <hal-03011075)

HAL Id: hal-03011075
https://ifp.hal.science/hal-03011075v1

Submitted on 17 Nov 2020

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License

Modelling of multi-


https://ifp.hal.science/hal-03011075v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Oil & Gas Science and Technology — Rev. IFP Energies nouvelles 75, 81 (2020)

© X. Xu et al., published by IFP Energies nouvelles, 2020
https://doi.org/10.2516/ogst /2020074

Available online at:
ogst.ifpenergiesnouvelles.fr

Modelling of multi-component droplet evaporation under

cryogenic conditions

Xiaochun Xu', Romain Privat!, Jean-Noél Jaubert]‘*, Yongfeng Qu?, and Marc Bonnissel®

! "Université de Lorraine, Ecole Nationale Supérieure des Industries Chimiques, Laboratoire Réactions et Génie des Procédés

(UMR CNRS 7274), 1 rue Grandville, 54000 Nancy, France

2GTT, 1 Route de Versailles, 78470 Saint-Rémy-lés-Chevreuse, France

Received: 10 March 2020 / Accepted: 9 September 2020

Abstract. The vaporization of drops of highly vaporizable liquids falling inside a cryogenic environment is far
from being a trivial matter as it assumes harnessing specialized thermodynamics and physical equations. In this
paper, a multi-component falling droplet evaporation model was developed for simulating the spray cooling
process. The falling speed of the sprayed droplets was calculated with the momentum equations considering
three forces (gravity, buoyancy and drag) applied to a droplet. To evaluate the mass and heat transfer between
the sprayed droplet and the surrounding gas phase, a gaseous boundary film of sufficient thinness was assumed
to envelope the droplet, while the Peng-Robinson equation of state was used for estimating the phase
equilibrium properties on the droplet’s surface. Based on the relevant conservation equations of mass and
energy, the key properties (such as temperature, pressure and composition) of the liquid and gas phases in
the tank during the spray process could be simulated. To conclude, the simulation algorithm is proposed.

1 Introduction

A wide body of studies exists on the vaporization of drops of
multi-component liquids at moderate and high tempera-
tures. By contrast, the same process has been the subject
of relatively little research when it occurs at very low
temperatures, especially under cryogenic conditions. This
scarcity of literature is namely due to the need to resort
to complex thermodynamics and access to specialized
thermal and transport equations. The matter is all the more
complex when the drops follow a falling motion that adds a
dynamic dimension to the subject. The vaporization of
drops of Liquefied Natural Gas (LNG) well exemplifies this
statement.

Natural Gas (NG) is a flexible fuel that is used exten-
sively in power generation, industrial and household con-
sumption, as well as the production of advanced
petrochemical derivatives. Compared with other fossil fuels,
natural gas creates lower emissions of greenhouse gases and
local pollutants, and is therefore expected to play a greater
role in the future global energy mix. Natural gas can be
delivered either by high pressure pipelines or, depending
on the location of the gas field and the security of supply,
it can be liquefied and then transported by Liquefied
Natural Gas Carriers (LNGC) [1]. This part of the voyage

* Corresponding author: jean-noel. jaubert@univ-lorraine.fr

is called the laden voyage. On arrival, the liquefied natural
gas is unloaded and the LNGC travels to another loading
terminal. This voyage is called the ballast voyage, due to
the fact that the ship’s ballast compartments are full of
water while the LNG tanks are almost empty. Some LNG
remains in the tanks, as the LNGC uses LNG as fuel. The
Liquefied Natural Gas (LNG) is stored in highly insulated
storage tanks at pressures slightly above atmospheric and
temperatures close to boiling (= 111 K). During the laden
and ballast voyages, some of the LNG will vaporize due
to unavoidable heat ingress into the storage tank from its
surroundings. Such a generated vapour is used as fuel gas
in the main engines to drive the ship.

During the ballast voyage, the temperature of the tank
significantly increases. In order to avoid excessive vapour
generation during the next loading operation, the tanks
are cooled down for a few days before loading. Spraying
some LNG at the top of each tank cools down the vapour
as well as part of the insulation system. Obviously, vapour
and liquid temperatures, pressure and compositions have a
significant impact on the spraying operation.

