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Analysis of selected aspects of a tank gassing-up

process on board liquefied petroleum gas carrier.
Part 1

AGNIESZKA WIECZOREK™

Gdynia Maritime University, Morska 81-87, 81-225 Gdynia, Poland

Abstract The paper is a thermodynamics analysis of the removal of
any inert gas from the tank using the vapors of any liquefied petroleum gas
cargo (called cargo tank gassing-up operation). For this purpose, a ther-
modynamic model was created which considers two boundary cases of this
process. The first is a ‘piston pushing’ of inert gas using liquefied petroleum
gas vapour. The second case is complete mixing of both gases and removal
the mixture from the tank to the atmosphere until desired concentration
or amount of liquefied petroleum gas cargo in the tank is reached. Calcula-
tions make it possible to determine the amount of a gas used to complete
the operation and its loss incurred as a result of total mixing of both gases.

Keywords: convective heat transfer; Reynolds number; nanofluid; single wall carbon
nanotube SWCNT; laminar flow

Nomenclature
CE — gas E concentration in tank at any moment of filling
Ccoute — gas E concentration in the tank
CpE — gas E specific heat at a constant pressure, J/kgK
cpine  — gas E introduced to the tank specific heat at a constant pressure
Co —  specific heat at constant volume
CvA — gas A specific heat at constant volume, J/kgK,
CvE —  specific heat at constant volume
C — any constant of mg function
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change of a gas E mass, kg

gas E introduced to the tank change, kg
change of a gas mass in tank, kg

change of tank pressure, Pa

time rate increase, s

change of time for gas A, s

change of internal space energy, J/kg
change of internal energy of gas E, J/kg

area cross section of a pipe introducing gas E to the tank, m?
area, cross section of a pipe removing a gas mixture from the tank, m?

enthalpy, J/kg

enthalpy of a gas E introduced to the tank, J/kg
enthalpy of a gas mixture removing from the tank, J/kg

work done flux, W
mass, kg

gas A mass in the tank at any moment of filling, kg
gas E mass in the tank at any moment of filling, kg
gas E mass introduced to the tank during stage I

gas E mass introduced to the tank, kg
gas E loss, kg
total gas mass used to gassing-up process, kg

both gas mass in the tank at any moment of filling, kg

mass flow, kg/s

mass flow of gas E introduced to the tank, kg/s
mass flow of gas removing from the tank, kg/s
heat flux supplied to the system, W

pressure, Pa

gas A pressure, Pa

atmospheric pressure, Pa

gas E pressure, Pa

gas E pressure introduced to the tank, Pa
tank pressure, Pa

gas A individual constant, kJ/kg

gas E individual constant, kJ/kg

individual gas constant, kJ/kg

temperature, K

gas A temperature in the tank, K

gas E temperature introduced to the tank, K
tank temperature at any moment of filling, K
energy, J/kg

gas A energy in tank, J

gas E energy in tank, J

tank energy, J

gas A specific volume, m?®/kg

gas B introducing to the tank specific volume, m?® /kg

volume, m?

tank volume, m®
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Greek symbols

ka — gas A adiabat exponent

ke — gas E adiabatic exponent

I — ratio of the stream narrowing

P —  value of a flow cross section function

T —  time, s

i —  time of the operation including pressure increase by the use of gas E, s

1 Introduction

Liquefied petroleum gas (LPG) gas carriers are used to transport lique-
fied gases. Depending on the temperature value and pressure at which in-
dividual cargo should be transported, gas carriers are divided into three
groups: fully refrigerated ships that carry cargo at ambient temperature,
semi-pressurised vessels and vessels carrying cargo at atmospheric pres-
sure, which allow transport of cargo with temperatures down to minus
104°C (169 K), slightly below ethylene boiling point at atmospheric pres-
sure [5].

The most important loading operations are the aerating of tanks and
their inerting, which is preparation for the gassing-up process. Before carry-
ing out cargo operations, for specific loads, each tank must undergo a visual
inspection. The condition of the material is checked for possible presence of
corrosion or cracks in the bottom of the tank, cleanliness and correctness of
protection of all equipment elements in the tank. Also check that there is no
water on the bottom of the tank. When the visual inspection is completed,
tanks must be sealed and the inerting operation by the use of nitrogen or
carbon dioxide can be started [1].

