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Abstract

The interactive effects of API gravity and storage geometry on the volume re-
tention of selected polar and nonpolar organic liquids (ethanol, methanol,
low-molecular-weight crude oil [LCO], and natural gas liquids [NGL]) were
investigated in this study over 7 days of evaporative storage. The storage sys-
tems used for monitoring the process were shaped into five different geome-
tries (horizontally cylindrical, vertically cylindrical, cuboidal, spherical, and
conical), and the liquids used in this study were characterized by API gravity,
dipole moment, standard enthalpy of vaporization, vapor pressure, and inter-
facial evaporation descriptors. The results showed that liquid retention was
governed by a competitive interplay among volatility, cohesive intermolecular
attraction, gas-phase mass transfer, and vessel geometry. The consistent poor
retention of NGL was attributed to its high API gravity, low effective cohesive
energy, and very high vapor pressure. At the same time, ethanol and LCO ex-
hibited the highest retention due to their lower volatility and greater resistance
to evaporation. The polar compounds showed that ethanol retained more vol-
ume than methanol. However, both compounds have a close range of API
gravities and dipole moments, indicating that the enthalpy of vaporization and
vapor pressure were more decisive than polarity alone. The role of geometry
was enormous as the conical vessel had the highest cumulative retention, while
the spherical vessel had the least. Therefore, short-term storage losses are con-
trolled not by API gravity alone, but by the combined effects of thermody-
namic properties and storage geometry, with clear implications for reducing
evaporation losses and for storage design in the process industries.
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1. Introduction

Evaporative shrinkage leads to volume loss; the rate of volume loss is governed by
both molecular thermodynamics and external mass transfer. API gravity indi-
rectly affects evaporative shrinkage in hydrocarbon liquids by serving as a bulk
indicator of the extent of weight of the liquids, as well as the distribution of volatile
components in the substance. Liquids with higher true vapour pressures with nu-
merous amounts of low boiling components are usually identified with high API
values and have the potential to exhibit greater evaporative shrinkage generally;
evaporative shrinkage of liquids is fundamentally governed by vapour pressure,
composition, temperature, and mass-transfer conditions rather than API gravity
alone [1]-[6].

The polarity influences intermolecular cohesion, enthalpy of vaporisation, va-
pour pressure, and non-ideal phase behaviour, as a result affecting shrinkage in
liquids. Observed shrinkage rate is controlled by gas-phase diffusion, convection,
temperature, and exposed surface area. Dipole moment describes polarity for pure
molecular liquids; though dipole moment does not have a single property for mul-
ticomponent petroleum liquids; for such mixtures, polarity is better described
qualitatively or through bulk properties rather than by one fixed molecular dipole
moment. Studies have shown that polarity is not a stand-alone indicator of evap-
oration shrinkage, but influences it through other factors: cohesive interactions,
non-ideality, and vapor pressure [7]-[10].

Previous studies have provided comprehensive explanations of the effects of
volatility, tank losses, and mass transfer on evaporative shrinkage. However, fewer
studies have emphasized the effects of polarity and API gravity across multiple
storage geometries, as this study will do. This work will evaluate the effects of API
gravities and polarities on the volume reduction of processed organic liquids via
evaporative shrinkage. It will also investigate the dependence of these molecular
thermodynamic parameters on varied headspaces (The exposed liquid-air inter-
facial areas are considered a geometric proxy for the influence of headspaces on

evaporative shrinkage) created by various geometries of storage vessels.

2. Related Works

Studies have examined how the evaporation behaviour of liquid mixtures can be
quantified using a simple, low-cost experimental approach to measure evapora-
tion rates [5]. The paper further shows that evaporation-rate data can be used to
estimate flash point, linking volatility directly to fire and handling safety.

Its contribution is that evaporation kinetics are not only a transport phenome-
non but also a practical safety indicator for storage, handling, and risk assessment

of volatile liquid mixtures.
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Work was carried out on the systematic review of evaporation loss and near-
field diffusion of volatile organic compounds (VOCs) from petrochemical storage
tanks by putting together evidence from 200 English and Chinese publications
published between 1972 and April 2025 [11]. Considered in this review were: eval-
uation of theoretical models, investigation of experimental and numerical meth-
ods, consideration of major influencing factors, and assessment approaches of
losses due to evaporation for tank emissions. This study also considered roof tanks
(floating, internal floating, and dome), whose source composition, toxic/flamma-
ble species, and local diffusion behaviour were examined around the external
tanks under varying wind and obstacle conditions. The core value for this work,
in relation to the present study, is that a clearer understanding of mechanisms of
evaporation and local VOC dispersion is essential for improving loss prevention,
exposure control, and emergency response in petrochemical storage operations.

Studies have developed a numerical calculation method to simulate oil-vapour
diffusion and breathing losses in a dome-roof tank under solar radiation, using n-
hexane as a representative light oil.

It was clarified that the coupled heat- and mass-transfer mechanisms in tank
vapour space show that both breathing loss and loss rate are highest in summer
[12]. Among the findings here was that breathing losses increase with liquid level,
and loss rates varied with the combined effects of gas temperature and liquid
height. This establishes that solar loading and storage conditions strongly control
vapour generation and evaporative loss in fixed-roof petroleum tanks.

A work reviewed evaporation driven by convection from open liquid surfaces,
synthesizing the main governing mechanisms and the influence of liquid-vapour
conditions on evaporation rate [13]. The paper shows that evaporation is con-
trolled by variables such as gas pressure, temperature, humidity, flow velocity, tur-
bulence, liquid properties, surface temperature, and exposed surface area. It also
compiles evaporation-rate correlations from the literature, including 32 for natu-
ral convection, 7 for mixed convection, and 116 for forced convection, together
with their ranges of validity. The study is related to this work as it establishes evap-
oration as a coupled heat-and-mass-transfer process in which convection and ex-
posed geometry strongly influence liquid-loss behaviour.

In this study, the liquids with the highest and lowest retained volumes in storage
vessels will be investigated, and the molecular thermodynamics will be studied.

