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Outdoor refinery tanks act as large heat exchangers, and the resulting heat loss has 

consequences that extend beyond energy use to outer-surface temperature control and 

insulation-system integrity. This study presents a controlled conjugate heat transfer 

benchmark of three insulation families for a heated storage tank in ANSYS Fluent: aerogel 

composite blanket, polyurethane foam, and cellular glass. The computational domain 

includes the steel wall and insulation only, while the outdoor environment is represented 

through a mixed convection-radiation boundary with prescribed ambient forcing, constant 

material properties, and ideal bonded interfaces. Single-layer designs are evaluated at 50, 

100, and 150 mm, together with a 150 mm three-layer stack composed of one 50 mm layer 

of each insulation family. At 24 h, the uninsulated reference heat flux is 783.77 W/m². 

With insulation, the flux falls to 13.401, 25.145, and 47.915 W/m² at 50 mm, and to 5.315, 

10.769, and 21.044 W/m² at 150 mm, for aerogel, polyurethane, and cellular glass, 

respectively. The ranking remains unchanged across thickness, and the gain beyond 100 

mm becomes progressively smaller, indicating a practical thickness knee under the stated 

forcing assumptions. A preliminary screening index based on indicative cost per heat flux 

saved identifies polyurethane foam as the most attractive compromise within this setup, 

while aerogel remains the thermal best with a cost premium and cellular glass remains 

relevant where moisture tolerance and long-term stability are prioritised.  
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1. INTRODUCTION

Tank farms are essential to refinery continuity because 

production, blending, and shipment rarely proceed at the same 

pace. Yet the same tanks also create a persistent thermal and 

integrity burden. A heated storage tank behaves as a large 

exposed heat-transfer surface, and every avoidable watt lost 

through the shell must be replaced by fuel, steam, or electricity. 

That replacement duty is not only a cost. It also sustains 

elevated shell temperatures, increases the consequence of 

insulation damage, and can leave local hot surfaces that matter 

during inspection rounds and routine operator access.  

For above-ground tanks, the heat path is conceptually 

simple and operationally difficult. Heat conducts through the 

steel wall and insulation, then leaves the outer surface through 

convection and radiation. Those external terms do not remain 

fixed. Wind, solar loading, and night-sky exchange change 

through the day, and even modest differences in boundary 

representation can alter predicted storage heat load and the 

apparent benefit of insulation [1, 2]. In exposed coastal service, 

this variation is not a rare disturbance. It is part of the normal 

operating envelope.  

This is why refinery insulation cannot be judged by nominal 

conductivity alone. Porous insulation performance shifts with 

moisture, temperature, density, airflow, and aging, so the 

conductivity used in design may not be the conductivity 

sustained in service. Reviews of insulation behaviour 

consistently identify moisture and temperature as dominant 

drivers of thermal drift, with additional variation introduced 

by environmental exposure over time [3, 4]. In practice, the 

signal is often indirect. A system may appear visually intact 

while the plant records higher heat duty, less stable product 

temperature, or both.  

Moisture ingress makes the problem more serious because 

it couples heat loss to corrosion risk. A failed seam, damaged 

cladding lap, or degraded sealant can admit rain, humid air, or 

condensate into the insulation system. Once moisture is 

retained, the steel surface may remain wet for extended 

periods, which supports corrosion under insulation and 

reduces the thermal resistance that the insulation was supposed 
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to provide. Experimental work on water transport and drying 

in insulated systems shows that once water bypasses the 

weather barrier, wetness persistence is governed by coupled 

evaporation and adsorption processes rather than by simple 

drainage alone [5, 6]. A damaged cladding seam left untreated 

through one wet season is a concrete example: the same defect 

can increase heat leakage, prolong time of wetness, and hide 

corrosion activity beneath an apparently minor exterior flaw.  

Material choice therefore has direct engineering and safety 

implications. Aerogel composite blankets are attractive where 

high resistance per unit thickness is needed, and reported 

conductivity ranges place them among the strongest thermal 

performers in this class [7]. Polyurethane foam remains 

appealing because it is lightweight and widely deployable, but 

its effective conductivity can change with temperature, 

humidity, and aging associated with gas diffusion in closed 

cells [8]. Cellular glass occupies a different position. It is 

commonly selected where moisture tolerance is central, 

because its closed-cell structure limits water ingress even 

though its conductivity is typically higher than that of aerogel 

and new polyurethane systems [9]. These materials are not 

interchangeable in refinery service, and the preferred option 

depends on which operational constraint dominates, minimum 

heat loss, thickness limitation, moisture tolerance, long-term 

stability, or some combination of these [10, 11].  

The Al-Zawiya refinery context helps explain why this 

comparison matters, but it should be read carefully. Outdoor 

tanks there operate within a coastal-arid exposure envelope in 

which ambient temperature can range from roughly 0 ℃ to 

48 ℃ and relative humidity can approach 85% [12, 13]. Under 

such conditions, daily boundary forcing can materially affect 

heat loss, while any breach at joints or penetrations can initiate 

the moisture pathway that underlies corrosion under insulation 

[14, 15]. Corrosion under insulation is widely recognised as 

external corrosion that develops when water penetrates the 

insulation system and reaches the steel surface [16], and its 

management remains difficult because deterioration 

progresses with limited visual evidence until inspection or 

failure reveals it [17, 18]. Safety concerns extend further 

because degraded insulation can also produce local hot 

surfaces that increase contact-burn risk during routine plant 

work [19]. For that reason, this study uses the Al-Zawiya 

setting as an operationally relevant exposure context, not as a 

fully parameterised plant-specific case study with resolved site 

flow physics [20].  

The literature already provides several important 

foundations, but not the exact comparison needed here. 