Inverting is an operation to create an inert atmosphere in the tank and all
pipelines (without oxygen) to avoid creating an explosive mixture between
a cargo and the oxygen. This procedure is performed before each cargo is
loaded. The required oxygen level is achieved by flushing the tanks with
inert gas, such as nitrogen or carbon dioxide, which can be delivered from
the shore or generated on the ship, e.g., using the pressure swing adsorption
(PSA) installation. The compressor draws in and compresses air, which
after preliminary drying and cleaning passes through membrane modules
dividing the air into two parts, nitrogen and oxygen mixed with other gases.
Nitrogen thus obtained with a purity up to 99.9 vol% is introduced into
tanks during inerting of cargo tanks [9].
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None of the gases being an inert gas that can be used on ships, nitro-
gen or carbon dioxide, can be liquefied by the ship’s reliquefaction plant.
Therefore, it is necessary to remove an inert gas from the cargo tank. This
possibility is provided by the operation of gassing-up — introducing cargo
vapour to the tank removing inert gas at the same time, carried out at am-
bient temperature. Inappropriate inert gas removal causes an emergency
stop of the cargo compressors due to too high condensing pressure of a gas
mixture. In order to solve the problem, thermodynamics model of gassing-
up operation after inerting the tank was built [3,8].

2 Theoretical computational model — tank
gassing-up by the use of cargo vapour

2.1 Outline of the model

The purpose of calculation model is to determine the optimal technical pa-
rameters at which gassing-up should be carried out, the amount of cargo
used in relation to various temperatures and pressures in the tank, cargo
loss of gassing-up, and thus, the elimination of additional cargo loss during
tank cooling caused by improper gassing-up process, as well as to deter-
mine the time the operation will be carried out. The model consists of two
stages. The first stage is to introduce the cargo vapours (gas E) into a
tank filled with inert gas (gas A). Gas A is under specified technical pa-
rameters, i.e. pressure and temperature. Gas E is introduced into the tank
with a defined mass flow until the desired pressure in the tank is reached.
The second stage is the removal of gas A from the tank (completely or up
to a certain concentration/a mass of gas E). Two cases of the second stage
were considered, i.e. ‘piston ejection’ of gas A using gas E and complete
mixing of both gases and removal the mixture from the tank until desired
concentration or mass of gas E in the tank is achieved (Fig. 1).

2.2 Filling the tank beneath the inert gas with cargo
vapour to the set pressure in the tank

Due to the fact that the analyzed system takes or releases the substance
outside, the tank is considered as an open system. In accordance with the
first law of thermodynamics, which states that the rate of internal energy
change of the system, AU, is equal to the sum of the rate of heat supplied,
Q, and the power in the system, L. The equation of the considered system
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STAGE 0 STAGE | STAGE Il
"piston pushing”

gas A

gasA+gasE gasE
gas E
gas A gas A o
total mixing

gas A+gasE

Figure 1: Stages and assumptions of the gassing-up computational model, filling the tank
with gas E and removing gas A by ‘piston pushing’ and total mixing of both
gases.

taking into account the energy change in the function of time for open
system takes the following form [6,7]:

=3 (k) — 3 )+ Q — I 1)

The isothermal model is taken into consideration. It assumes that in the
first stage, i.e., filling with gas E the tank under atmosphere of gas A to
the set pressure in the tank p,. The system does not release the substance
outside, and no work is carried out. According to the above, for built model,
formula (1) takes the form

dU
dr Minklink 2)

According to the law of mass conservation [9], the increase of the ethylene
mass in the tank, mg, in the function of time, 7, has the form [2]
dmpg

g = Mank - (3)
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Substituting formula (3) into formula (2) is given:

dUE de

CF g 4
dr dr E (4)
dUg = dmghing . (5)

Because the product of a mass and internal energy for a molar quantity
is equal to the product of specific heat at a constant volume, mass and
temperature [7,11]

mU = ¢,mT, (6)

and internal energy for molar quantity is the product of mass, m, and
internal energy, u, in general [10]

U=mu, (7)

then
U =c,mT, (8)

and after differentiating above equation, differential of total internal energy
yields [4]
For simplicity of calculations, gas A and gas E are considered as ideal gases.