Variation in API gravity and polarity of the liquids will be considered to inves-
tigate their effects on the liquids’ evaporation patterns in the study. The effects of
the vessels’ design on the selected fluid properties, as they relate to volume reten-
tion after evaporation, are also considered. The defensible framework for volatility
distribution and polarity-dependent intermolecular effects is also considered.

The studies by [14] and [15] are considered in this study as conceptual, not
evidentially equivalent. [14] showed that, for a fixed porous material, salt concen-
tration, and liquid volume, the size of the evaporative surface area strongly affects

drying kinetics and the pattern of salt crystallisation. By applying truncated-cone-
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shaped sandstone and NMR-based tracking of ion concentration, it was deduced
that different exposed surfaces alter liquid and ion transport and the balance be-
tween efflorescence and subflore, Gas-phase diffusion/convective mass-transfer
models.

Observed shrinkage is not controlled by thermodynamics alone. NIST’s fire-dy-
namics reference expresses liquid mass loss with a gas-side mass-transfer model.

So even if two liquids differ in polarity, the measured shrinkage can change
substantially with surface area, vessel geometry, Reynolds number, Schmidt num-
ber, airflow, and diffusion coefficient. This is why “polarity effect” is often clearer
in controlled isothermal comparisons than in raw storage experiments. This work
is related to the present study because it established that the controlling variable
in mass transfer and deposit formation is the surface geometry during evaporation
and that larger damaged or exposed regions may accelerate material deterioration
over time.

According to the research carried out, a model and analysis of the various tank
geometries and relief pressure on liquid hydrogen (LH,) boil-off losses was con-
ducted, which is relevant to the present study. LH, boil-off losses were modelled
using the BoilFAST simulation platform, incorporating realistic heat-transfer mech-
anisms and equations of state, and were validated against NASA data. The study
compares horizontal, vertical, spherical, and cuboid tank geometries and shows
that relief pressure strongly influences liquid-volume loss, much more than fill
level. Across the tested designs, the spherical tank consistently gave the lowest
boil-off losses, while the cuboid tank showed the highest losses. The study is re-
lated to the present study because it identified important variables governing
evaporative loss in cryogenic liquid storage systems, such as storage geometry and

pressure control strategy [15].

3. Materials and Methods
3.1. Sampling

The four organic liquids used for this study, ethanol, methanol, low-molecular-
weight crude oil (LCO), and natural gas liquids (NGL), were obtained in two dif-
ferent ways: ethanol and methanol as analytical reagents produced by Sigma-Al-
drich. At the same time, LCO and NGL were obtained as processed products from

upstream oil and gas operations in Nigeria.

3.2. Analysis of API Gravity of Organic Liquids

The API thermohydrometer was used to measure the API gravities of the Organic
liquids at ambient conditions, using ASTM D1298-24. A correction table was used
to convert the API gravity data from ambient conditions to 60°F, and Equations
(1) and (2) were used to evaluate the specific gravities (SG) and densities of the
organic liquids [16] [17].

1415 1
Specific gravity (Sg) at 60°F

API gravity at 60°F (°API) = 315 (1)
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Psubstance — Sg X Puwater (2)

where:
Pansance 15 the density of the organic liquid in kg-m™.
Puater 18 the density of equal volume of water in kg-m™.

S.g is the specific gravity of the organic liquid at 60°F (dimensionless).

3.3. Determination of Dipole Moment of Organic Liquids

This was carried out for the alcohols. The samples were homogeneous, clean liq-
uids, and the laboratory temperature was maintained at 24°C. The samples were
left for 24 hours to attain the laboratory conditions. The N1501 A Dielectric Probe,
which used a coaxial probe method and was manufactured by Keysight Technol-
ogies, was calibrated with air and water, then used for the detection of dielectric
constant; the static relative permittivity, &, of the liquid at a fixed temperature
using dielectric spectroscopy. The refractive index (n), density (p), molar mass
(M), and temperature (7) were determined and recorded.

The total molar polarization, P,, and molar refraction (R,,) were calculated us-
ing Equation (3) and Equation (4). The orientational polarization, 2, in Equation
(5) was obtained by subtracting the induced polarization term from the total po-
larization. The dipole moment (x) was derived by substituting the orientational
polarization (Equation (5)) into the Debye relation (Equation (6)). The resulting
4 in Equation (7) is the effective liquid-phase dipole moment in coulomb meter
(C-m), which can be converted to Debye (D) using Equation (8) [7] [18] [19].

Py :M[gf_lj 3)
p\E+2
2 p—
R, = M( n 1} (4)
pln +2
Po = Pm - Rm (5)
2
P, = M ©)
g,k T
95k, TP
U=, |——" (7)
NA
1D(Debye) = 3.33564x10"% C-m(coulomb metre) (8)

where:
& is the static relative permittivity (dielectric constant) of the liquid.
nis the refractive index of the liquid, typically measured at an optical frequency.
p is the density of the liquid at the measurement temperature.
M s the molar mass of the liquid.
T'is the absolute temperature in kelvin.
P, is the total molar polarization.
R, is the molar refraction or induced/electronic polarization term.

P,is the orientational polarization associated with permanent dipoles, in m*-mol .
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pis the Permanent dipole moment estimated for the liquid phase, Debye (D) or
C-m.
N4, ks, and & are Avogadro constant, Boltzmann constant, and vacuum per-

mittivity, respectively.

3.4. Design Basis and Sizing Criteria of Storage Vessels

The storage vessels used in this study were bench-scale vessels intentionally fabri-
cated in multiple geometries to isolate the effect of vessel geometry on measured
liquid shrinkage.

Even when the vessels were made from small containers with different geome-
tries, the design philosophy was predominantly based on storage tank standards,
with an emphasis on integrity, dimensional control, and safe containment of lig-
uids [20].

The storage vessels were produced with a volume of 1.5 L £ 0.2 L, which ensured
sufficient liquid volume to withstand repeated volume measurements and com-
parable shrinkage trends across geometries under identical ambient conditions.