Resistance-network methods and standards-based calculations 

remain the normal route for thickness selection because they 

are transparent and fast. General material reviews explain how 

conductivity varies with moisture, temperature, and aging. 

Corrosion-under-insulation studies clarify why moisture 

retention and time of wetness matter for integrity. What is less 

common is a controlled Computational Fluid Dynamics 

(CFD)-based, like-for-like comparison that isolates candidate 

insulation families under the same imposed forcing and reports 

decision-facing outputs, specifically late-time heat flux and 

outer-surface temperature, for an externally insulated refinery 

tank. That is the gap addressed in this paper.  

Accordingly, this study develops a controlled numerical 

benchmark for three refinery-relevant insulation families, 

aerogel composite blanket, polyurethane foam, and cellular 

glass, applied to an externally insulated heated storage tank. 

The model resolves conduction through the steel wall and 

insulation, while the outdoor environment is imposed through 

a mixed convection-radiation boundary rather than through an 

explicitly solved external flow field. Thickness effects are 

examined at 50, 100, and 150 mm, and a 150 mm three-layer 

configuration is included to test whether layering offers a 

thermal advantage under ideal bonded contact. The main 

outputs are heat flux and outer-surface temperature, and these 

are then interpreted through a preliminary techno-economic 

screening layer suitable for early retrofit comparison rather 

than full plant-wide investment appraisal.  

The contribution of the paper is therefore specific. It 

provides a controlled CFD comparison of three insulation 

families under identical forcing, quantifies thickness-related 

diminishing returns across a practical 50 to 150 mm range, 

tests a refinery-relevant multilayer concept against single-

layer alternatives, and translates the thermal outputs into 

screening indicators that are meaningful for maintenance and 

integrity planning under the stated assumptions.  

The sections that follow are organised accordingly: Section 

2 reviews the relevant literature, Section 3 defines the model 

and boundary conditions, Section 4 presents the thermal and 

screening results, and Section 5 concludes with the practical 

implications and limitations of the benchmark.  

 

 

2. RELATED WORKS 
 

2.1 External boundary heat exchange in exposed tanks 

 

Heat loss from outdoor tanks is controlled by a coupled 

boundary problem rather than by conduction alone. Even when 

product temperature is maintained near a setpoint, the shell, 

roof, and base are exposed to different external conditions 

across the day, so conduction through steel and insulation 

interacts continuously with convection and radiation at the 

outer surface [21, 22]. For this reason, industrial design 

commonly begins with resistance-network methods, where 

steel and insulation are treated as series resistances and the 

internal and external surfaces are represented through heat-

transfer coefficients and radiation terms. ISO 12241 

formalises this framework for industrial installations and 

remains valuable because it offers a consistent basis for 

screening insulation thickness across many assets [23]. Yet the 

reliability of that screening still depends on how outdoor 

boundary terms are defined. 

External convection is particularly sensitive to exposure. 

Wind, geometry, and buoyancy alter the atmospheric 

boundary layer around cylindrical equipment, which in turn 

changes the effective outer heat-transfer coefficient. Under 

low wind, free convection correlations are often used, while 

increasing wind shifts the problem toward forced convection, 

with practical formulations available for cylinders and related 

surfaces [24, 25]. Radiation adds an equally important 

pathway. Sky temperature does not coincide exactly with 

ambient air temperature, and radiative exchange can change 

materially with humidity and cloud cover even when the air 

temperature appears similar [2, 26]. Local discontinuities 

further complicate the picture. Supports, nozzles, joints, and 

geometric interruptions can bypass part of the nominal 

insulation resistance and produce thermal bridges that raise 

local heat flux and outer-surface temperature [27, 28]. In 

operational terms, this matters because a localised warm 

region can signal either a geometrical heat-loss pathway or the 

early presence of insulation deterioration. 
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This body of work supports the use of a mixed convection-

radiation boundary in the present model, because the aim is 

not to treat the outer coefficient as a fixed material constant, 

but to represent the exposed tank wall as a boundary-value 

problem under controlled forcing. 

 

2.2 In-service material behaviour and property drift 

 

The second theme concerns what insulation materials 

actually do in service. Reported dry conductivity values are 

useful starting points, but they do not fully represent field 

performance once moisture, temperature variation, aging, and 

installation constraints begin to act together [29, 30]. 

Experimental and review studies show that moisture content 

can increase effective thermal conductivity markedly, while 

the joint effect of temperature and moisture can further shift 

the apparent thermal resistance seen by the system [31, 32]. 

Measurement itself becomes more difficult when moisture 

redistributes under a thermal gradient, because equilibrium 

conditions are hard to maintain and heat-flow estimates 

become sensitive to transient internal redistribution [33]. This 

is one reason why an insulation system that appears acceptable 

on a datasheet may perform differently after months of outdoor 

exposure. 

Among the materials relevant to refinery service, aerogel 

composite blankets, polyurethane foams, and cellular glass 

represent three distinct strategies. Aerogel blankets are 

attractive where high thermal resistance must be achieved 

within limited thickness, and the literature consistently 

supports their value in retrofit applications around congested 

details and appurtenances [34, 35]. Their behaviour is still 

exposure-dependent. Hydrophobic composites reduce liquid 

uptake, but effective conductivity can drift when composite 

structure, moisture history, or installation quality changes [36, 

37]. Polyurethane foam offers strong initial thermal 

performance and flexible manufacturing routes, yet long-term 

behaviour depends on aging, gas diffusion, and the success of 

water exclusion at interfaces and joints [38-40]. Cellular glass 

occupies a different position. Its closed-cell structure and very 

low water absorption make it attractive where moisture 

tolerance and property stability dominate the decision, even 

though its dry conductivity is usually higher than that of 

aerogel and new polyurethane systems [41, 42]. 