To calculate the differential of internal energy, dU, we use the ideal gas law
(Clapeyron equation) [2]

pV =mR;T. (10)
Eq. (10) is substituted to Eq. (9), to give
inEV
Mineling = p’mRE z ) (11)
E

and finally dUg is received

pinEVz CvE
dUg = cypd = d(pingV) . 12
ECE(RE)RE(pE) (12)
Consequently
Cy
Uy = 2= (dpingVs + pinpdVs) (13)
REg
Because volume of the tanks, V,, is constant and hence pgpdV, = 0, than
dUp = 2Ev.dp, . (14)

REg
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If the enthalpy of ethylene introduced into the tank is equal to

hine = CpineTinE » (15)
then substituting Eq. (15) into Eq. (5) returns

Ug = cpeTinpdmg . (16)
Substituting above formula to Eq. (14) the following is received

CpEnnEde = %‘/zdpz . (17)

Using Dalton’s law, which says that the sum of partial pressures of gases
is equal to the total pressure of the gas mixture in the tank [13], i.e.,

Pz =PE + DA, (18)
after transformation, the formula for the gas E partial pressure is given as
PE =Dz —PA- (19)

Substituting the partial pressure of gas E, pg, into Eq. (17), the following
equation is obtained

Cy
CpEﬂnEdminE = Riivjzd (pz - pA) . (20)

According to the ideal gas law (10), the partial pressure of gas A is

mARATA
pa = AL, (21)
zZ
Equation (20) takes the form
c maRAT A
CpECTinEdminE = RLEVZd (pz - V) ’ (22)
z
and after transformation
CpE V. mARATA>
Timpdmmg = ——d - ). 23
Co inEAMinE RE ( z Vz ( )

Since the k coefficient is equal to the quotient of specific heat at constant
pressure ¢, to specific heat at constant volume, ¢,, [12], the kg coefficient

for ethylene is
CpE

CyE

= KE . (24)
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Equation (23) thus takes the form

V. mARATA>
T’in d inE — d z 5 25
RELnBAinE = R ( V. (25)
and afer transformation
ﬁEﬂnEdm'LnE’ = Edpz - maka dTA (26)
REg REg

Flow rate, r, can be calculated treating throttling in the pipeline as from
the nozzle flow equation. Because the model assumes flow through a con-
stant diameter pipeline, the flow through the de Laval nozzle was assumed
for simplification of calculations, according to the formula [7,12]

. dmpg
mgp —

DinE
T UinE

v (27)

Because value v is given by the formula (26)

2 2 mE+1
b= | [(p>—(p>E] (28)
RE — DinE DinE

the weight differential of ethylene in time is given by the formula

2 Kp+1
dmpg o PinE 2kE Dz kE Pz RE
dr Vine \| K — 1 | \PinE PinE

The formula for the gas E mass increase in the tank is obtained from
Eq. (26) in the form

V. maRa

= — dTy . 30
RekeTingE Pz RekeTinE A (30)

de

Substituting Eq. (30) to Eq. (29) returns the following

Vz % _ m ARA dTA
RpkgTing dv7 RpkpTimg dr

2 2 rp+1
= Hme\/me = ( b )KE - (pz ) ol 31)
Vine\| kg — 1 | \PinE DinE
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To simplify calculations, the isothermal model was adopted, therefore

dT 4
— =0 32
dr ’ (32)
Equation (31) takes the form
V. dp.
RpkpTig dr
2 2 Kp+1
:NfinE DinE KE I:( Dz >"€E . ( Pz > tE ] , (33)
Vvine\| kg —1 | \PinE DinE
RergT;
dpz = wuﬁnE
4

2 mE+1
« DPinE 2kE ( Dz ) "B ( Dz > KE dr . (34)
Vvine\| ke — 1 | \PinE DinE

Substituting the numerically integrated pressure values from Eq. (34) to
Eq. (29), the mass of gas E, m;, g, introduced into the tank is given relative
to time, according to the changing pressure in the tank, p,.
The percentage gas E concentration in the tank is calculated according to
the following formula, obtained by inserting the mass of gas E into Eq. (29):
m

E
= —100%. 35
e mp +ma % ( )

Gas A mass is calculated using the Clapeyron formula

_ PV
B RAT, '

ma

2.3 Removing gas A from the tank filled with gas A
and gas E

According to the model assumptions, the second stage of calculations con-
stitutes of removal of gas A from the tank until required concentration of
E gas in the tank is obtained. In this stage the tank is filling and at the
same time the mixture is removed from the tank. From the mass balance,
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the mass difference of the mixture, m,, in the tank at time 7, can be de-
termined, equal to the quotient of the mass flow rate of gas E introduced
into the tank 71,z and the mass flow rate of the mixture removed from

the tank moutm
dm,

dr
According to the principle of energy conservation [6], the energy of an
isolated system does not change, despite changes taking place in its interior.
The energy balance for the system is written in the form

dUp,
dr
From the transformation of Eq. (37) there can be determined the mass flow
rate