The study evaluated five vessel geometries: Vertical cylindrical, Horizontal cy-
lindrical, Spherical, Conical, and Cuboidal vessels (Figures 1(a)-(e), respectively).

The five (5) vessels were designed with approximately equal venting dimensions.

The rectangular vent opening is 32 mm x 10 mm, as shown in Figure 1(f).

(a) (b) ()

(d) (e) (f)

Figure 1. Pictures of fabricated storage vessels: (a) vertical cylindrical; (b) horizontal cylindrical; (c) spheri-
cal; (d) conical; (e) cuboidal; (f) upper section of cuboidal vessel.
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Vessels were fabricated strictly according to the CAD drawings to maintain di-
mensional repeatability across geometries. After fabrication, vessels were checked
for dimensional conformity (critical internal dimensions) and capacity conform-
ity to the target range of approximately 1.5 L + 0.2 L, before shrinkage experiments.
Also, joints and seams were verified to be leak-tight before use [21] [22].

Although this work is laboratory-scale, storage-tank standards provide a defen-
sible framework for reporting methodology (materials/design/fabrication/inspec-
tion mindset). Recent literature continues to highlight that code-based procedures
(e.g., API-type approaches) are often complemented by advanced analyses (e.g.,

nonlinear dynamic checks).

3.5. Calibration of Storage Vessels

The five storage vessels were calibrated using the gravimetric liquid-fill method.
Each vessel was calibrated individually, after being cleaned, dried, and placed on
a level surface. Distilled water was used as the calibration liquid. For each point in
each vessel, distilled water was weighed, and the corresponding liquid height and
diameter were recorded after the liquid surface had stabilized at 22°C - 25°C. The
volume at the point was calculated from the measured mass and density using the
equation for specific geometrical volume. The calibration was performed at 20 mL
intervals from 400 - 1000 mL, and the procedure was repeated in triplicate for
each vessel. Mean volume-height data were used to construct calibration curves

for the different vessel geometries [23].

3.6. Measurement of Volumes of Organic Liquids in Storage
Vessels

Liquid quantity in each vessel was determined from the measured liquid level
(depth) and a vessel-specific calibration chart (capacity table). In manual dipping,
a calibrated rule/tape is lowered to a fixed reference (datum), and the wetted line
indicates the liquid level. The innage gauge method here is also referred to as man-
ual dipping. The observed level was then converted to volume using the capacity
table prepared for each vessel. This approach follows established manual tank-
gauging practice for petroleum and related liquids. The liquid measurement and
other laboratory experiments were performed under laboratory conditions of
22°C - 25°C, 48% - 50% relative humidity in a mechanically ventilated laboratory
of 6 air changes per hour (ACH) maintained under negative pressure. The major
apparatus used is as follows [24]:

i) <1 mm resolution graduated stainless-steel rule or steel sounding tape.

ii) A weighted small bob to ensure vertical alignment and contact with the da-
tum.

iii) A gauging paste to indicate oil level and sharpen the liquid contact line,
thereby reducing meniscus-reading ambiguity.

iv) Vessel calibration chart for each vessel geometry; this was used to convert

each measured depth to volume.
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After transfer, each vessel was allowed to stand briefly to minimize sloshing and
to obtain a stable free surface before gauging (important for repeatable level read-
ings).

Consistent reference-point control was enhanced as all depth readings were
taken to the exact vessel bottom. This was critical because any “zero-offset” be-
tween the gauging reference and the calibration table reference introduces sys-
tematic bias in volume results.

A thin, uniform layer of oil paste was applied to the lower portion of the rule/tape
over the expected wetting zone.

The measuring tape was lowered vertically until the bob just reached the bottom
of the vessel.

The measuring tape was carefully withdrawn, and the measurement of the
sharp change in the paste (wetted boundary) was read as the innage depth (4) to
the nearest graduation.

Manual gauging steps and key influences (reference point, tape handling, bob
effects) are consistent with recognized petroleum manual-gauging guidance.

The readings were taken in triplicate (without changing the reference point),
and the mean depth was recorded as the daily level for that vessel.

Measured depth (/) was converted to volume ( V) using the vessel-specific ca-
pacity calibration chart developed for each geometry. Equations (9) and (10) show
the calculation of the daily loss in volume in the storage [25] [26] (International
Organization for Standardization, 2022; International Organization for Standard-
ization, 2023). 1000 mL (being the initial volume, V) of each organic liquid was
measured into each storage vessel, and the volume to depth equivalent was evalu-
ated.

AV, =V, -V, )

Vo -V,
%Loss =—2—tx100 (10)
0
where:
V, is the initial volume at time ¢equal to zero in ml.

V, is the volume at #not equal to zero in ml.

3.7. Models and Equations

3.7.1. Intermolecular Force Theory

Considering molecules of similar size, an increase in polarity usually strengthens
dipole-dipole attraction, and hydrogen bonding strengthens cohesion even more.
Stronger cohesion means more energy is needed for molecules to escape the liq-
uid, so evaporation tends to slow and shrinkage tends to decrease. The alcohol
and methanol used for this study are analytical grade, so the standard enthalpy of
vap ) Stated in the National Institute of Standards and Technol-
ogy (NIST) data sheet at 298.15 K was used. The model used the intermolecular

vaporization ( AH

force, or cohesive energy, to evaluate the molar energy required to convert a sub-

stance from liquid to vapour using the standard enthalpy of vaporization [5] [13]
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[27] [28].

Equation (11) shows that AH,, asa thermodynamic state function, it can be
obtained from the difference between the molar enthalpy of the gas and liquid and
cohesive internal energy (Us) derived from AH_, as its difference with the ex-
pansion work contribution as shown in Equation (12), giving rise to the cohesive
energy density (CED) in Equation (13). Equation (14) shows the Hildebrand sol-
ubility parameter (&' ). & implies that larger AH_,, values generally correspond

to larger cohesion-related solvent parameters.