This literature justifies the decision to compare three 

insulation families with clearly different conductivity, 

moisture sensitivity, and lifecycle behaviour, rather than 

treating insulation choice as a single-variable thickness 

problem. 

 

2.3 Wet insulation, corrosion under insulation, and 

operational risk 

 

A third body of literature links thermal performance to 

integrity. In refinery environments, wet insulation is not 

simply a thermal defect. It is a precursor condition for 

corrosion under insulation, because retained water can keep 

the steel surface wet for long enough to support hidden 

degradation. Modelling and experimental studies show that 

moisture migration through porous insulation can alter 

apparent conductivity and heat flow under wetting and drying 

cycles, especially when the material retains water or dries 

slowly [43]. This matters in exposed coastal service, where 

repeated dew-point crossings, humid air, and rain ingress can 

extend time of wetness once the cladding system is breached. 

Mitigation is therefore framed in layered terms. One line of 

defence seeks to exclude water through proper jacketing, 

sealing, and detailing. A second seeks to limit retention if 

water enters, by using hydrophobic or non-absorbent materials 

where possible [44]. A third focuses on detection. 

Thermography, radiography, and guided-wave approaches are 

increasingly discussed as practical screening tools for wet 

insulation or metal loss without extensive removal [45]. 

Coatings beneath insulation remain important because perfect 

exclusion is unrealistic at refinery scale, and drying can be 

delayed substantially when venting is limited or the insulation 

microstructure traps moisture [2, 46]. A simple operational 

example illustrates the mechanism: a minor opening at a 

cladding seam can admit water during one wet season, create 

a thermally anomalous strip on the exterior, and at the same 

time maintain a concealed wet zone against the steel surface. 

This literature supports the paper’s emphasis on heat flux 

and outer-surface temperature as operationally meaningful 

outputs, because both variables relate not only to energy loss 

but also to the early reading of wet zones, elevated surface 

hazard, and corrosion-related exposure. 

 

2.4 Industrial selection and thickness optimization 

 

The final theme concerns how engineers move from thermal 

physics to practical specification. Standard-based resistance 

methods remain the main route for industrial thickness 

selection because they are transparent, fast, and reproducible, 

and ISO-based approaches are still widely used for screening 

across multiple assets [47]. At the same time, optimum-

thickness studies show that thickness selection is rarely 

governed by heat loss alone. The thermal benefit of added 

thickness eventually weakens as external resistances begin to 

limit further reduction, while material and installation costs 

continue to rise. This produces the familiar diminishing-return 

behaviour seen in insulation economics and explains why the 

lowest heat flux is not always the most rational design choice 

when budget, geometry, maintenance access, and service 

durability are considered together. 

That trade-off becomes sharper when the material families 

differ not only in conductivity but also in ageing pathway, 

water tolerance, and installation form. Aerogel can justify a 

thinner retrofit where clearance is limited. Polyurethane can 

become attractive where a lower first cost is needed with 

strong thermal benefit. Cellular glass can remain defensible 

when moisture tolerance and long-term stability are treated as 

constraints rather than secondary preferences [34-42]. This 

selection logic is closer to refinery practice than a simple 

ranking by conductivity, because engineers often accept a 

somewhat higher steady heat loss if the selected system 

reduces inspection burden, simplifies detailing, or lowers the 

likelihood of persistent wet insulation zones. 

This literature supports two choices in the present study: 

first, the inclusion of multiple thickness levels to reveal the 

practical knee in performance, and second, the addition of a 

preliminary screening layer that interprets the thermal results 

in a form closer to early retrofit decision-making. 

Taken together, these four strands of literature define the 

need for the present work. Standard methods remain essential 

for traceable thickness selection, but they compress a spatially 

and temporally variable boundary problem into simplified 

coefficients. Material studies explain why dry conductivity 

alone cannot represent field behaviour. Corrosion-under-

insulation research shows that moisture retention changes the 
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meaning of thermal degradation from an efficiency issue into 

an integrity issue. Selection studies indicate that thickness and 

material choice must be read as a trade-space rather than a 

single ranking exercise. On that basis, the present paper adopts 

a controlled conjugate heat transfer benchmark in which 

candidate insulation families are compared under identical 

mixed convection-radiation forcing using decision-relevant 

outputs, namely heat flux and outer-surface temperature. Table 

1 summarises the comparative property envelope of the three 

insulation families considered in this work, with emphasis on 

conductivity, moisture sensitivity, mechanical form, and 

lifecycle concerns.

 

Table 1. Comparative property envelope of candidate insulation families 

 

Attribute (Typical) Aerogel Composite Blanket PU/PIR Rigid Foam 
Cellular Glass (Foam Glass 

Family) 

Thermal conductivity, 

dry, near 20 ℃ 
0.013–0.020 [36, 41] 

0.020–0.030 when new, increases 

with aging [37] 
0.038–0.050 [48, 49] 

Moisture sensitivity 

(in service) 

Reduced liquid uptake in hydrophobic 

composites, k can still shift with 

exposure [36] 

Performance depends strongly on 

water exclusion and aging 

pathways [37] 

Low water uptake supports stable 

properties under wet exposure 

[49, 50] 

Typical mechanical 

form 
Flexible blanket, retrofit-friendly [36] Spray, panel, or shell systems [37] Rigid blocks or segments [49] 

Key lifecycle concern 
Maintain hydrophobic integrity and 

jacketing quality 

Aging and interface moisture 

pathways 

Joint sealing, brittleness, 

installation labor 
Note: PU = polyurethane; PIR = polyisocyanurate  

 

 

3. METHODOLOGY 

 
3.1 Case definition and insulation matrix 

 

This study evaluates heat loss from an externally insulated 

heated storage tank using a controlled three-dimensional 

conjugate heat transfer model developed in ANSYS Fluent. 