The aim of this paper is to propose a numerical method
for simulating this spraying process. A multi-component
falling droplet evaporation model is developed to estimate
the mass and heat transfer between the sprayed droplets
and the surrounding gas phase. The thermodynamic
aspects are dealt with using the Peng-Robinson Equation
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of State (PR-EoS) in which the binary interaction parame-
ters were relevant for low temperatures. A final calculation
algorithm for simulation is then proposed.

2 General assumptions

The following hypotheses are assumed in modelling the
spraying process:

1. The set of connected storage tanks (as shown in
Fig. 1) is considered to form an isolated system with
no mass or heat exchange with its surroundings. The
spraying time is normally quite short compared to
the duration of LNG transportation, and thus the
heat ingress from the surroundings is relatively small.

2. The NG phase has uniform properties (temperature,
pressure and composition).

3. The LNG phase has also uniform properties (temper-
ature, pressure and composition). The vaporization of
the liquid phase is ignored, and the mass or heat
exchange between the LNG phase and NG phase is
also ignored.

4. Each droplet has uniform properties (temperature and
composition), and its shape is assumed to be approx-
imately spherical. As a simplification, the droplet dis-
tribution will be assumed to be monodisperse so that
the droplets generated in a short interval of time
(Atiayey) can be grouped into a “droplet layer”: all
drops of a given layer will have the same vaporization
history as well as the same falling kinetics and will
come back to the LNG phase at the same time
(in the case they are not totally vaporized before
reaching the liquid phase). This notion of “droplet
layer”, in which all droplets have the same properties,
will be useful to reduce computation time.

3 LNG spraying process — the modelling
approach

The modelling approach uses mass and heat balances to
predict the physical properties (temperature, pressure and
density) and the amounts of the bulk gas phase (NG), liquid
phase (LNG) and spraying droplets in the storage tanks.
The approach will consist in estimating the mass and heat
exchanges between the sprayed droplets and the bulk gas
phase with the suitable models. In this section, the models
and methods used to describe the sprayed droplets, the
gas phase and the liquid phase are detailed.

3.1 Droplet modelling

In the spraying process, each droplet falls, and as it falls it
exchanges mass and heat with the bulk gas. Therefore, a
multi-component falling droplet evaporation model includ-
ing motion equations and evaporation rate equations (for
estimating heat and mass transfer between droplets and
gas phase) is developed to predict the velocity, temperature,
composition and mass of the sprayed droplets. While the

AN AN PAN AN AN AN
NG NG NG
Tosr Peass Veas Teass Peass Vgas Teasr Peass Veas
. LNG (cold) LNG (cold) LNG (cold)
the T, Xig Tig, Xiiq Tig, Xiiq
circulated
LNG

Fig. 1. Schematic of the LNG spraying process.

Fig. 2. The force field of a droplet.

general mass and heat transfer equations remain conven-
tional ones, the main difficulties of this task reside in the
requirement to dispose of an equation of state as well as
properties correlations that fit the low temperature
conditions.

(a) Motion of a droplet

As shown in Figure 2, three forces, gravity (Fg), buoy-
ancy or Archimedes’ force (F), and drag force (Fp), act on
a liquid droplet once it leaves the sprayer.

In Figure 2, ug is the velocity vector of the droplet, and
04 is the angle between the droplet’s motion and the direc-
tion of gravitational pull. According to Newton’s second
law, we obtain the following equations:

dud‘,,

mq di = _FD sin Qd; (1)
d 'L,y
md%:—FDcosﬂd—FA—FFg, (2)

with
Ud,e = Ud sin Od
{2 , )
Uqy = Uqg cOS Oy
where mq is the mass of a droplet. By assuming the dro-
plets to be spherical, mq can be calculated from:
4

myg = 57”"(13&1- (4)
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And Fg, Fa, and Fpp can be calculated using the following
equations:

4 .
FG = gnrjpdga (5)
4 3
Fy=3mrap., (6)
1 2 2
FD = §nrdpg0du ) (7)

where g is the standard gravitational acceleration, p, is
the density of the gas mixture, and r4 is the droplet’s
radius. The drag coefficient Cy is classically correlated
with Weber number “We” and Reynolds number “Re”.
In this study, the empirical equations developed by Loth
[2] and used:

See equation (8) bottom of the page
Re is obtained from:
_ 21apgua

Iy

g

Re (9)

The Weber number (We), which indicates the degree of
shape deformation of the falling droplet, is the ratio of con-
tinuous fluid stresses (which cause deformation) to surface
tension stresses (which resist deformation):

2
2rqpyuy

We = (10)

0q

In the above equations, a4 is the surface tension of the liquid
(droplet) and the reduced dynamic viscosity p* is defined
as:
wo="te (11)
Hg

where pq and i, are the dynamic viscosities of the gas and
liquid (droplet), respectively. In Loth’s approach [2],
Ca,we — o denotes the drag coefficient for a spherical solid
particle, which is not deformable when falling, and
Ca,we — o denotes the drag coefficient for a bubble with
maximum deformation. As discussed in the paper by Loth
[2], this method can accurately predict the drag coeffi-
cients of various airborne droplets under the conditions:
We < 12 and 400 < Re < 7000.

(b) Evaporation of one droplet

The evaporation model is employed to estimate the heat
and mass exchange between the droplet and the gas phase.

_ 8 24 (2431
Cd,We—»oc - g + m (313&)

1+

As shown in Figure 3, to evaluate mass and heat fluxes, a
sufficiently thin gaseous boundary film is assumed to be
around the droplet.

If assuming the quasi-steady species balance around the
droplet, the instantaneous evaporation mass flow rate (ryq)
of the droplet can be estimated by equation [3]:

N N
g = g =21y ryipDiShiIn (14 By).  (12)

=1 =1

In the above equation, N is the number of species in the
droplet, 1,4 is the evaporation mass flow rate of species
1 in the droplet. Note that ;4 would be negative in cases
where the species 4 is condensed into the droplet. Further-
more: pris the density of the gas film, and Dy is the mean
diffusion coefficient of species ¢ in the gas film. ry; is the
volume equivalent partial radius of component 4 corre-
sponding to its instantaneous volume fraction ¥, in the
droplet, and it is defined as [3]:

Ty = Td‘ﬁil/sv (13)

Y; can be estimated with equation

v =

i dTi,UNIQUAC 14
= (14)
Z Zi aTi,UNIQUAC

where z;4 is the mole fraction of species ¢ in the droplet,
and 7 yniquac is the molecular volume parameter of spe-
cies i from UNIQUAC model [4].

Shy is the modified Sherwood number of species i. Sh;
accounts for the effect of a high mass transfer rate and it
is estimated by equation [3, 5]:

* Sh; g—2
Shi” =2+ F(;\l,i)

. (15)
0.7 In (14 By,

F(By;) = (1+ Bw,j) %
Sh; o is the Sherwood number of species ¢ for the droplet
with a small mass transfer rate, and it can be given by

the Frossling correlation [6]:
Sh; = 2 4 0.552Re"/?Sc}”*. (16)

Reynolds number (Re) can be computed with equation (9).
Sc; is the Schmidt number of species 7 in the gas film, and is
defined by equation:

My

SCi - )
pisDi

(17)

;e and p;r are the dynamic viscosity and the partial
density of species i in the gas film, respectively.

Cd = Cd_ywcﬂo + AC;(C(LWCHOO - Cd,WCﬂO)

24 5 0.42
Cd\\ve—»o = ﬁ (1 + 0-15R60'687) 4o

42500

Rel 16 (8)

ACH =38 x 107%(We - Re”?) +3 x 107°(We - Re”?)* + 9 x 1077 (We - Re”?)’
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Fig. 3. Schematic of a droplet enveloped by a gaseous film.

In equations (12) and (15), By, is the Spalding mass
transfer number of species i, and is defined by equation:
Yi S — Yi (9

By = 5~ 18
=y (18)

Yis and Y; o, are the mass fraction of species ¢ at the inner
sides (which is close to the droplet surface) and the outer
side (which is at inﬁnity) of the gaseous film (see Fig. 3),
respectively. Y; ., is the mass fraction of species ¢ in the
bulk gas. Y;g can be estimated by Peng-Robinson Equa-
tion of State (PR-EoS) [9], which will be introduced in
Section 3.4.

