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MODEL OF A MULTI-COMPONENT LIQUID POOL EVAPORATION FORMED DUE
TO ACCIDENTAL SPILLS

Quantitative analysis and assessment of a technogenic risk imply a thorough study of the
emergency process at the level of phenomenology. In such of a study, mathematical models of the
physical and chemical processes of the hazardous substance formation in the surrounding space are
involved. The occurrence and influence of the damaging factors on recipients, such as people, the
environment, buildings and equipment, must be assessed. One of the most common scenarios for the
formation of a hazardous substance in the environment is spillage of a liquid phase, often of a
multicomponent composition, onto the earth's surface. The subsequent evaporation of a hazardous
substance is a key factor in the formation of an explosive, flammable or toxic cloud. Therefore, it is
extremely important to correctly assess the intensity of the hazardous substance release into the
environment.

This study presents a mathematical model for the evaporation of a multicomponent liquid from the
surface of an emergency spill. It considers various energy influxes that affect the evaporation process

(atmospheric air heat, underlying surface heat, radiation from the sun). The effect of cooling due to
evaporation is taken into account. The developed model considers the influence of the liquid phase
composition on the evaporation process. A comparative analysis of the simulation results was made using
the published experimental data on the mixture of a cryogenic liquid (nitrogen) and liquids under non-
boiling conditions such as ethanol and cyclohexane evaporation process. The results of the comparison

showed the model’s applicability in the field of quantitative risk analysis and assessment. The
possibilities of improving the multicomponent liquid pool evaporation mathematical model are presented.
Keywords: evaporation, multicomponent mixture, model, phase equilibrium, heat flow,

hydrocarbons, cryogenic substance, ethanol

Problem statement. Due to the increase in the number of chemical, petrochemical and other
hazardous industries, as well as the constant development of technologies, more and more attention is
paid to the issues of reducing industrial risks using risk analysis and risk management tools.

The risk-based approach implies not only logic-probabilistic modeling, designed to assess the
probability of a certain accident scenario, but also an assessment of all the possible accident scenarios
consequences [1 — 2]. The assessment of the consequences is carried out with mathematical modeling of
the physical and chemical processes of the damaging factors formation, as they can be a direct threat to
people, nature, industrial equipment, buildings and structures.

One of the most common types of accidents at the chemical and petrochemical plants is
depressurization of the equipment. It is often followed by the release of a flammable, explosive or toxic
liquid, which leads to the formation of a liquid phase spill. The liquid spill consequence is evaporation of
the liquid, followed by formation, movement and dispersion of a toxic, flammable or explosive cloud.
The evaporation rate of the liquid pool is a key factor in assessing the consequences of a substance release
into the environment. It determines the degree of damage to people, flora and fauna as a result of an
explosion of a fuel-air mixture, thermal radiation from a fire, or toxic effects [3-6].

Thus, an adequate determination of the evaporation dynamics of the liquid pool is a basic task of
the quantitative risk assessment [7-8].

Almost all recommended normative methods are rather simplified and do not consider the
possibility of a multicomponent mixture evaporation, the change in the mixture composition over time
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and its effect on its physicochemical properties, which affects the modeling accuracy. As an example, the
formula for the intensity of evaporation given in the new Ukrainian standard corresponds to the stationary
regime, where the intensity of evaporation does not depend on time, composition of the liquid pool or
heat fluxes from the environment [2]. No validation using experimental data has been provided, which
makes it impossible to evaluate the liquid pool evaporation model’s adequacy, as proposed in the
standards. This implies certain discrepancy between the real liquid pool evaporation data and the model
results.

It is essential to develop a liquid pool evaporation model that accounts the influence of the liquid
pool composition, heat flows from ground, air and Sun, to the evaporating rate. The model should be
validated using the experimental data available and be applicable for the quantitative risk assessment.