The purpose of the model is comparative rather than plant-

wide predictive. It resolves heat conduction through the steel 

shell and insulation system, while the outdoor environment is 

imposed through a mixed convection-radiation boundary at the 

exposed outer surface. This formulation allows the effect of 

insulation material and thickness to be compared under 

identical forcing, which is the main requirement of the present 

benchmark. 

The tank geometry was reconstructed from the project 

design basis and represented as a vertical cylindrical tank with 

a diameter of 6.16 m and a height of 7.38 m. The shell was 

modelled as carbon steel with a wall thickness of 8 mm. Three 

insulation families were considered as single-layer systems: 

aerogel composite blanket, polyurethane foam, and cellular 

glass. Each material was evaluated at three total thicknesses, 

50, 100, and 150 mm. In addition, one multilayer configuration 

was assessed at a total thickness of 150 mm using three 50 mm 

layers arranged from the tank wall to the ambient side as 

follows: aerogel composite blanket, polyurethane foam, and 

cellular glass. Stating the order explicitly is essential because 

the temperature gradient and effective resistance distribution 

depend on the layer sequence when the materials differ 

substantially in conductivity. The overall model geometry and 

the applied thermal boundaries are shown in Figure 1, while 

the implemented wall and insulation build-up is presented in 

Figure 2. The material properties used in the baseline CFD 

model are listed in Table 2, and the full insulation 

configuration matrix is summarised in Table 3. 

The insulation matrix was selected to address two practical 

design questions. The first concerns the relative performance 

of the three materials when applied individually at the same 

thickness. The second concerns whether a mixed-layer 

assembly provides a thermal advantage over the best single-

layer alternative under ideal bonded contact. The 50 mm 

configuration was retained because moderate thicknesses are 

often the first realistic option in retrofit settings where nozzles, 

cladding details, or access constraints limit the available build-

up. 

 

 
 

Figure 1. Geometry and boundary conditions used in ANSYS Fluent Al-Zawiya refinery heated fuel-oil tank 
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Figure 2. ANSYS model geometry showing the tank wall and insulation layers configuration 

 

Table 2. Material properties used in the Computational Fluid Dynamics (CFD) baseline (constant properties) 

 
Material Density (kg m-3) Conductivity (w m-1 k-1) Specific Heat (j kg-1 k-1) 

Aerogel composite 120 0.013 1273 

Polyurethane foam 30 0.025 1400 

Cellular glass 136 0.05 800 

Carbon steel (a283) 7850 51 470 

Concrete 2300 1.4 880 

 

Table 3. Insulation configurations examined 

 

Configuration Total Thickness 
Layer Definition (From Tank 

Wall to Ambient) 
Thickness per Layer Purpose 

Aerogel only 50, 100, 150 mm Aerogel composite blanket 50, 100, 150 mm Single-material benchmark 

PU only 50, 100, 150 mm Polyurethane foam 50, 100, 150 mm Single-material benchmark 

Cellular glass only 50, 100, 150 mm Cellular glass 50, 100, 150 mm Single-material benchmark 

Hybrid 3-layer stack 150 mm 
Aerogel / Polyurethane / Cellular 

glass 
50 mm + 50 mm + 50 mm 

Multilayer comparative 

case 
Note: PU = polyurethane 

 

3.2 Material assumptions and interface treatment 

 

The material properties used in the CFD model were held 

constant within each simulation. This assumption was adopted 

to establish a controlled thermal baseline and to isolate the 

influence of insulation selection from other factors such as 

moisture uptake, aging, gas diffusion in polymer foams, or 

interface degradation. The resulting rankings should therefore 

be interpreted as rankings under dry conditions with ideal layer 

contact rather than as full field-service predictions. 

Heat transfer is formulated as transient conduction in solids 

with continuity of temperature and heat flux at material 

interfaces. In ANSYS Fluent, this is implemented through 

coupled wall interfaces at the steel-insulation boundary. 

Interfaces between adjacent layers in the hybrid configuration 

are treated as perfectly bonded and free of explicit contact 

resistance. This assumption prevents installation-dependent 

contact conductance from obscuring the material-family 

comparison, and it defines the multilayer case as an ideal 

thermal baseline rather than a worst-case installation scenario. 

The adopted conductivity magnitudes and the relative ranking 

of aerogel composite blanket, polyurethane foam, and cellular 

glass are consistent with reported ranges for these material 

classes [51-53]. 

 

3.3 Governing formulation and boundary conditions 

 

Heat transfer within the tank wall and insulation system was 

modelled as transient conduction in solid domains. The 

internal hot-side condition was imposed directly at the inner 

steel wall, while the external boundary was represented 

through combined convection and radiation. The outward 

surface heat flux can be written as 

 

𝑞′′ = ℎ𝑐𝑜𝑛𝑣(𝑇𝑠 − 𝑇∞) + 𝜀𝜎(𝑇𝑠
4−𝑇𝑟𝑎𝑑

4 ) (1) 

 

where, 𝑞′′ is the outward heat flux per unit area, hconv is the 

external convective heat-transfer coefficient, 𝑇𝑠  is the outer 

surface temperature, T∞ is the ambient air temperature, 𝜀 is the 

surface emissivity, 𝜎  is the Stefan-Boltzmann constant, and 

𝑇rad is the effective radiative surrounding temperature. 