As illustrated in Figure 3, the accumulated thermal
energy of the droplet is denoted (4. Its expression is
basically:

d Td

Qd = mq Cp,d T

(19)
where my is the mass of the droplet and C|, 4 is the specific
heat capacity of the droplet at constant pressure.

In practice, equation (19) is used to express the deriva-

tive % To do so, it is necessary to dispose of another

expressmn for Q.. ThlS heat flux can be deduced from the
Spalding heat transfer number of species i, Br;, the defini-
tion of which is [3]:

Crif(Too — Ta)
Ava})l[{(tz—‘d) + le

i q

BTJ = (20)

where ()q; is the contribution of species i to Qq (this latter
is obtained by summing the (q; quantities over all the
species); C);y is the mean specific heat capacity of species
1 in the gas film. Ty and T, are the droplet temperature
and the bulk-gas temperature, respectively. Ay, H is the
specific enthalpy of vaporization for species 1.

Therefore, the knowledge of Br; makes it possible to
estimate q:

Zmld [MB—_TA)—Amp‘iH(Td) . (21)

Ti

For estimating the Spalding heat transfer number of species
i Br;, we refer to Brenn et al. [3] and Abramzon and Sirig-
nano [5] who postulate that Br; is coupled with the mass
transfer number By; through:

Cpis Shi 1
Cpig Nu; Le;

Bri=(1+ BM,i) —1 with ¢; = (22)

C)ig is the mean specific heat capacity of species 7 in
the bulk gas. Le; is the Lewis number of species ¢ defined
[3, 5] by:
i
Leg=———, 23)
pri,f Cp,iAg (

where 4, is the thermal conduction coefficient of species i
in the gas film.

In equation (22), Nu; is the modified Nusselt number of
species i estimated by equation (24). Following Abramzon
and Sirignano [5], it was indeed assumed that such an equa-
tion could be used for the case of an evaporating droplet:

Nujp—2
Ny —2—|—F<B°T

. (24)
In(14+B7;

F(Br;) =1+ BT@)OJ(%JT)

Nu;y is the Nusselt number of species ¢ for the non-

evaporating droplets, that can be computed [3, 6] using

the following correlation especially developed for spheres

from experimental data on mass-transfer rates:
Nujp = 2 + 0.552Re"/?Pr;”". (25)

Pr; is the Prandtl number of species i defined by the
equation:

Chrifth s

Pr; =
T T

(26)

Note that, Br; should be solved from equations (22) to (24)
by iterations; its initial value can be assumed to be equal to
By

Finally, the rate of temperature change of the droplet
3+ can be calculated by equating equations (19) and (21):

dTy 1 a . Cp,ikf( T — Td)
= my —_—
dt mq Op‘d P ’d BT«,i

a7y

- Avap,iH( Td) .

(27)

As illustrated in Figure 3, the heat flux exiting the film is
simply given by:

N
Qf = Qd + Z mi,dAvap,iH- (28)
=1

The film around the droplet can be assumed to be at steady
state (no energy nor mass accumulation). Consequently, as
shown in Figure 3, the energy balance equation for the film
can be written as:
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Q. = Qr + (net advective flux) =
_ N
Qf + Z miﬁd C]x,i,f( Too - Td) (29)
=1

Such an equation makes it possible to calculate Qg which is
the heat flux from the bulk gas into the film. The average
properties of the film (such as wy, Dif, Cpip Air and pig)

are estimated at the average temperature of the film T},
given [3, 5] by the equation:
Ty — Tq

Ty = Tq+—2

3 (30)

It is worth noting that in the evaporation model 7 4 can be
positive (which indicates evaporation from the droplet) or
negative (which indicates condensation to the droplet).
Heat fluxes (Qq, @ and @),) can be positive or negative
also. All computations described in this section are based
upon one droplet.