AH\‘;a\p = H; - HIo (11)

Ucoh ~ AH\jap —-RT (12)
AH . —RT

CED=—2 (13)

m

AH;,, -RT
§=,|—2— (14)
Vm

Hg is the standard molar enthalpy of the vapor.

H, is the standard molar enthalpy of the liquid.

where:

U, istheliquid cohesive energy per mole.
R is the universal gas constant.

T is the absolute temperature.

CED is the cohesive energy density.

V,, is the molar volume of the liquid.

6 is the Hildebrand solubility parameter.

3.7.2. Measurement of the Vapor Pressure of Organic Liquids

The Clausius-Clapeyron model, as given in Equation (15), relates the equilibrium
vapor content to temperature and the latent heat. This model explains why more
volatile liquids evaporate faster. The equilibrium vapor pressure rises with tem-

perature and depends on the latent heat of vaporization [1]:

P AH,,
n—=2=— *+C (15)
p° RT
where:
P, is the saturation vapor pressure of the liquid in Pa.

P® is the = reference pressure in Pa (1 Pa).

AH,,, is the enthalpy of vaporization in J-mol™.

R is the universal gas constant in ] mol™-K™* (8.314 J-mol™-K™).

T is the absolute temperature in K.

C is the integration constant.

The true vapour pressure of the organic liquids that are pure solvents (ethanol
and methanol) was measured using ASTM D2879-23. The liquid sample was

loaded into a KD2879 Isoteniscope Pressure Manometer (a constant-volume glass
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apparatus designed to minimize composition change during testing) manufac-
tured by Koehler Instrument Company, Inc. Dissolved and entrained fixed gases
were removed by heating a thin sample layer under reduced pressure, with min-
imal loss of volatile components. The process was carried out at 30°C; the sam-
ple vapor was balanced against nitrogen gas pressure. The pressure at which
both compartments gave equal pressure was noted with the manometer reading.
The vapour pressure at the measured temperature was taken as the equilibrium
pressure. The process was repeated in triplicate, and the average value was rec-
orded [29].

Raoult’s law, as expressed in Equation (16), is a better model for describing
evaporation in component mixtures. Here, the total vapor pressure depends on

the volatility of the individual fractions [30]:
Pzzixi?’ipisat (16)

where:

Pis the total equilibrium vapor pressure of the liquid mixture, with units in Pa.

2. is the summation sign, meaning the contributions of all components in the
mixture are added together.

X; is the liquid-phase mole fraction of component i, unit is dimensionless.

7, 1s the activity coefficient of the component i in the liquid phase. It cor-
rects for non-ideal behaviour; its unit is dimensionless.

P*' is the saturation vapor pressure of the pure component i at the system
temperature; unit in Pa.

i isthe component index identifying each substance in the mixture; it is with-
out a unit.

The two samples that are mixtures (NGL and LCO) were analysed for their va-
pour pressure using ASTM D6377-20 using the IP 481 eralytics eravap vapour
pressure instrument manufactured by the eralytics GmbH company [31].

The sample was introduced into a test chamber and expanded to a specified

vapor/liquid ratio (V/L), then held at 30°C, and a reading was taken [32].

3.7.3. Interfacial Evaporation Model

At the liquid surface, evaporation can be described by a molecular-kinetic flux
equation; an example is the Hertz-Knudsen-Langmuir equation. The modern re-
view literature notes that the Hertz-Knudsen relation is widely used, but its em-
pirical evaporation and condensation coefficients are not always easy to deter-
mine. In practical terms. The generic form of the Hertz-Knudsen equation is as
shown in Equation (17) [1]:

P i) (17)

N 2tMRT
where:
J is the net molar evaporation flux, unit is in mol m=%s™.
o is the evaporation/accommodation coefficient is dimensionless.

P.,; »m is the saturation vapour pressure of the evaporating liquid at the interface

sat >m
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temperature, unit is in Pa.
P, is the actual vapour partial pressure of the evaporating species in the gas
phase unit is Pa.

(Po —P

) — V) is the driving force for net evaporation.

M is the molar mass of the evaporating substance unit is in kg-mol™.
R is universal gas constant unit is J-mol™-K™ (8.314 J-mol™-K™).

T is the absolute temperature at the interface unit is in K.

7 is the mathematical constant pi, it is dimensionless.

A few interpretation notes:

If P, >P,, netevaporation occurs.
If P, <P,,netcondensation occurs.
If P, =P,,theinterface is at equilibrium and J =0.

3.7.4. Gas-Phase Diffusion/Convective Mass-Transfer Models

Equations (18) and (19) describe gas-side controlled evaporation: Equation (18)
gives the evaporation rate (mass loss rate), and Equation (19) shows how the
mass-transfer coefficient (h, ) is obtained from the binary diffusion coefficient
(D, ), a characteristic length (L ), and convection through the Sherwood num-
ber (Sh). These models identify two factors contributing to increased evapora-
tion: an increase in the exposed area as well as an increase in the mass transfer
coefficient on the gas side. These equations show that evaporation becomes faster
when vapor diffuses more readily through the gas phase or when convection in-
creases. In other words, these equations link molecular diffusion and fluid-flow

effects to the overall evaporation rate.

dm

r‘hevap :d_tl = _Ahmpg (Yu,i _Yg,oc) (18)
ShD, , (19)
"L

The negative sign that is before A above indicates that the liquid mass decreases
with time during evaporation. It also deduced that liquid loses mass at a rate
dm,
(d—t') proportional to the exposed surface area (A), the gas-side mass-transfer
coefficient (h,, ), the gas density ( p ), and the driving force for evaporation, ex-
pressed as the difference between the equilibrium vapor mass fraction at the liquid
surface and the vapor mass fraction in the bulk gas. The negative sign shows that
the liquid mass decreases with time [3] [13].

where:

M., is the positive evaporation rate, kg-s™.

m, is the liquid mass in kg.
t istimeins.

dm, . . . .
e is the evaporation or mass-loss rate in kg-s™'.