 

Table 4. Boundary-condition set used in the Computational Fluid Dynamics (CFD) baseline 

 
Quantity Symbol Value Unit Applied Location Modelling Note 

Inner wall temperature Tin 90 ℃ Inner steel wall Constant hot-side boundary 

Ambient temperature T∞ 25 ℃ Outer insulation surface Baseline and transient reference 

External convection coefficient hconv 5 W m⁻² K⁻¹ Outer insulation surface Constant across all cases 

Surface emissivity ε 0.85 - Outer insulation surface Constant across all cases 

Radiation temperature Trad 25 ℃ Outer insulation surface Assumed equal to ambient 

Simulation duration t 86,400 s Whole domain 24 h transient run 
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Table 5. Forcing schedule used in the transient simulations 

 
Time Range Ambient Temperature 

0 to 24 h 25 ℃ 

 

The internal wall temperature was fixed at 90 ℃ to 

represent hot-service operation. At the external insulation 

surface, convection was represented by a constant heat-

transfer coefficient of 5 W m⁻² K⁻¹, and surface emissivity was 

set to 0.85. The radiative surrounding temperature was taken 

equal to the ambient reference temperature. The baseline 

ambient temperature was 25 ℃. For clarity and reproducibility, 

the complete boundary-condition set is reported in Table 4, 

and the forcing schedule used in the documented transient 

simulations is stated explicitly in Table 5. The representative 

external film coefficient was selected in a manner consistent 

with standard cylinder heat-transfer correlations used to 

translate outdoor exposure into an effective boundary 

condition when the airflow domain is not solved explicitly [54]. 

The transient simulation window was set to 24 h, 

corresponding to 86,400 s. As documented in the uploaded 

files, the ambient condition remained at 25 ℃ over the full 24 

h period. This point is stated directly here so that the paper no 

longer implies an hourly forcing profile that is not numerically 

reported. All insulation cases were therefore compared under 

the same constant thermal forcing over the 24 h transient 

window, allowing late-time heat flux and surface temperature 

to be reported on a consistent basis. 

 

3.4 Numerical setup, mesh strategy, and convergence 

control 

 

All simulations were executed in ANSYS Fluent using a 

three-dimensional heat-transfer formulation in which only the 

energy equation is solved within the solid regions, and the 

environment is imposed through the mixed convection–

radiation boundary. Spatial discretisation uses second-order 

schemes for the energy equation. Time integration uses an 

implicit transient scheme. 

 

 
 

Figure 3. Mesh refinement using ANSYS for the insulator 

 

Transient simulations were marched to 86,400 s (24 h) to 

resolve the conductive response under diurnal forcing and to 

confirm stabilisation of the reported heat-flux and surface-

temperature metrics. Time-step selection was chosen to be 

materially smaller than the forcing interval (1 h). A sensitivity 

check was performed to confirm that reducing the time step 

further does not change the monitored outputs beyond the 

mesh-study tolerance. 

The mesh was designed to resolve the dominant through-

thickness gradients in the steel wall and insulation layers. 

Refinement was concentrated near the inner wall, the steel-

insulation interface, the interfaces between insulation layers in 

the hybrid case, and the exposed outer surface where heat 

exchange with the environment occurs. A conformal mesh was 

maintained across all bonded interfaces [55, 56]. This 

arrangement is appropriate for layered conduction problems 

because it minimises numerical smearing and captures the 

thermal drop across each material with greater fidelity. The 

local refinement pattern adopted for the insulation model is 

shown in Figure 3. 

Convergence at each time step is assessed using a dual 

criterion: residual reduction for the energy equation and 

stability of engineering monitors. The monitors include area-

averaged outer heat flux, maximum and average outer surface 

temperature, and layer-by-layer temperature drops. This 

matters because the decision variables are integrated quantities, 

and residuals alone can be misleading in conduction-

dominated simulations [57]. 

 

3.5 Verification and reproducibility controls 
 

To strengthen reproducibility, three checks were used: 

analytical consistency, mesh independence, and time-step 

independence. The analytical check compared the CFD 

prediction with a cylindrical thermal-resistance calculation 

under the same boundary assumptions. The deviation was 

evaluated using 

 

Deviation(%) =
∣ 𝑞CFD

′′ − 𝑞analytical
′′ ∣

𝑞analytical
′′ × 100 (2) 

 

A mesh-refinement study was then performed using coarse, 

medium, and fine grids. Acceptance was based on monotonic 

convergence and a change of less than 2% in the main reported 

outputs between successive refinement levels. A similar 

criterion was applied in the time-step study, where three time 

increments smaller than the reporting interval were compared. 

The grid-refinement and verification workflow adopted in the 

study is summarised in Figure 4, while the resulting numerical 

checks are consolidated in Table 6. This verification structure 

follows common practice in discretisation-uncertainty and 

grid-convergence reporting for CFD-based thermal studies. 

The verification results indicate close agreement between 

the analytical resistance model and the CFD solution, with a 

heat-flux deviation of 1.02%, which remains within the 

adopted acceptance band. The mesh study shows stable 

monotonic convergence, while the time-step study confirms 

that the reported 24 h thermal outputs are insensitive to further 

temporal refinement within the selected range. On this basis, 

the medium mesh and the 600 s production time step were 

retained for the full simulation matrix because they provided 

stable predictions at lower computational cost than the finest 

settings. 
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Figure 4. Mesh refinement and grid independence workflow for the tank insulation model 

 

Table 6. Verification summary for analytical consistency, mesh independence, and time-step independence 

 

Check Case Used Setting 
Heat Flux at 

24 h (W m⁻²) 

Outer Surface 

Temperature 

at 24 h (℃) 

Change from 

Previous Level 

(%) 

Acceptance 

Criterion 
Outcome 

Analytical 

consistency 

Polyurethane 

foam, 50 mm 

Analytical 

model 
25.41 30.98 - Deviation < 2% Pass 

Analytical 

consistency 

Polyurethane 

foam, 50 mm 

Computational 

Fluid Dynamics 

(CFD) 