3.2 Gas phase modelling

As noted in the above section, the mass and heat exchanges
between a single droplet and the gas phase can be calcu-
lated with equations (12) and (29) respectively. Assuming
N, layers of sprayed droplets in the tank, with each layer
containing N, droplets, the total mass transferred into the
bulk gas can be computed with the following equation:

N N Np
g = 2:1: Mg = ; ; (Ndmi,d)L' (31)

The total heat flux from the bulk gas into the droplets can
be computed with the following equation:
Np
0 =S (Na0y),. (32)

L=1

The temperature change rate of the bulk gas % in the tank
can be calculated using the following equation:

Q*Otzi(NdQ) = —m,C 7, (33)
g Lt gL 2~ D.g dt ’

where m, is the total mass of the gas phase and C,, is the
specific heat capacity of the gas.

3.3 Liquid phase modelling

If the sprayed droplet reaches the liquid phase, or if the gas
phase is condensed (due to a decrease in temperature), the
liquid phase properties need to be updated. Assuming that
the influx fluid (from either the falling droplet or the con-
densed gas) is instantaneously mixed with the liquid phase,
the new total molar amount of the liquid phase is calculated
as follows:

Ny = N3+ N, (34)
Nl and N are the total molar amounts of the liquid

phase before and after mixing, respectively. V. ﬂ; is the molar

amount of the influx fluid. The new mole fraction of each
species in the liquid can be computed with this equation:
) old in in
new __ ‘ri‘%?quiq + xi‘linliq
xi.liq o old pyold in in )’ (35)
> (‘Ti,lin liq T ‘ri,lin liq)

old new

Tii and 2 are the mole fractions of species i in the liquid

phase before and after mixing, respectively while a7}, is the
mole fraction of species ¢ in the influx fluid. If the mixing
enthalpy is assumed to be negligible, the energy balance

equation is expressed as follows:

X

Ti!cw T?Id
i . i .
new in in _
Ny / CouqdT + Ny . dT =0. (36)
Told Ti!l
i

liq

p.liq

Assuming that the heat capacity of the liquid phase C g
and the heat capacity of the influx liquid phase C7}; are
constant (i.e. temperature-independent), equation (36)
can be converted to:

Nnew Cp,liq(TnQW _ Told) 4 Nin Cin

old in
lig liq lig lig p,liq(Tliq - Tliq) =0. (37)
This equation makes it possible to estimate the new liquid
temperature T';".
3.4 Thermodynamic modelling

In the simulation, an adequate thermodynamic model is
necessary to express the composition of the gas film around
the droplet (i.e. Yis) and the densities of the liquid phase
(LNG), the bulk gas phase (NG), the droplets, and the
gas film. This requires resorting to equation of states like
the Peng-Robinson Equation of State (PR-EoS) [7, §]
accounting for the specific behaviour of the various LNG
molecules at low temperature and properly reflecting the
corresponding molecular interactions.

At the droplet-gas film interface (see Fig. 3), the condi-
tion of the vapour-liquid phase equilibrium is given by the
equations:

(izla"'vN)v

(38)

Tid * (P?q( T7 D, 2%) = yi,s : (P;mp( T7 b, 21/)

where ;4 is the mole fraction of component ¢ in the
droplet, and ;¢ is the mole fraction of component 7 in
the gas film adjacent to the droplet. The fugacity coeffi-
cient of each component in the liquid phase ¢! and in
the vapour phase ¢’ are calculated with the PR-EoS,
the mathematical expression of which is:

RT O

P= - .
v— bm U(U + bm) + bm(v - bm)

(39)

In this paper, the PR-EoS was not volume-translated [9-11]
and classical van der Waals mixing rules [12] were used:

an(T,2) = iv: iv:zizj ai(T) - a;(T) [1 - kU(Tﬂ

(40)
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It is today acknowledged that the Soave [13] a-function is
non-consistent [14-16] since it diverges at very high
temperatures. This study, carried out under cryogenic con-
ditions, is however absolutely not concerned by such an
inconsistency so that the Soave o-function was chosen:

See equation (41) bottom of the page

The fugacity coefficient can be calculated [12] from the
equation:

b, ( Pv P
lngoi _bm<M_ 1) —In |:M(U— bm):|
. b; v+ (1= v2)by
4+ —|0—— ) In|——FF—, (42
2\/§RTbm< bm> L+(1+\/§)bm] (42)
where

e ) (43)

Om

In the above equations, P is the pressure, R is the gas con-
stant, T is the temperature, a; and b; are the cohesive
parameter and molar co-volume of pure component i, v is
the molar volume, z is the mole fraction of component i,
T.; is the experimental critical temperature, P.; is the
experimental critical pressure, and w; is the experimental
acentric factor of pure 4. In this paper, the binary interac-
tion parameters k; were predicted using the E-PPRT78
model [17-19].