Methods and materials. The model below takes into account the following:

1) ho << d, where ho, d [m] are the initial liquid pool thickness and diameter;

2) energy fluxes affecting the evaporation process - heat flux from the atmospheric air, from the
soil (underlying surface), radiation flux from the Sun (completely absorbed by the liquid phase);

3) heat exchange between the liquid pool and the environment through the lateral surface of the
pool is neglected (due to 1);

4) the liquid temperature is uniform and throughout the entire liquid layer, which corresponds to
complete and rapid mixing (due to 1);

5) the mathematical model treats the time dependence of the liquid phase composition and the
mixture properties, as a result of the evaporation process;

6) the model considers the temperature dependence of the mixture components physical properties.

The mixture components physical properties were determined in accordance with [9].

The physical properties of the mixture were determined as follows.

Molecular weight [kg/mol]:

Mmix = Z{V=0 xiMi (1)
The heat capacity at constant pressure [J/(mol-K)]:
CpL_mix = Z{V=0 xicli)L (2)
Density [kg/m?]:
— Mmix 3
PL_mix = vazoziMl ( )
The latent heat of evaporation [J/mol]:
Lv_mix = ZN x Li (4)
i=0 i v
Saturated vapor pressure [Pa]:
Psv_mix = ZN x Pi (5)
i=0 i sv

The diffusion coefficient of vapor into air [m%s]:
Dv_mix = ZN x Di (6)
i=01 v

where: X; is the mole fraction of the i-th component of the mixture [mol/mol]; (N+1) is the number
of components of the mixture.

Mathematical description of the conservation equations

For simplicity, the mix index is omitted for the liquid mixture physical parameters (i.e. Dy mix—Dv).

Heat balance and mass balance equations are described below [3]:

dthorColD) _ yp +H +H —q L ()
dt s a sr Vm v
dh _ _av (8)
dt oL

where: h — thickness of the liquid pool [m]; Cp. — heat capacity of the liquid mixture [J/(kg-K)]; pL —
density [kg/m®]; L, — latent heat of evaporation [J/kg]; T — temperature [K]; Hs — ground-liquid heat
flux [J/(m?-s)]; Ha — air-liquid heat flux [J/(m?-s)]; Hsr — heat flux of solar radiation [J/(m*-s)];
Ov_m — Mass evaporation rate [kg/(m?-s)].
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Molar rate of evaporation:
dNmot __ .S (9)

dt VUmol

where: Nmoi — amount of substance [mol]; t — time [s]; qv_mo — pool surface evaporation rate
[mol/(m?:s)].

Mass balance for i-th component:

_Lmol xl)- q - S . y (10)
dt VUmol 1

where: x; — molar part of i-th component in liquid phase (LP); yi — molar part of i-th component in gas
phase (GP).

Let's rewrite an equation (10):

dxi

N + x dNmol — Sy (11)
mol g4 i g Vmol i
Substitution of (9) in (11) gives:
dx; QV
Bty )=o) (12)
dc Nmal i i h oL i i
According to Rault's law (gas/liquid equilibrium is considered) [11]:
Pi(T) = By (T) - x; (13)

where: T — temperature [K]; Pi(T) — i-th component partial pressure [Pa]; Ps/'(T) — pressure [Pa]
of the i-th component saturated vapor.

The pressure of saturated vapor at a given temperature is determined by the Antoine equation,
which is a common practice.

The Dalton equation [11]:

Pi(T) = Peoe(T) - yi (14)

where: Pyot(T) — total pressure [Pa] of the GP.
The total pressure [Pa] of the GP:

Pioe(T) = XLy Pi(T) (15)

where: Pi(T) — i-th component partial pressure [Pa].
Equations (14) and (15) imply that [12]:

Ly =—h0 (16)
e P

Equations (13) and (16) imply that:
yi=__ b “xi = ki(T) - x; (17)
Yo (Pl (T)-xi)
where: ki(T) — is the distribution coefficient of the substance between GP and LP.
From (12), considering (17), follows, that:

4% _ vmot “(x -k (T) x)= (x -k (T)- x) (18)
dt Nmol i i h oL i i

In the order to correctly choose the evaporation rate formula it is important to check the presence of
the boiling process of the mixture every moment of the modeling time.