= MinE — Moutm - (37)

= manhan - moutmhoutm . (38)

dm .
MinEg = Tm + Moutm (39)
T
which is next substituted to the energy balance Eq. (38), to give
au, dm ) .
Zmo_ <m + moutm) hmE - moutmhoutm . (40)
dr dr

The internal energy of the mixture is referred to as [12]
U=c,Im. (41)
Total internal energy of the mixture in the tank is
Un=Ug+Ujx. (42)
By developing the above formula the following is given
Uy, = mecogTE +macoaT s . (43)

To simplify the calculations, a model assuming a constant temperature in
the tank has been adopted, i.e., T = T4 = T, with the constant pressure
in the tank p, = const. Differentiating the Eq. (43) by time
dU, d(mgcypT) d(macyaT,
mo_ (EUEE)+(AUAA). (44)
dr dr dr

If the differential of a mass mixture in tank is equal to the sum of differen-
tials of ethylene mass, dmg, and nitrogen mass, dm,4, in tank, i.e.

dmy, =dmpg +dmy, (45)
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after transforming formulas (40) and (44) the following equation is given

dma dm
CvATz? + CvETzTTE =
dm dmy ) .
= thnE + ——hinE + MoutmNinE — MoutmMoutm , (46)
dr dr

which after simplifications reads

(CUATz_hinE) d;niA + (CvETz_hinE) dTniE = moutm (hinE_houtm) . (47)
T dr
The calculation model considers two extreme cases of gas A removal from
cargo tank — ‘piston pushing’ of gas A, without cargo loss (gas E) and
complete mixing of both gases and removing the mixture until the set gas
E concentration in the tank, cg, is achieved.

2.4 ‘Piston pushing’ gas A by the use of gas E

The first case of removal of gas A from the tank is the ‘pushing’ of this gas
by the use of gas E which operates like a piston pushing out gas A from
the tank. For ‘piston pushing’ of gas A from the tank it is assumed that
Moutm = MoutA- Due to the fact that for ‘piston pushing’ of gas A there is
no cargo — gas E loss, then

dmoutE

=0 48
il g, (48)
gas A flow introduced to the tank might be described by the formula
. dm
Ming = TTE s (49)
and nitrogen mass flow removing from the tank
dma
; = 50
MoutA dr ( )
According to above assumptions, Eq. (47) takes the form
dmy .
(CvATz - han) = Moutm (han - houtm) . (51)

dr
By determining the nitrogen mass difference dm 4 from the above formula,
we obtain the equation for changing the mass of gas A in the tank

h'mE - houtm dr (52)

dmA = moutm .
CUAT - hmE
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According to the model assumptions, gas A is removed from the tank to
atmosphere. In addition, the amount of gas we introduce into the tank is
equal to what is removed from the tank, rmj, = Mmew (and hy, = hout)-
Using the formula for the flow rate through the de Laval nozzle [10], it is
possible to determine the increase of the amount of gas A in the tank, dm 4,
in time 7.

For considered case of ‘piston pushing out’ of gas A from the tank, the
formula for gas outflow from the tank to the atmosphere gy, is given in
the form

_2 Em+1
. o Pz 2Km, Patm '\ £m Patm fm
Moutm = ,Ufoutm — -
Um \ Bm — 1 Pz Dz

Substituting the above formula to Eq. (50), we obtain the equation for mass
of gas A in the tank

] . (53)

. han - houtm Dz
dmy = moutm—,ufoutm —
coAT — hing Um,

2 2 km+1
Rm Patm '\ #m Patm rm

— dr. 4
8 Km — 1 [( Dz ) ( Pz ) ‘| T (5 )

By determining fous, from the obtained equation, the cross sectional area
equation of a nozzle through which the gas flows is given

Moyt
foutm = — 5 — (55)
" Pz 26m (patvn)”m . (pahn) wm
Vom \| fm — 1 Dz Dz
Because gas A is pushed out by gas on the principle of a piston, above
equation takes the form

moutA

foutA = (56)

2 KA+l
" Dz 2KA (patrn) A <patm) KA
Voa\l ka—1 bz Pz
Substituting obtained result into the equation for the increase of mass of
gas A in the tank dmy, assuming that Moum = Mouta, the increase in

the amount of gas A in the tank and the time of this operation will be
determined.
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2.5 Removing gas A from the tank with complete mixing
of gas A and gas E

The second extreme case of gas removal from tank A is a complete mixing
of both gases and removal from the tank of the mixture until complete
removal of gas A or until the specified content of gas A in the mixture is
reached.