4 Proposed algorithm

4.1 Modelling of one droplet in one simulation
time step

The droplet’s properties are updated after each time step
(At), which was preset for the simulation. The calculation
steps for one droplet are listed below.

and amount (ng). For the first step time, i.e., when
the spraying starts, such data were calculated from
the parameters and the initial values of the simulation
(see details in Sect. 4.3), which need to be entered by
user.

. Then we compute the droplet’s new motion properties

(uq and 04) with the equations:

2 2
new __ new new
= () (u55)

e
new da
0, = arctan | % 7 (44)

dy

new __ %
Ug, = Uda + g At

gy =y + gt A
and a new height of droplet (hq) from liquid surface
with the equation:
old new
) Uy, + Uy,
hge“ _ hgld _ dy 5 dy At, (45)

dug
where —;

and (2).

dug,y
dt

and

are calculated from equations (1)

3. Next we compute the evaporation mass flow rates of

each component (7;4) of the droplet with equation
(12) (using Brenn’s method [3]).

4. If the droplet has vaporized completely, we compute

the heat flux @, from the bulk gas and then skip the
next steps.

5. Now we compute the heat fluxes (Qd, Qf and Qg)

between the droplets, the gas film and the bulk gas
with equations (21), (28) and (29). The quantity
% is obtained from equation (27) while %t is

d
deduced from equation (33). t

6. Then we compute the new mole amount (ng) and

composition (2;q) of the droplet with the equations:

new __ pold,old _ Mid
Mg = Mg Tig MWiAt

1. First we load the earlier properties of the droplet, i.e. . A

velocity (uq), angle between directions of motion and = I; T . (46)
gravity (6,), height from the liquid phase surface e
(ha), radius (ry), temperature (Ty), composition (z;q) g’ = n:}(‘]

R =18.314472 J mol ' K™

-1
X = [1 +3VA-2V2+ 34+ 2\/5} ~ 0.253076587
b= withQ, = 5 ~ 0.0777960739
2 2 =
ae; = Q.77 and Q, =354 ~ 0457235529 | (41)

ai( T) = a(._,ioci( T) with

o (T) = {1 + mi(l - Tfi)T

ifw; <0491 m; = 0.37464 4 1.542260; — 0.269920?
ifw; > 0491 m; = 0.379642 + 1.48503w; — 0.164423w? + 0.016666?
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7. Now we compute the new temperature (7}) of the dro-
plet using equation (27) and the following equation:

dTq

Ty =T+

At (47)

8. Now we compute the new molar volume (v, q) of the
droplet using the PR-EoS with the new temperature
(Tq) and composition (z;4), then compute the new
radius (rq) of the droplet with the equation:

1/6 ngew ,Unev\lv 1/3
new __ m,d . 48
i =g (i (49)

In each simulation time step (At), a single droplet’s proper-
ties (i.e. velocity (uq), angle between directions of motion
and gravity (04), height from the liquid phase surface
(ha), radius (rq), temperature (7y), composition (2 4) and
amount (ng)) are updated, and would be used as earlier
properties in the next time step. Meanwhile a single dro-
plet’s evaporation mass flow rates of each component
(7iq) and heat flux @, which would be used for computing
the gas phase properties (according to Egs. (31) and (33)),
are outputted. The algorithm for computing the properties
of one droplet is summarized in Figure 4. One shall remem-
ber that all droplets in the same layer are assumed to be
identical.

4.2 Modelling of one tank in one simulation time step

After calculating the new properties of all spray droplet
layers, the properties of the gas phase and the liquid phase
in the tank can be updated as well. The computation steps
are listed below.

1. Compute the new spray droplet properties layer by
layer, following the instructions in Section 4.1.

2. If the droplet layer reaches the liquid phase, update
the liquid phase properties ( Ty, %iynq, and ny,) with
equations (34), (35), and (37). Once done, the volume
of the liquid phase (Vj,) can be calculated with the
help of the PR-~EoS.