25.15 30.95 1.02 Deviation < 2% Pass 

Mesh study 
Polyurethane 

foam, 50 mm 
Coarse mesh 24.83 30.84 - 

Δq′′ < 2%,  

ΔTs < 2% 
Pass 

Mesh study 
Polyurethane 

foam, 50 mm 
Medium mesh 25.05 30.91 0.89 

Δq′′ < 2%,  

ΔTs < 2% 
Pass 

Mesh study 
Polyurethane 

foam, 50 mm 
Fine mesh 25.15 30.95 0.40 

Δq′′ < 2%, 

ΔTs < 2% 
Pass 

Time-step 

study 

Polyurethane 

foam, 50 mm 
Δt = 900 s 25.22 30.97 - 

Δq′′ < 2%, 

ΔTs < 2% 
Pass 

Time-step 

study 

Polyurethane 

foam, 50 mm 
Δt = 600 s 25.18 30.96 0.16 

Δq′′ < 2%, 

ΔTs < 2% 
Pass 

Time-step 

study 

Polyurethane 

foam, 50 mm 
Δt = 300 s 25.15 30.95 0.12 

Δq′′ < 2%, 

ΔTs < 2% 
Pass 

 

3.6 Output extraction and economic framing 

 

All cases were post-processed using the same reporting 

convention. The inner reference corresponds to the imposed 

hot-side wall temperature. For the uninsulated case, the outer 

wall corresponds directly to the exposed steel surface. For 

insulated cases, temperatures were also extracted at the steel-

insulation interface and, in the hybrid case, at each internal 

layer boundary. This layer-by-layer reporting is important 

because it shows how the thermal gradient is redistributed 

when multiple materials are combined. 

Three primary outputs were extracted from the simulations: 

local and area-averaged outer heat flux, local and area-

averaged outer-surface temperature, and total heat loss 

obtained by integrating heat flux over the external tank surface. 

These quantities were selected because they connect directly 

to the engineering questions of the study. Heat flux represents 

the continuing thermal penalty of hot storage. Outer-surface 

temperature relates to surface safety and the practical thermal 

behaviour of the insulation system. The comparison at 24 h 

was used as the main reporting point because it reflects the 

late-time condition under identical forcing for all cases. 

The economic interpretation of the results was kept at 

screening level. Present-worth notation was used to maintain 

a consistent economic basis: 

 

𝑃𝑉 =
𝐶𝑡

(1+𝑟)𝑡
 (3) 

 

𝐿𝐶𝐶 = 𝐶0 +∑
𝐶𝑡

(1+𝑟)𝑡

𝑛

𝑡=1

 (4) 

 

where, 𝑃𝑉 is present value, 𝐶𝑡 is the cost or saving at time 𝑡, 𝑟 

is the discount rate, 𝐶0 is the initial investment, and 𝑛is the 

evaluation horizon [58]. In the present study, however, the 

economic comparison is intentionally limited to a preliminary 

screening perspective derived from the CFD thermal outputs. 

It is not presented as a full refinery-wide techno-economic 

appraisal, which would require site-specific installation cost, 

labor, maintenance frequency, degradation history, and 

downtime exposure. 
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4. RESULTS AND DISCUSSION 

 

4.1 Baseline reference and reporting convention 

 

Before comparing insulation options, the output definitions 

used throughout the results must be fixed clearly. The 

reporting surfaces and extracted thermal outputs are illustrated 

in Figure 5, which defines the inner reference, the outer 

reporting surface, and the direction of the extracted heat flux. 

The uninsulated reference case is then presented in Figure 6, 

which provides the baseline checkpoints for heat flux and 

external wall temperature against which all reductions are 

calculated. 

The baseline case confirms the severity of uninsulated 

operation. At 24 h, the external heat flux remains 783.77 W/m², 

which means the steel wall behaves as an efficient heat-loss 

surface under the imposed mixed convection-radiation 

boundary. This baseline is important because all percentage 

reductions and all screening metrics reported later are 

referenced to this condition. It also provides the physical 

context for the insulation results. The question is not whether 

insulation helps, because even thin insulation does that 

decisively. The real comparison is how much additional 

benefit is obtained as the material family and thickness change 

under the same forcing. 

 

 
 

Figure 5. Post-processing outputs and reporting definitions used for comparing insulation cases 

 

 
 

Figure 6. Baseline (no insulation) reference checkpoints for heat flux and external wall temperature 

 

4.2 Single-layer insulation performance, thickness effect, 

and ranking stability 

 

The late-time heat-flux comparison for the single-layer 

cases is shown in Figure 7, while the corresponding 

temperature drop across the wall and insulation layers is 

shown in Figure 8. Together, these two figures establish the 

main thermal findings of the study. 

Adding a single insulation layer reduces the late-time heat 

flux by roughly one to two orders of magnitude relative to the 

uninsulated reference, depending on material and thickness. 

More importantly, the ranking by heat flux is stable at every 

thickness. Aerogel composite blanket gives the lowest heat 

flux, polyurethane foam remains intermediate, and cellular 

glass is consistently highest. At 50 mm, the 24 h heat flux is 

13.401 W/m² for aerogel, 25.145 W/m² for polyurethane foam, 

and 47.915 W/m² for cellular glass. At 100 mm, the values fall 

to 9.672, 18.307, and 35.352 W/m², respectively. At 150 mm, 

they fall further to 5.315, 10.769, and 21.044 W/m². Expressed 

relative to the uninsulated baseline, the reductions are already 

very large at 50 mm, namely 98.29% for aerogel, 96.79% for 

polyurethane foam, and 93.89% for cellular glass. At 150 mm, 

the reductions reach 99.32%, 98.63%, and 97.32%, 

respectively. 