It is known that boiling is an intense process of evaporation, which occurs if evaporating mixture’s
saturated vapors’ pressure is equal or exceeds atmospheric pressure [3].

The boiling point Ty, [K] of a mixture at atmospheric pressure could be determined from:

Pe=%N xPi (T) (19)
i=0 i sv

Heat flux from the ground

The heat influx Hs [J/(m?-s)] from the soil can be determined as follows.

Consider the one-dimensional problem of heat conduction:
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6T _ 6T (20)

6t S ‘6x2
where: T(x, t) — soil temperature [K] at a certain depth x [m] and time t [s]; as — soil coefficient of
thermal diffusivity.
Initial conditions:
T(x,0) =T, x [0 Ly (21)
Boundary conditions:

where: Ts — soil temperature [K] at the depth Ls [m]; T, — temperature [K] of the
evaporating pool; Ls — soil depth [m] where the temperature remains constant.

Consider Ls=10ho, where hq is the evaporating pool initial depth [m].

The heat influx from the soil to the pool:

6T(0,t)
q(t) = As" —ex— (23)
The heat flux Ha [W/m?] from the atmosphere is determined by the formulas [3]:
Pr, =" (24)
(247
Re = "¢
N (25)
1
Nu = 0.037 - Pr3 - Re08 (26)
kg = Nu-~ 27)
Ha = ka(Ta_ T) (28)

where: uq — air kinematic viscosity [m?/s]; aq — air thermal diffusivity [m?/s]; ua — wind speed
[m/s] at 10 m height; d — pool diameter [m]; 1a — air thermal conductivity [W/(m-K)]; ka — heat
transfer coefficient [W/(m?-K)]; Ta — air temperature [K]; T — evaporating pool temperature [K];
Pra — air Prandtl number; Re — air Reynolds number; Nu — air Nusselt number.

Note: the coefficients u, Dy, Aa, Ka, Pra, Re, Nu are calculated for the average temperature
Tmie=0.5-(Ta+T) [13].

Evaporation rate

The evaporation mass rate [kg/(m?-s)] is determined by the formulas [3]:

Ky = Cpy - ul78 - d=0-11. 5067 (29)
Sc =" (30)
Dy
By
qv,, = kn = RT (31)

where: Crn=0.004786 — constant; ua — wind speed [m/s] at 10 m height; d — evaporating pool
diameter [m]; Sc — Schmidt number; Psy — evaporating substance saturated vapor pressure [Pa];
M — evaporating substance molecular weight [kg/mol]; R=8.314 — gas constant [J/(mol-K)]; T —
evaporating pool temperature [K].

The evaporation mass rate [kg/(m?-s)] for a boiling liquid is determined by the formula [3]:

_ Hs(Tp)+Ha(Tp)+Hsr
Vm Ly(Tp) (32)
The molar evaporation rate:
qvm
qvmol = M (33)
The molar evaporation rate of the i-th component:

Vmol i Umol
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The evaporation molar rate of the i-th component from the total surface of liquid pool:
¢ =5Xq (35)

Vmolg 1 VUmol

where: S — evaporating surface area [m?] of the pool.

Results and discussion. To validate the model, 2 series of computational experiments have been
performed. The first series — evaporation of a cryogenic liquid (liquid nitrogen) in boiling regime. The
second series — evaporation of organic substances such as ethanol and cyclohexane in non-boiling regime.

Evaporation of the liquefied nitrogen. To check the adequacy of the considered numerical model,
the simulation results were compared with the experimental data for cryogenic boiling liquid presented in
[13].