General equation of gas E increase in the tank dmpg in time 7 can be
determined as

dmpg(T . .
d() = MinE — CoutEMoutm » (57)
-
while the concentration of gas E removed from the tank
mp(T
CoutE — ( ) . (58)
Mm

Due to the large number of unknowns, which are continuously changing
(depending on the concentration of both gases in the tank), the technical
parameters in Eq. (54), i.e., mass flow of the mixture flowing out of the
tank moyutm, enthalpy of this mixture hgyem, its specific volume v, and the
coefficient k,,changing as a function of time 7 to determine the amount
of gas E used for the gassing-up process and the time of carrying out this
operation for the case of complete mixing of both gases, the calculation
model has been significantly simplified. It is assumed, that the mass mixture
in the tank during the process m, is constant and is equal to mass of gas
in the tank after finishing introduction of gas E to gas A to the determined
pressure in tank (stage 0) m4

. — pAV:
* RaTa’

(59)

After substituting the formulas (56) and (57) into Eq. (55), there is obtaine
the linear differential Eq. (62), where for the shortening of the notation we
marked A and B being equal, respectively, i.e.

A=r1iE, (60)
minE
B=—"=. 1
= (61)
Therefore .
"T) | Brip(r) = A. (62)

dr
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After transforming the above equation according to the scheme of solving
differential linear equations [12], we obtain the formula for the mass of
ethylene as a function of time

—Bt Bt gy [ A A —Bt
mp(T)=-e¢ /Ae dr=e +C|==+Ce ™", (63)
B B
where C is any constant, for each real number C function mg fulfil Eq. (62).
The calculation model has been extended by two cases.

2.5.1 Casel

It assumes, that only gas A is in the tank (the pressure in the tank was not
increased by introducing additional gas E, i.e. at the same time the valves
introducing gas E into the tank and removing the mixture of gas A and gas
E from the tank were opened). Therefore, for mg(0) = 0, the constant in
Eq. (63) is having a form

A
C=—-——. 64
= (64)
After substitution (64) to formula (62), mass of gas E in time 7 is equal to
_A ~Bt
mp(r) = (1—eP) (65)

(and the above equation will be mathematically correct for a specific value
meg).

To simplify the calculations, the equation that has been developed as-
sumes performing calculations for a specific (desired) mass of gas E mpg
in the tank after the gassing-up process is completed. After transforming
Eq. (65), it can be calculated the gassing-up time without tank pressure
increase at the beginning

1 B
T:—Eln (1_mEA> . (66)

Knowing the time of gassing-up operation and the mass flow of gas E intro-
duced into the tank, it can be determined the total amount of gas E used
in this process ming and cargo loss my,ssg respectively:

MiotE = MinET , (67)

MiossE = MtotE — ME . (68)
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2.5.2 Case Il

It assumes that a specific amount of E, mpg,, was introduced into the tank
first, which increased the pressure in the tank, then the atmosphere re-
moval valve was opened (the valves were opened, the mixture was removed
from the tank until a certain amount of gas E was received in the tank).
Therefore, for mg(0) = mg,, C from Eq. (62) is

O =mp % (69)

thus 4 4
mis(r) = % + <mEx - B) B, (70)

whereas ) A—mpB
T=3% In (w) : (71)

Taking into account the time during which the pressure in the tank was
increased, the formula will take the form

1 (A—mExB) ME:
—In + — .
B A—mgB MinE

T = (72)
The total amount of gas E used in this process, my.g, and cargo loss,
MiossE, can be calculated by formulas respectively:

MiotE = MinET + MEL (73)

MiossEE = MiotE — ME - (74)

3 Summary

Developed thermodynamic model makes it possible to determine the amount
of cargo used to gassing-up, its loss during the operation, concentration at
any moment of the process, according to temperature and pressure in the
cargo tank and a gas mass flow rate at the inlet and outlet of the tank for
both extreme cases of calculations, i.e. ‘piston pushing’ and total mixing
of inert gas and cargo vapor. Due to too many variables, it is necessary to
make appropriate assumptions in case of total mixing of both gases.
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