A is the exposed interfacial area in m™.

h

. is the mass-transfer coefficient in m-s™.
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P, is the gas density in kg-m™.
Y

v,i

sionless.

is the equilibrium vapor mass fraction at the interface, which is dimen-

Y,.. isthe vapor mass fraction in the bulk gas is dimensionless.

Sh is the Sherwood number is dimensionless.

D, , is the binary diffusion coefficient of the liquid vapor in the surrounding
gas in m*s™.

L is the characteristic length of the evaporating system, m.

Note that in practice, Sh is usually estimated from empirical correlations in-
volving the Reynolds number (Re) and Schmidt number (S¢), both of which are

dimensionless.

3.8. Statistical Analysis

The experiments for the liquid-geometry combination were conducted simulta-
neously in three independent runs, and each measurement was taken in triplicate.

Retained volume, percentage retention, percentage shrinkage, and percentage
volume loss within the period of storage were calculated using the initial liquid
volume ( 7, = 1000 ml) as the reference basis.

The main performance indicators were day-7 retained volume, day-7 shrinkage
percentage, mean retained volume from days 2 - 7, and cumulative retention in-
dex, estimated as the area under the retained-volume-time curve using the trape-
zoidal method. These indices were used to compare the ability of each vessel ge-
ometry to minimize evaporative loss across the tested liquids.

Available replicate measurements involved the use of descriptive statistics: mean,
standard deviation, coefficient of variation, range, and percentage change. Where
values were obtained from single experimental profiles, the results were treated as
descriptive performance indicators rather than independent statistical replicates.
The four liquids were not treated as biological or experimental replicates because
they differ in physicochemical properties, including API gravity, density, and vol-
atility. Instead, liquid type and vessel geometry were considered fixed explanatory
factors influencing evaporative shrinkage.

Prior to inferential comparison, data distribution and variance structure were
assessed using the Shapiro-Wilk normality test and Levene’s test for homogeneity
of variance. When assumptions of normality and equal variance were met, one-
way or two-way analysis of variance was used to compare shrinkage and retention
indices across vessel geometries and liquid types. Where these assumptions were
not satisfied, Welch’s ANOVA or the Kruskal-Wallis test was applied as appro-
priate. Post-hoc comparisons were conducted using Tukey’s test for equal vari-
ances, Games-Howell test for unequal variances, or Dunn’s test with adjusted prob-
ability values for non-parametric comparisons.

For time-dependent volume-retention profiles, repeated-measures analysis or
linear mixed-effects modelling was considered appropriate, with storage time as

the repeated factor and liquid type and vessel geometry as fixed factors. Interac-

DOI: 10.4236/msce.2026.146003

53 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.146003

G. M. Efetobor et al.

tion effects were examined to determine whether the influence of vessel geometry
on evaporative shrinkage depended on liquid type or storage duration. Relation-
ships between API gravity and evaporative performance indicators were assessed
using Pearson correlation for normally distributed data or Spearman’s rank cor-
relation where normality was not satisfied.

Statistical significance was accepted at p < 0.05. In addition to probability val-
ues, effect sizes and 95% confidence intervals were reported where applicable [33]-
[35].

4. Results and Discussion

4.1. Characterization of Organic Liquids

The API gravities of the liquids used for this study are shown in Figure 2; they
increase in the order LCO < methanol < ethanol < NGL, with values ranging
from 44.80 to 75.90 °API. The densities of these substances are expected to vary
in the reverse order of their API gravities, as specified in Equation (1) and Equa-
tion (2) of the previous section. The difference between the API gravity of the
liquid with the lowest value and that of the liquid with the highest value is suf-
ficiently large to suggest substantial variations in the density-based index of the
liquids for this study [36]. This observation is consistent with a lighter hydro-
carbon character.

API gravity (°API) of Organic Liquids
NGL
MEOH

LCO

Organic Liquid

ETOH

0 10 20 30 40 50 60 70 80

API gravity (o)
Figure 2. API gravity ("API) of organic liquids.

The dipole moments of these liquids are shown in Table 1. These can be used
to predict the increasing order of polarity of these liquids as LCO < NGL < ethanol
< methanol; LCO consists of heavier and more complex hydrocarbons compared
to NGL, which are dominated by short-chain alkanes. Both are largely nonpolar.
While both ethanol and methanol are oxygenated organic compounds with a hy-

droxyl group (-OH), the latter has an alkyl group with fewer carbon atoms than
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the former and so a higher dipole moment and polarity, as shown in Table 1. The
presence of complex hydrocarbons in LCO and NGL makes it difficult to deter-
mine the actual dipole moments of these substances and infer that they have near-
zero dipole moments and are nonpolar. Therefore, the four liquids may be com-

monly classified as organic liquids, as inferred in Table 2.

Table 1. Molecular thermodynamic properties of organic liquids.

Parameter Ethanol Methanol LCO NGL
Dipole Moment (D) 1.69 1.70 N/A N/A
Standard Vaporization chap (kJ/mol) 42.34 37.80 38.50? 20.072
Vapour Pressure (kPa) 7.870 16.90 37.84 429.40

N/A: not applicable (not defined for the mixture); * sourced: [27].

Table 2. Classification of liquids.

Liquid Can it Be Considered a Petroleum Liquid? More Appropriate Class

LCO Yes Petroleum liquid/petroleum-derived hydrocarbon liquid
NGL Yes, broadly Petroleum liquid/natural-gas-derived hydrocarbon liquid
Ethanol No Oxygenated organic liquid /alcohol

Methanol No Oxygenated organic liquid /alcohol

4.2, Shape of Storage Vessel versus Liquid Volume Retention

The headspaces (the exposed liquid-air interfacial area is considered a geometric
proxy for the influence of headspaces on evaporative shrinkage) present in the
storage vessels are shown in Table 3. The mass transport between the liquid-va-
pour space may be influenced by the headspaces available in the storage system.
The data set shows an increasing order of headspaces in the designed storage ves-
sels as conical < cuboidal < horizontal cylindrical < vertical cylindrical < spherical
vessel. The shrinkage pattern for the cumulative vessel performance across all four
liquids shows that the rate of shrinkage was nearly consistent with the headspace
trend, as the conical vessel had the least value, while the spherical vessels had the
highest value. It was observed that the conical vessel had the highest cumulative

retention index, and the spherical vessel the least (Table 4).