The experiment was carried out with liquid nitrogen (LN2) spilled on the polystyrene. The inner
size of the box was 0.48 m x 0.48 m x 0.1 m [13]. The thickness of the walls and base is 0.15 m. The box
was completely made of polystyrene, so the heat loss throughout the walls is neglectable due to small
thermal conductivity of the polystyrene. The base and walls of box were equipped with built-in
thermocouples. To supply LN2 into the polystyrene box an outlet pipe was used. Analysis started after the
filling was stopped. The box itself was positioned in a wind tunnel 2.04 m wide, 0.855 m high and 12 m
long, which was specially designed to isolate the box from natural wind and provide a controlled and
stable airflow. The initial data of the evaporation of liquid nitrogen experiment are presented below
(Table).

Table
Initial data of experimental evaporation of cryogenic liquid (nitrogen)
Parameter S[)yirrnnzﬂls?onr? Value
Air temperature Ta [K] 309
Atmospheric pressure Pa, [Pa] 101325
Wind speed at 10 m height Ua, [m/sec] 6.2
Kinematic viscosity of air at .
defined air tempera){ture va, [m/sec] 1638-10°
Heat conductivity of air Aa, [W/(K'm)] 0.027
Insolation flux Hsr, [W/mM?] 0
Heat conductivity of the ground As, [W/(m'K)] No heat exchange with ground
Thermal diffusivity of the ground as, [m?/sec] No heat exchange with ground
Temperature of the ground Ts, [K] No heat exchange with ground
Area of liquid spill S, [m?] 0.23
Initial temperature of liquid pool To, [K] g?rgggggszgrg;ﬁgf nitrogen at
Initial thickness of liquid pool ho, [M] 0.08
Liquid pool composition Xo, [molar parts] (100% nitrogen)
Duration of experiment tn, [sec] 600

Next considerations and preparations have been made:

e in the model, the heat flux from the underlying surface Hs = 0 due to the use of the heat-
insulating material of evaporating box during the experimental study;

¢ the wind speed at the height h = 10 m has been obtained via calculation using experimental
value of the wind speed u, = 2.99 m/s at a height h = 0.305 m. The method presented in [14] has been
used;

¢ the initial thickness of the pool has been obtained using initial mass in the pool mg = 14.69 kg
and evaporating pool geometry;

¢ the nitrogen coefficient of diffusion into the air has been obtained for the mixture "nitrogen -
oxygen" according to [15].

The model slightly underestimates the evaporation rate for a cryogenic liquid during boiling
process (see Fig. 1). After 600 seconds, the amount of nitrogen evaporated was 2.88 kg, while the model
predicted 2.066 kg of evaporated nitrogen. The evaporation rate according to the model is approximately
1.39 times less than the evaporation rate according to the experiment. In this case, evaporation model
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should be applied for risk assessment with caution. Possible underestimation of evaporation rate should
be taken into account.

numerical model

+ & & 2yperiment

150 300 450 600
t

time, s

Fig.1. Time dependence of liquid pool mass (m(t) — simulation data, m_exp(t) — experimental data)

The temperature of the pool, calculated according to the model, is in full agreement with the
temperature of the pool, measured during the experiment (see Fig. 2). Both of the temperatures are equal
to the boiling point of pure nitrogen at atmospheric pressure.

154

numerical model
e o e experiment

115.5

T_(t)

4
T_exp(t)

temperature, K

38.5

0 150 300 450 600
t
time, s
Fig. 2. Time dependence of liquid pool temperature (T(t) — simulation data,
T_exp(t) — experimental data)

Evaporation of the ethanol and cyclohexane in non-boiling regime. To validate the model in the
case of organic substances evaporation in non-boiling regime, the comparison with experimental data has
been made [7].

Evaporation experiments with ethanol and cyclohexane in basin were carried out. The diameter of
basin is 0.74 m. An open-air non-built-up environment were investigated. The basin was heated up via a
water-heated heating coil and the evaporating mass flow was determined by weighing the liquid content
before and after the experiment in correlation to the duration of the experiment. Two K-type
thermocouples were placed in the liquid, one near the interphase and one at the bottom of the basin. The
average of both temperatures was used as the liquid temperature [7].