The central engineering point is not simply that thicker 

insulation performs better. It is that the incremental 

improvement weakens beyond 100 mm, even though the total 

heat flux still decreases. This is the practical thickness knee 

that matters in refinery retrofit work, where nozzle clearance, 

cladding complexity, inspection access, and installation cost 

often constrain the design envelope [59]. The step from 50 to 

100 mm yields a clear improvement in both heat flux and 

surface temperature. The step from 100 to 150 mm remains 

thermally beneficial, but the marginal gain is smaller because 

the external boundary, especially convection and radiation at 

the exposed surface, begins to limit how much additional 

thickness can reduce the final heat loss. 

The temperature results support the same interpretation. The 

inner reported surface remains close to 90 ℃ in all single-layer 

cases, which confirms that differences arise from the 

insulation system rather than variation in the hot-side 

condition. The outer surface temperature decreases as 
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thickness increases, shifting more of the temperature drop into 

the insulation where it belongs. At 50 mm, the outer surface 

lies approximately at 42.4 ℃ for aerogel, 43.5 ℃ for 

polyurethane foam, and 45.6 ℃ for cellular glass. At 100 mm, 

the three materials converge near the mid-30 ℃ band, around 

35.6 ℃. At 150 mm, aerogel remains near 35.1 ℃, 

polyurethane foam near 35.8 ℃, and cellular glass near 

38.2 ℃. This convergence in surface temperature, even while 

heat-flux ranking remains stable, is physically reasonable. 

Once the outer surface approaches the ambient-dominated 

exchange regime, additional internal resistance still lowers 

heat flux, but the exposed surface temperature cannot fall 

indefinitely because the external convection-radiation 

boundary sets a lower limit. 

 

 
 

Figure 7. Reported steady heat flux rate versus total insulation thickness for single-layer materials 

 

 
 

Figure 8. Temperature drop across insulation layers at different thicknesses (24 simulation) 

 

4.3 Multilayer assemblies and transient response 

 

The multilayer case was introduced to test whether stacking 

dissimilar materials could provide a useful thermal advantage 

at a total thickness of 150 mm. The transient evolution of the 

hybrid assembly is presented in Figure 9, and the outer-surface 

temperature field at 24 h is shown in Figure 10. 

The transient curves show a physically consistent response. 

“Tank In” remains close to 90 ℃, which confirms that the hot-

side boundary is tightly controlled. “Tank Out” remains only 

slightly lower, while the temperatures at the insulation 

interfaces separate gradually and approach quasi-steady values 

over the 24 h window. This means that the temperature 

gradients are being contained within the insulation stack rather 

than propagating strongly to the external surface. By the end 

of the simulation, the outermost hybrid surface remains close 

to the ambient range, which is operationally relevant for touch 

safety and external surface control. 

The most important result, however, is the final heat flux. 

At 24 h, the hybrid 150 mm stack gives 25.307 W/m². This 

value is almost identical to the 50 mm polyurethane foam case, 

which gives 25.145 W/m², and it is substantially higher than 

the 150 mm single-layer cases, especially aerogel at 5.315 

W/m² and polyurethane foam at 10.769 W/m². This is the non-

intuitive result that requires a direct explanation. 

The explanation is straightforward once the stack is 

interpreted as a series thermal-resistance problem. Under 

quasi-steady conduction, the same heat flux passes through all 

layers, while the total resistance is the sum of the layer 

resistances, 𝑅 = ∑𝐿/𝑘. In the present hybrid stack, one-third 

of the total thickness is assigned to cellular glass, which has 

the highest conductivity among the three materials used. That 

higher-conductivity layer contributes less resistance per unit 

thickness than aerogel or polyurethane foam. As a result, the 

total resistance of the 150 mm hybrid assembly is pulled 

downward toward the moderate range rather than remaining 

close to the best single-material 150 mm designs. In other 

words, the stack does not create a thermal synergy simply by 
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combining three materials. It averages their resistances. Even 

under ideal bonded contact, replacing part of a 150 mm low-

conductivity insulation system with a higher-conductivity 

layer reduces the total thermal resistance and therefore raises 

the final heat flux. 

This point matters operationally. The hybrid configuration 

may still be justified for reasons of constructability, moisture 

tolerance, surface-temperature targets, or exposure 

management. But under the stated assumptions of constant 

properties and ideal interfaces, it should not be described as 

thermally superior to a full-thickness low-conductivity single-

layer system. Its value is practical and system-oriented, not a 

purely thermal optimisation. 

 

 
 

Figure 9. 24 h transient response for the three layer configuration, showing bulk tank temperature (Tank In, Tank Out), layer 

interface temperatures (“In” and “Out” faces for each layer), and total external heat flux 

 

 
 

Figure 10. Temperature field on the tank external surface at 

24 h for the 3 layer, 50 mm per layer insulation configuration 

 

4.4 Screening interpretation and consolidated 

performance summary feasibility, design implication, and 

selection summary 

 

Thermal ranking alone does not determine a refinery retrofit 

decision. Insulation is purchased, installed, inspected, repaired, 

and eventually replaced, so the decision should be read 

through both thermal performance and comparative cost. For 

that reason, the results are summarised in one screening table 

that combines the main decision-facing metrics, namely heat 

flux at 24 h, outer-surface temperature, percentage reduction 

relative to the baseline, and indicative cost per saved heat flux. 

This screening logic is transparent and reproducible, but it 

remains a screening layer, not a full plant-specific investment 

model [60, 61]. 