Table 3. Headspaces present in storage vessels form Day-1.

Vessel Type

Spherical Vertical Cylindrical Horizontal Cylindrical =~ Cuboidal Conical

Surface area of the headspace
(cm?)

804

707 228 189 36
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Table 4. Summary of cumulative vessel performance across all four liquids.

Mean Day-7 Retained  Mean Day-7 Mean Retained Cumulative Retention
Vessel .
Volume (L) Shrinkage (%) Volume, Days2 -7 (L) Index (AUC)
Conical 0.700 30.000 0.798 19.760
Cuboidal 0.522 47.750 0.635 16.195
Horizontally Cylindrical ~ 0.565 43.500 0.683 17.260
Spherical 0.478 52.250 0.595 15.335
Vertically Cylindrical 0.640 36.000 0.734 18.340
Considering the daily retained volume of the organic liquids in the horizontally
cylindrical vessel in Figure 3, it is deduced that the organic liquids’ retention after
daily losses followed the increasing order of NGL < LCO < methanol < ethanol.
Similar patterns are observed for vertically cylindrical, spherical, and conical ves-
sels in Figures 4-6, respectively. This shows that the retained volumes of the liq-
uids after daily losses to evaporation are influenced by the shapes of the storage
vessels.
Volume (L) of LIQUIDS IN HORIZONTALLY CYLINDRICAL VESSEL
1.2
1
e N
> \
E 06
3
(<]
~ 04
0.2
0
1 2 3 4 5 6 7 8
Period (Day) of storage
—@—Ethanol (L) —®— Methanol (L) NGL (L) LCO (L)

Figure 3. Volume (L) of organic liquids in a horizontally cylindrical vessel during the period of storage.

4.3. Volume Retention and the Competitive Effects of the
Intermolecular Force of Attraction, API Gravity,
Vapour Pressure, and Polarity of Liquids

Figure 4 for the vertically cylindrical vessel shows that retained volume decreases
with time for all four liquids, but at markedly different rates. By day 7, the volume
retained was in the following order: NGL < methanol < ethanol = LCO; this showed
terminal retained volumes of 0.31, 0.68, 0.78, and 0.79, respectively. This con-
firmed that NGL is the least retentive liquid by a wide margin, while ethanol and
LCO perform best overall. The train of volume retention here is similar to other

shapes’ storage vessels considered in this work and shows that volume retention

DOI: 10.4236/msce.2026.146003

56 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.146003

G. M. Efetobor et al.

in the vessels is governed primarily by the competition between volatility and co-
hesive intermolecular attraction, with API gravity and polarity acting as secondary
descriptors. The ethanol-methanol comparison is especially instructive. Although
both liquids are polar protic alcohols and have a close range of API gravities (48.60
and 46.20 “API) and very similar dipole moments (1.69 and 1.70 D), ethanol con-
sistently retains more liquid than methanol after the first few days. This is fully
consistent with ethanol’s higher standard enthalpy of vaporization (42.34 kJ-mol™)
and lower vapor pressure (7.87 kPa) compared with methanol’s 37.80 kJ-mol™" and
16.90 kPa. A higher AH_
uid phase, so more energy is required for molecules to escape. At the same time,

implies a stronger net cohesive attraction in the lig-

a lower vapor pressure reduces the thermodynamic driving force for evaporation.
Methanol has a slightly higher hydrogen bonding effect than ethanol, while etha-
nol has larger London dispersion forces than methanol [37] [38].

So, intermolecular forces of attraction (cohesive energy) and volatility are better
factors to explain volume retention in alcohols than the slight differences in API
gravity and dipole moment (polarity). This interpretation agrees with recent work
showing that liquid-phase alcohol behaviour is strongly shaped by hydrogen bond-
ing and local solvation effects [7] [37].

VOLUME (L)

Volume (L) of LIQUIDS IN VERTICALLY CYLINDRICAL VESSEL

1.2

1
0.8 —
0.6 h
0.4
0.2

0

0 1 2 3 4 5 6 7 8
Period (Day) of storage
—@—Ethanol (L) —®—Methanol (L) NGL (L) LCO (L)

Figure 4. Volume (L) of organic liquids in the vertically cylindrical vessel during the period of study.

The hydrocarbon pair shows a different but complementary pattern. NGL has
the highest API gravity (75.7 *API) and the lowest assigned enthalpy of vaporiza-
tion (20.07 kJ-mol™), together with by far the highest representative vapor pres-
sure (429.40 kPa). Its retained volume drops sharply from 1.00 L on day 1 to 0.46
L on day 2, then to 0.31 by day 7, demonstrating that it is the most evaporation-
prone liquid in the set. By contrast, LCO has the lowest API gravity (44.8 *API),
higher AH_  (38.50 kJ-mol™) than NGL, and a much lower representative va-

vap

por pressure (37.84 kPa) than NGL, and it shows far better retention. So, for the
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hydrocarbon mixtures, API gravity contributes to hydrocarbon lightness and vol-
atility distribution, even though it is not itself a direct thermodynamic evaporation
parameter.

From the dataset obtained in this study, ethanol and LCO are nearly indistin-
guishable at day 7 (0.78 vs. 0.79), even though ethanol has the lower vapor pres-
sure and slightly higher cohesive-energy descriptor. This near-convergence sug-
gests that, over the observed period, the final retained volume is not controlled by
a single property. Instead, the data support a competitive interpretation based on
several properties: ethanol benefits from strong intermolecular attraction and low
vapor pressure, whereas LCO benefits from being a heavier hydrocarbon mixture
with much lower volatility than NGL and an effective cohesive energy that is still
relatively high. The 0.01 L difference between the volumes of ethanol and LCO at
day 7 is so small that it should not be overinterpreted; it is inferred that both liq-
uids exhibit high retention relative to methanol and especially NGL, and this was
arrived at for somewhat different physicochemical reasons.