The wind speed at 10 m height were provided by the German meteorological services from a
measuring station on the site [7].

The results of the comparison of developed model and experimental data for ethanol evaporation at
different temperatures and wind speeds are presented on figures 3, 4, 5.
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Fig. 3. Wind speed dependence of evaporation rate (Ethanol, 303K)
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Fig. 4. Wind speed dependence of evaporation rate (Ethanol, 310K)
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Fig. 5. Wind speed dependence of evaporation rate (Ethanol, 317K)

The results of the comparison of developed model and experimental data for cyclohexane
evaporation at different temperatures and wind speeds are presented on figures 6, 7, 8.
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Fig. 6. Wind speed dependence of evaporation rate (Cyclohexane, 303K)
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Fig. 7. Wind speed dependence of evaporation rate (Cyclohexane, 310K)
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Fig.8. Wind speed dependence of evaporation rate (Cyclohexane, 317K)

Almost the same declination angle of linear dependence for both experimental and numerical
model data (see Fig. 5 and Fig. 8) has been observed.

The model slightly overestimates evaporation rate for both ethanol and cyclohexane which is
conservative approach. So the model could be applied in the field of quantitative risk assessment.
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Although there are small-scale experimental data, applicable for model validation, there is still no
large-scale experimental set-ups close to real liquid spills which occur during industrial accidents. The
opinion about possible different behavior large-scale pools evaporation process was also concluded in [7].

The other significant problem is an absence of sufficient experimental data for evaporation of
multi-component pools.

Conclusions. Quantitative risk analysis and assessment require application of reliable, validated,
up-to-date models. One of the most significant accidental processes is liquid pool evaporation formed due
to depressurization of factory reactors, vessels, compressors, etc. It is essential to be able to consider
multi-component composition of liquid pool as it is most common appearance in practice.

In this work, a model for the evaporation of a spill of a multicomponent liquid phase has been
developed. The evaporation process is modeled considering heat exchange of evaporating pool with the
Sun, soil and air as well as the effect of cooling due to evaporation. The model considers time dependence
of the liquid phase mixture composition during evaporation process. The model is relatively easy to
implement by process safety or ecology safety specialists.

A comparative analysis of the model and available published experimental data has been made.

In the first series of tests, the evaporation of a cryogenic liquid (pure nitrogen) has been simulated.
The liquid was spilled inside of a heat-insulated box; there was no solar radiation influence; the air
temperature and wind speed were known. The evaporation rate according to the model is approximately
1.39 times less than the evaporation rate according to the experiment. Thus careful application of
evaporation model for risk assessment of cryogenic liquids is required. Possible underestimation of
evaporation rate should be taken into account. The numerical experiment showed excellent agreement
between simulated pool temperature and experimental temperature measurements.

In the second series of experimental tests, the evaporation of ethanol and cyclohexane during non-
boiling conditions has been simulated. Wind speed dependence of evaporating rate has been obtained.
There is similar behavior for both of humerical simulation and experimental data. The best similarity was
observed at 317 K for both of ethanol and cyclohexane evaporating pools.

Considering the results of validation made for liquid nitrogen, ethanol and cyclohexane, developed
model can be applied in the field of numerical risk assessment taking into account slight underestimation
for cryogenic boiling spills.
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2 Hayxosuii yenmp 00criodcents pusuxie Pusukon