3. Compute the new mass (m,) and compositions (y;,) of
the gas phase using equation (31) and the following
equations:

new __ .. .
mig" = mig + 1 g AL

new N new ) (49)
my = Z Mg
. me | MW,
Yg =W B ’ (50)
> (mgf‘g'/MWk)
=1

4. Compute the new temperature of the gas phase using
equation (33) with m" and the following equation:

o
&

ar,

TIglCW' — ]“lg Jr dt

At. (51)

[Load old properties of droplet (4a, a ha Ta 7o Xia) ]
v
[New motions (g, 6, and /) of droplet
v
[Vaporized/coudensed rates (7ir;) of droplet
5 ¥

vaporized completely?

J
J
e

Heat flux between gas, film and droplet: O, and O¢

}

New mole amount (77,) and composition (x; 4) of droplet ]

l

New temperature (7y), molar volume (v, )
and radius (ry) of droplet

Fig. 4. Flowchart detailing the modelling of a droplet layer and
named LayerSim.

Call LayerSim to get new properties of
droplet in layer:

(1) motions: u4, 64, and /1; (2) heat fluxes:
0, and Q; (3) vaporized/condensed rates:

m;d; (4) temperature: Ty; (5) mole amount:
ny. (6) composition: x; 4; (7) radius: ry

Last layer of droplet ?
159
Check droplet layers: vaporized >
completely or reached to liquid ?

Remove these layers
N
4’[ Update liquid phase properties: Tyiq, Vyig, 71, i gy and /g ]

New properties of gas and l
liquid.

+mole amount: 12, and
*composition: y;,and x;;
*volume : Vgy and Viq

* temperature: Ty, and Tjq
* pressure: P,

[ Update gas phase properties: Ty, Voas, Mgas, Vigas a0d Py ]

¥

Gas condensation ?

Fig. 5. Flowchart showing the modelling of one tank and
named TankSim.

Y

5. Compute the new volume of the gas phase as follows:

Np

Vg = Vtank - Vliq - Z (Ndndvrmd)y (52)

L=1

where V..« is the tank total volume.

6. Calculate the gas pressure using the PR-EoS with the
new temperature, volume and composition values.

7. If the gas phase is condensed, compute the properties of
gas and condensed liquid with the PR-EoS. We then
update the liquid phase properties using equations
(34), (35) and (37).
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[Input simulation parameters, and set up initial variables ]

l

Call TankSim to get properties of droplet
layers, liquid phase and gas phase for each
tank:

edroplet layers: Ty x; g 1g 79 g 6, and liy
*Liquid phase: T, Vyiq, iig, Xitigy and /g
*Gas phase: Toes Vs Mgas Vigas and Py

Y ; N l -
Generate a new layer < Time to genellae;teerg new droplet

compute the equilibrations of tanks

]

Last simulation step?
lY

[ Output results

—| step = step + 1 N

—

Fig. 6. Flowchart of the master program.

Diameter of droplet / mm
=)

4 T T
0 20 40 60

Time after spraying /s

Fig. 7. An example case in which the droplet size is decreasing
(due to evaporation). Temperature of gas = 173.15 K, temper-
ature of droplet = 113.15 K, gas composition: 99%
methane + 0.5% ethane + 0.5% nitrogen, droplet composition:
99.9% methane + 0.05% ethane + 0.05% nitrogen.

The algorithm for updating the properties of liquid and
gas in the tank is summarized in Figure 5.

4.3 Modelling overview

The algorithm for the master simulation program is shown
in Figure 6. The sequence is as follows:

1. Set up the parameters and the initial values of the
simulation: time step, time interval of one droplet
layer, volume of tank; height of tank; number of
sprayers; sprayers orientation; diameter of sprayer’s
circular orifice; size of droplet; volume flow rate of

10
£
E s
5
=3
=]
L)
=
.
=]
o
£ o
£
8
a
4 T T T T T

0 10 20 30 40 50 60
Time after spraying / s

Fig. 8. An example case in which the droplet size is increasing.
Temperature of gas = 183.15 K, temperature of droplet =
103.15 K, gas composition: 9% methane + 80% ethane + 11%
nitrogen, droplet composition: 19% methane + 80% ethane + 1%
nitrogen.