Polarity may be best considered here as a qualitative classifier rather than a uni-
versal quantitative predictor of retention. Ethanol and methanol are discrete polar
molecules with measurable dipole moments, whereas NGL and LCO contain sev-
eral hydrocarbon mixtures, for which no single molecular dipole moment can be

meaningfully assigned.

4.4. Volume Retention and the Competitive Effects of Interfacial
Evaporation, API Gravity, and Polarity of Liquids

The data from the spherical vessel in Figure 5 shows a clear volume retention after
7 days: NGL < methanol < LCO < ethanol, with retained volumes of 0.17, 0.55,
0.59, and 0.60 L, respectively. Expressed as loss from the initial unit volume, this
corresponds to about 83% for NGL, 45% for methanol, 41% for LCO, and 40% for
ethanol. When the entire 7-day period is considered, the mean retained volumes
are about 0.354, 0.757, 0.739, and 0.763 L for NGL, methanol, LCO, and ethanol,
respectively, showing that NGL is consistently the least retained liquid. In con-
trast, ethanol performs best overall, and LCO becomes more competitive toward
the end of the test.

From the interfacial standpoint, Table 5 is consistent with the generic Hertz-
Knudsen interpretation that evaporation flux increases with the term

a(P.

sat

P, )/ 2nMRT . The net interfacial flux depends not only on saturation
pressure but also on the vapor pressure already established near the interface.
So, liquids with high vapor pressure shrink more at early times but may shrink
less as the headspace accumulates with more vapor; this explains the rapid re-
duction of NGL from 1.00 - 0.32 L by day 2 as well as its subsequent slower
decline to 0.17 by day 7. In other words, the spherical-vessel behaviour is con-
sistent with an initially strong interfacial driving force followed by progressive
vapor-phase moderation, as expected from Hertz-Knudsen-Schrage-type think-
ing [13] [39].
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The vapor-pressure data provide the strongest direct explanation for the ex-
treme ends of the retention trend. NGL has the highest vapor pressure (429.40
kPa), and it also shows the lowest retention throughout the experiment. Ethanol
has the lowest vapor pressure (7.87 kPa) and the highest day-7 retained volume.
There is an inverse relationship between vapor pressure and retained volume, and
this is consistent with the literature on evaporation, as vapor pressure is consid-
ered one of the principal thermodynamic controls on liquid loss [5] [11].

The methanol-ethanol comparison further shows that interfacial evaporation
and vapor pressure remain more decisive than API gravity alone for the pure lig-
uids. Although their API gravities are very close (48.6 and 46.2 “API) and both are
single-component oxygenated liquids, methanol retains less volume than ethanol
over the 7 days. That difference aligns with the much larger adopted methanol
interfacial flux (molar evaporation flux) parameter of 756.92 and 8.82 m™2s™! for
methanol and ethanol, respectively, and with methanol’s higher vapor pressure of
16.90 kPa compared to that of ethanol, 7.87 kPa. The Hertz-Knudsen parameters
buttress that the observed retention trend is best interpreted as a process con-
trolled by volatility [5] [38].

Table 5. Interfacial evaporation parameter of liquids.

Substance a P.sp (Pa) M (kg/mol) J2rMRT J(m2s1)

Methanol 1 16900 0.03204 22.33 756.92

Ethanol 0.03 7870 0.04607 26.77 8.82

LCO N/A 37840 0.1142 42.15 Higher than Methanol
NGL N/A 429400 0.0581 30.07 Higher than LCO

For the hydrocarbon mixtures (NGL and LCO), API gravity (Figure 7) is more
useful, but still only as a secondary, bulk descriptor. NGL has the highest API
gravity (75.7 ° API), meaning it is the lightest hydrocarbon fluid in the set, whereas
LCO has the lowest (44.8 °API) and is therefore the densest/heaviest of the two
hydrocarbon liquids.

A technically important point is that the LCO-methanol crossover shows why
no single property can explain the spherical-vessel data completely. Table 5 qual-
itatively places LCO above methanol in interfacial-evaporation tendency, yet the
measured day-7 retained volume of LCO (0.59 L) is still higher than that of meth-
anol (0.55 L). This apparent inconsistency is not surprising, because the LCO and
NGL values are based on proportionality of the driving force (vapour pressure),
and a is unavailable for these multicomponent fluids, which may turn otherwise.
In real hydrocarbon mixtures, evaporation progressively changes composition,
lowers the abundance of the most volatile fractions, and shifts the effective driving
force with time.

This also informs that the spherical storage vessel’s dataset aligns with the fact

that API gravity provides a useful compositional context for the hydrocarbon lig-
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uids rather than a stand-alone predictor of loss volume retention, while the pri-
mary controlled parameters in this set are interfacial evaporation and vapor-pres-
sure-driven volatility. NGL shows the worst retention because its very high vapor
pressure and light hydrocarbon character create the strongest evaporative ten-
dency. Ethanol shows the best retention because of its low vapor pressure and very
low adopted interfacial flux.

It is inferred that LCO retains relatively well because its higher hydrocarbon

content offsets less volatile [5] [11].

Volume (L) of LIQUIDS IN SPHERICAL VESSEL

1.2

0.8
0.6
0.4
0.2

VOLUME (L)
[

0 1 2 3 4 5 6 7 8
Period (Day) of storage

—@—Ethanol (L) —@®—Methanol (L) NGL (L) LCO (L)

Figure 5. Volume (L) of organic liquids in the spherical vessel during the period of study.

4.5. Volume Retention and the Competitive Effects of Gas-Phase
Diffusion and Surface Area of Headspace

Using Equation (18), and taking the headspace surface area as the effective ex-
posed area, A, while keeping A, and (Yin —Yg’w) constant, the predicted evapo-
ration loss rate becomes directly proportional to Ap. Under this simplification,
vessel geometry is expected to exert a first-order control on liquid loss as a larger
headspace area results in a larger effective mass-transfer area. In contrast, higher
liquid density increases the mass-loss term. Previous work has already mentioned
that exposed area and gas-side transport are key determinants of open-surface
evaporation [5] [14].