MOJEJIb BUITAPOBYBAHHSA BATATOKOMIIOHEHTHOT O PO3JIUBY
C®OPMOBAHOI'O Y PE3YJILTATI ABAPII

KinbkicHi aHaji3 Ta OIIHKA TEXHOICHHOTO PHU3HMKY IPOMHUCIOBOrO O0’€KTa MarTh Ha METI
OOUHUCIICHHSI KUIBKICHUX IIOKa3HUKIB PU3UKY 1 iX 3MCHLICHHS 10 IPUHHATHUX BEIMYMH. Y IPOLEC TaKOro
JOCITI/DKEHHS 3aJTy4aroThesl MaTeMaTHYHI Mojieli (Di3MKO-XiMIYHUX TporieciB (opMyBaHHS HEOE3NMEUHOT
PEUOBMHH B HABKOIMITHEOMY MPOCTOpi, BUHUKHEHHS Ta BIUIMBY (AKTOpiB, MIO Bpa)awTh, Ha
perutieHTiB. PeruimieHTaMu € JTIOAW, HABKOJHUIIMHE CEpeloBHINEG, OyAiBiai Ta oOmamHanHs. OmHUM i3
HaHIOMIMPEHIUX clieHapiiB (GopMyBaHHsS HEOE3MEUYHOI PEUOBHHU Y HABKOJHUIIHBOMY CEPEIOBHUIII €
BUTIK piaKoi ¢a3u 4acTo 6araTOKOMIIOHEHTHOT'O CKJIay Ha MOBEpXHIO 3eMiti. Ilomanpine BUITapoByBaHHS
HeOe3MmeuyHol PEYOBMHM 3 TIOBEPXHI PO3JIMBY CHPUYMHIOE (HOpMyBaHHS BHOYXOHEOE3ICUHOT,
MTOKEKOHEOE3MeTHOi a00 TOKCHYHOI XMapw. ToMy BaKJIMBO KOPEKTHO OIIHIOBAaTH I1HTCHCHBHICTH
HaJIXO/DKCHHSI HEOE3MEeYHOI PEUYOBHHU Yy JOBKULISA, BPAXOBYIOUHM OaraTOKOMIIOHGHTHHH CKJIQJ CYMIITi
PO3THBY.

Y  ngaHoMy — JOCHIIDKEHHI — TIpEJICTaBieHa  MaTeMaTH4Ha  MOJEib BUTIAPOBYBaHHS
0araToOKOMIIOHEHTHOI PIAMHA 3 TIOBEPXHI aBapiifHOTO PO3NUBY 3 ypaxyBaHHSIM 30BHIIIHIX €HEPreTHYHUX
MOTOKIB, IO BIUIMBAaIOTh HA TPOIEC BHIAPOBYBaHHS (TEIJIOBUU TOTIK Bim aTMoc(epHOro IOBITPA,
TEIJIOBUH TIOTIK BiJ TIOBEPXHi, IO MIiACTHJIAE, pamialliiHWA IOTIK Bix COHIT). BpaxoBaHo edekt
OXOJNIO/DKCHHSI 32 PaxyHOK BHIApOBYBaHHs. Po3poOiieHa Mojenb BpaxoBYye B3aEMHUH  BIUIMB
KOMIIOHEHTHOT'O CKJIaay PiAKoi (ha3u Ta mporiecy BUIapoByBaHHA. byio 3/1iliCHEHO MOPIBHITEHUHN aHAaITi3
pe3yabTaTIB MOMIEIIOBAHHS 3 OIYOJIKOBAaHUMH E€KCIIEpUMEHTAIbHUMH JaHUMH TIPOIIECiB BUTIAPOBYBAHHSA
PO3NHUBIB a30Ty, €TAHONY 1 IUKJIOTeKCaHy. Pe3ynpTaT MOPIBHSAHHS MMOKA3aId MOXUINBICTh 3aCTOCYBAHHS
MOJIENTl BUIAPOBYBaHHS PO3IUBY B OOJACTI aHaNi3y Ta OILIHKA PU3HWKY, a TAaKOX BHSABWIN IUIAXH
BJIOCKOHAJICHHSI MATEMATHYHOI MOJICITI.

KarouoBi cioBa: BumapoByBaHHS, 0araTOKOMIIOHEHTHa CyMilll, Moneib, (pa3oBa piBHOBara,
TEIUTOBUH TIOTIK, BYTJIEBO/IHI, KPIOT€HHA PEYOBHHA, €TAHOI
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