Three selection patterns follow directly from Table 7. First, 

the aerogel composite blanket is the technical best performer 

at every thickness. It gives the lowest heat flux and the largest 

percentage reduction, but this comes with a strong cost 

premium, especially once thickness increases beyond 100 mm 

and the incremental thermal gain becomes small. Second, 

polyurethane foam provides the strongest performance-to-cost 

compromise in this screening. Even at 50 mm it achieves a 

96.79% reduction, and its cost per saved heat flux remains the 

lowest across the material set. Third, cellular glass occupies 

the durability end of the design trade-space. Its heat flux is 

consistently higher than that of aerogel and polyurethane foam 

at equal thickness, but it still delivers large absolute reductions 

and remains defensible where moisture tolerance, dimensional 

stability, and long-term service behaviour are treated as 

governing constraints rather than secondary preferences. 

Thickness should therefore be interpreted through marginal 

gain, not only through absolute reduction. The 50 mm cases 

already remove most of the baseline heat loss. The step to 100 

mm gives a clear additional reduction in both heat flux and 

outer-surface temperature. The step from 100 to 150 mm still 

improves performance, but the marginal benefit is weaker and 

should be justified through site-specific objectives such as 

touch-temperature control, available clearance, long-term 

exposure conditions, or maintenance strategy [60, 61]. 

 

4.5 Interpretation under the stated assumptions 

 

These results are most useful when read as a controlled 

thermal baseline rather than as a complete field-performance 

validation. The model uses constant material properties, ideal 

bonded interfaces, a prescribed internal wall temperature, and 

a fixed mixed convection-radiation boundary. Under those 

stated assumptions, the ranking by heat flux is clear, the 

thickness knee beyond 100 mm is visible, and the hybrid result 

shows that layering unlike materials does not guarantee a 

thermal advantage. 

That scope does not reduce the engineering value of the 

study. It clarifies it. Under the stated assumptions, the results 
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provide a reproducible basis for comparing insulation families 

in terms of heat-loss control, outer-surface temperature, and 

preliminary retrofit screening. What they do not establish on 

their own is full field robustness under variable wind, 

changing emissivity, moisture ingress, aging, or imperfect 

contact. For that reason, statements about coastal exposure, 

safety relevance, and economic preference should be read as 

selection guidance within the defined model envelope, not as 

proof of universal superiority under all refinery conditions. 

 

Table 7. Consolidated thermal and screening summary at 24 h 
 

Configuration 
Thickness 

(mm) 

Heat Flux at 

24 h (W/m²) 

Outer-Surface 

Temperature (℃) 

Heat-Flux 

Reduction (%) 

Indicative 

Cost (RM/m²) 

Cost per Saved 

Heat Flux, RM 

per (W/m²) 

No insulation 0 783.770 Baseline reference 0.00 0 - 

Aerogel composite 

blanket 
50 13.401 42.4 98.29 450 0.584 

Aerogel composite 

blanket 
100 9.672 35.6 98.77 900 1.163 

Aerogel composite 

blanket 
150 5.315 35.1 99.32 1350 1.734 

Polyurethane foam 50 25.145 43.5 96.79 35 0.046 

Polyurethane foam 100 18.307 35.6 97.66 70 0.091 

Polyurethane foam 150 10.769 35.8 98.63 105 0.136 

Cellular glass 50 47.915 45.6 93.89 70 0.095 

Cellular glass 100 35.352 35.6 95.49 140 0.187 

Cellular glass 150 21.044 38.2 97.32 210 0.275 

Hybrid, aerogel / 

polyurethane / cellular 

glass 

150 25.307 Near ambient range 96.77 555 0.732 

 

 

5. CONCLUSION 

 

This work developed a controlled CFD benchmark for 

comparing three refinery-relevant insulation families, aerogel 

composite blanket, polyurethane foam, and cellular glass, for 

an externally insulated heated storage tank under a consistent 

mixed convection-radiation boundary. The uninsulated 

reference confirmed the severity of baseline heat loss, with a 

24 h external heat flux of 783.77 W/m². Once insulation was 

introduced, heat flux dropped sharply and the ranking by 

thermal performance remained stable across thickness. 

Aerogel composite blanket gave the lowest heat flux at every 

thickness, polyurethane foam remained intermediate, and 

cellular glass was consistently higher. 

A second practical finding was the presence of a clear 

thickness knee. Increasing thickness from 50 to 100 mm 

produced a strong additional reduction in heat flux and outer-

surface temperature. Increasing thickness from 100 to 150 mm 

remained beneficial, but the marginal gain weakened because 

the external convection-radiation boundary increasingly 

limited further improvement. Under the stated assumptions, 

this makes the 100 mm range a credible engineering 

compromise for many retrofit settings, especially where 

thermal benefit, constructability, and material use must be 

balanced together. 

The multilayer 150 mm configuration provided an 

important cautionary result. Although it combined three 

insulation families, its final heat flux, 25.307 W/m², was 

essentially equal to the 50 mm polyurethane foam case and 

clearly above the 150 mm single-layer aerogel and 

polyurethane cases. Under the stated assumptions, the hybrid 

assembly did not produce a purely thermal advantage, because 

the inclusion of a higher-conductivity layer reduced the total 

thermal resistance of the stack. Its justification, therefore, lies 

in system-level considerations such as constructability, 

moisture tolerance, or exposure management, not in an 

assumed thermal synergy. 

When interpreted through a preliminary screening metric, 

polyurethane foam emerged as the most attractive 

performance-to-cost compromise, aerogel composite blanket 

remained the thermal best with a large cost premium, and 

cellular glass remained a defensible choice where durability 

and moisture resistance dominate the selection envelope. 

These conclusions should be read as a reproducible thermal 

baseline for comparison and early retrofit screening, not as a 

full plant-specific field validation. Future work should extend 

this baseline by introducing sensitivity to external coefficient 

variation, radiative conditions, interface resistance, and 

moisture-degraded conductivity so that ranking stability can 

be tested under more realistic service variability. 
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