The geometry ranking of A4 is spherical (0.0804) > vertical cylindrical (0.0707) >
horizontal cylindrical (0.0228) > cuboidal (0.0189) > conical (0.0036). Because A,
and (YU,i =Y,

mass-loss tendency for each liquid. Relative to the conical vessel, the geometric

g'w) are held constant, this same ranking applies to the theoretical
loss potential is about 22.3 times higher in the spherical vessel, 19.6 times higher
in the vertical cylindrical vessel, 6.3 times higher in the horizontal cylindrical ves-
sel, and 5.3 times higher in the cuboidal vessel. Thus, from the gas-phase diffusion
model alone, the conical vessel yields the highest retention, and the spherical ves-
sel, the lowest. These show that a larger evaporative area enhances mass transfer,
consistent with other studies [5] [14].
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Volume (L) of LIQUIDS IN CONICAL VESSEL
1.2
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Figure 6. Volume (L) of organic liquids in the conical vessel during the period of study.

API gravity versus average retention across vessels
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Figure 7. API gravity versus average day-7 retention across the five vessels.

The day-7 heatmap in Figure 8 supports this first-order area effect at the two
extremes. Averaged across the four liquids, the conical vessel gives the highest
day-7 retained volume (0.700), whereas the spherical vessel gives the lowest (0.478).
This inverse relationship between retention and headspace area is especially clear
for every individual liquid: ethanol is retained best in the conical vessel (0.80) and
worst in the spherical vessel (0.60); methanol shows the same pattern (0.78 vs.
0.55); NGL likewise (0.38 vs. 0.17); and LCO also (0.84 vs. 0.59). These results
emphasize the need to consider other factors, such as the mass-transfer coefficient
and vapour mass fraction, so as to obtain sufficient data for real-life applications
[14].

However, the middle-order geometry trend is not fully explained by headspace
area alone. If the area in the evaporation rate (mass loss rate) of Equation (18)
were the only controlling factor, then retention order should be the exact reverse

of area, namely conical > cuboidal > horizontal cylindrical > vertical cylindrical >
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spherical. The measured average retention instead follows conical > vertical cylin-
drical > horizontal cylindrical > cuboidal > spherical. The unexpectedly good per-
formance of the vertical cylindrical vessel, despite its much larger area than the
horizontal and cuboidal vessels, indicates that real gas-phase diffusion is not con-
trolled by A alone, even though A is the dominant term in the present simplifica-
tion. This is where the gas-side mass-transfer coefficient (A) expression in Equa-
tion (19) becomes important, as it shows that the gas-side mass-transfer coeffi-
cient also depends on the Sherwood number (SA), the diffusion coefficient (D, g ),
and the characteristic length (Z). The term for the liquid’s density in Equation (18)
introduces a second competitive effect. Keeping geometry for a given measured

evaporation rate, and area constant, the driving force, h, is inversely propor-

n
tional to p and assessing retention by density ( o ), we have the decreasing or-
der of methanol (791 kg-m™) > ethanol (784 kg-m™) > LCO (686 kg-m~®) > NGL
(564 kg-m™), so the simplified gas-phase model predicts the greatest mass-loss
tendency NGL and the least for methanol. Also, the retained volumes in Figure 6,
for the volume of liquids retained in the conical vessel, as well as the more elabo-
rate display in Figure 8, the heatmap, buttresses from the liquid-level trend for
day-7 retention, with NGL always retained least and ethanol/LCO most. This
means the effects of molecular thermodynamics outweigh those of density alone.
Even so, within the present context, the gas-phase model remains useful because
it explains why geometry strongly separates retention performance, even when the
liquid ranking itself is governed by additional properties beyond the constant- /4,
constant-(Y,; =Y, . ) assumption; this is the reason methanol could not be the
most retained liquid in practice, in this study [11] [12].

So, the surface area of headspace, which is a function of the vessel’s geometry,

plays a major role in volume retention after evaporation.

Day-7 retained volume across vessel geometries

Ethanol

Methanol

NGL

LCO

Retained volume (L)

Horizontally Vertically Cuboidal Spherical Conical
cylindrical cylindrical

Figure 8. Heatmap of day-7 retained volume across liquid-geometry combinations.

5. Conclusions

This study has identified that liquid polarity has minimal influence on liquid re-
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tention during evaporative losses. Intermolecular cohesion and phase-equilibrium
behaviour are modified; however, for multicomponent petroleum liquids such as
LCO and NGL, the experimentally observed shrinkage is more strongly governed
by volatility distribution, vapor pressure, and external mass-transfer conditions
than by polarity alone.

It was realised that API gravity functioned to interpret hydrocarbon mixtures,
and that polarity mainly distinguished alcohols from predominantly nonpolar hy-
drocarbon fluids. The very poor retention of NGL is explained by its extremely
high volatility and low cohesive energy; the lower retention of methanol relative
to ethanol is explained by its higher vapor pressure and lower AH,, ; and the
strong retention of LCO reflects the comparatively less volatile nature of the heav-
ier hydrocarbon mixture. So, it was inferred that the retained volume is controlled
by the competitive interaction of volatility, cohesive attraction, and bulk liquid
character, rather than by API gravity or polarity alone.

The dataset generated in this work supports the conclusion that retained vol-
ume in the varied vessel geometries reflects the competitive interaction of kinetic
interfacial evaporation, intrinsic vapor pressure, and bulk hydrocarbon lightness
(deduced from API gravity, rather than the action of any single parameter in iso-
lation). On the other hand, the departure of the vertical cylindrical vessel from the
pure area-based order shows that gas-phase diffusion and convection compete
with simple area effects. The results support the conclusion that day-7 retained
volume across the five vessel types is governed by a competitive interaction be-
tween available headspace area and gas-side mass-transfer behaviour, rather than

by headspace area alone.
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