Diameter of droplet / mm
=)

4 T T
0 20 40 60

Time after spraying /s

Fig. 9. An example case in which the droplet size is constant.
Temperature of gas = 113.15 K, temperature of droplet =
113.15 K, gas composition: 99% methane -+ 0.5% ethane + 0.5%
nitrogen, droplet composition: 94% methane + 5.9% ethane +
0.1% nitrogen.

droplets; volume of liquid phase in tank; volume of
gas phase in tank; liquid level in tank; pressure in
the tank; gas temperature; liquid temperature;
number of components; gas and liquid compositions;
number of droplets in each layer (computed from
number of sprayers, volume flow rate and diameter
of droplets, and time interval of one droplet layer);
and initial velocity (determined by volume flow rate
of droplets and diameter of sprayer’s circular orifice),
motion angle (depending on sprayers orientation),
radius, height, temperature, mole amount and compo-
sitions of droplet in first layer.

2. Compute the properties of the gas, the liquid and the
spray droplets tank by tank, following the instructions
given in Section 4.2.
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(2)

2 150

~

gas

120

0 1000 2000 3000
Time of spraying /s

1.1

(b)

/ bar
=]
N-J

gas

P

0.7

T T T
0 1000 2000 3000
Time of spraying /s

Fig. 10. Simulated gas phase temperature and pressure versus spraying time for an example case.

3. At each fixed time interval (Afj,yer), generate a new
droplet layer (please note that the new droplet’s ini-
tial velocity, motion angle, size, and height are deter-
mined by the parameters of sprayer and tank, and are
therefore fixed during simulation, however its temper-
ature, mole amount and compositions are changed
with the updated properties of spraying liquid).

4. Compute the equilibrations between tanks, if more
than one tank is included in the spraying process.

5. Check the spraying time. If the spraying is not
finished, go to the next simulation time-step.

5 Results
5.1 Size changes of the falling droplets

Depending on the initial conditions (such as bulk gas pres-
sure, temperature and composition, droplet temperature
and composition), the size of a sprayed droplet may
decrease, remain constant or increase as it falls. A typical
example showing the partial vaporization of a liquid droplet
during spraying (falling inside a hotter gaseous environ-
ment) is shown in Figure 7. Conversely, the gas phase may
condense onto a sprayed droplet, making it increase in size.
An example is shown in Figure 8. As this figure shows, the
droplet increases in size during the first 10 s of its fall before
becoming almost constant as the droplet and the gas phase
reach an equilibrium. Finally, if the droplet and the bulk gas
phase are close to the equilibrium condition when the spray-
ing starts, the size of this sprayed droplet remains almost
constant during its fall, as shown in Figure 9.

5.2 Example case of spraying process

An example of simulated gas phase pressure and tempera-
ture variations over time is presented in Figure 10. For this
simulation, only the effect on the vapour phase has been
modelled: no heat ingress from the surrounding environ-

ment has been considered. As expected, the pressure and
temperature of the gas phase decrease during the spraying
process.

This example highlights the usefulness of the spraying
process for cooling down a liquid-gas system made up of a
cold liquid phase and a hot gas phase. The tool we propose
is capable of predicting the kinetics of a cooling process and
could be used to automatically control the temperature of a
LNG tank during a laden voyage.

6 Conclusion

This paper was intended to address a relatively complex
scenario that occurs in a cryogenic process where the cooling
phase consists of drops of a highly vaporizable, multi-
component liquid that are sprayed into the gaseous environ-
ment they cool and evaporate during their fall. The
proposed approach offers an overall simulation of all the
thermal and kinetic aspects of this process, using a set of
numerical methods combined with physics and thermody-
namics matching the low temperature conditions. Such
model describing the evaporation multi-component falling
droplet enables the computation of the mass and heat
exchanges between the droplet and the gas phase. This sim-
ulation allows the prediction of the properties of the gas and
liquid phases in the tank during the spraying process.

The complete simulation algorithm that has been
developed can be of interest to the Oil and Gas community
facing similar heat and mass transfer within low tempera-
ture conditions.
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