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Abstract: In this paper, the adequacy of the legacy API 521 guidance on pressure relief valve (PRV)
sizing for gas-filled vessels subjected to external fire is investigated. Multiple studies show that in
many cases, the installation of a PRV offers little or no protection—therefore provides an unfounded
sense of security. Often the vessel wall will be weakened by high temperatures, before the PRV
relieving pressure is reached. In this article, a multiparameter study has been performed taking
into consideration various vessel sizes, design pressures (implicitly vessel wall thickness), vessel
operating pressure, fire type (pool fire or jet fire) by applying the methodology presented in the
Scandpower guideline. A transient thermomechanical response analysis has been carried out to
accurately determine vessel rupture times. It is demonstrated that only vessels with relatively thick
walls, as a result of high design pressures, benefit from the presence of a PRV, while for most cases no
appreciable increase in the vessel survival time beyond the onset of relief is observed. For most of the
cases studied, vessel rupture will occur before the relieving pressure of the PRV is reached.

Keywords: jet fire; pressure relief valve (PRV); vessel rupture; fire heat load; pool fire

1. Introduction

In order to protect pressure vessels against overpressure in case of a fire scenario, a pressure
relief valve (PRV/PSV) is usually installed as a secondary barrier to protect against vessel rupture,
further escalation and potential catastrophic events. The installation of a fire PRVin both upstream and
downstream industries is according to codes, standards, recommendations and best practices [1-3].

When a gas-filled vessel is subject to an external fire, the vessel material heats up. Part of the heat
is transferred to the gas inventory. When the inventory is heated up, the gas expands, and the pressure
increases. At some point, the pressure reaches the set pressure of the pressure relieving valve, and it
will open. If properly sized, the relief valve will protect against further increases in pressure.

The API standard 521 provides guidance for the sizing of a PRV for a gas-filled vessel [3].
The sizing equation is very simple and assumes the release rate is at its maximum, when the vessel wall
material has reached its maximum temperature (assumed to be 595 °C for carbon steel), and the gas is
at its relieving temperature, i.e., this is assumed to be the governing driving force for the heat transfer.

The adequacy of the API sizing equation has been questioned in a number of references [4-6].
API 521 itself highlights some potential issues with the sizing methods and recommends that more
rigorous methods should be applied, if the underlying assumptions are not applicable.
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Due to poor heat transfer between the vessel inner wall and the gas inventory, the vessel material
will heat up relatively more than the gas. At some point, the vessel wall temperature has increased to a
point, where it is weakened below the rupture stress limit.

Wong [6] has addressed this issue and argues that this will occur before the internal gas pressure
reaches the set pressure of the PRV due to local hot spots. No proof of the points made is provided
other than arguments. Heitner et al. [5] has performed transient analysis of a gas-filled vessel
thermomechanical response when subjected to fire heat loads from a pool fire. Their chosen example
showed that relieving conditions are reached after 6 min and that vessel failure will occur between
19-27 min depending on the chosen relief valve size and material properties. Their results show that
in using the API 521 sizing method, the relief valve will be grossly oversized. They also compare the
heat load implicitly assumed by the API 521 sizing for a gas-filled vessel with that of a liquid-filled
vessel with the same heat transfer area. The API sizing for a liquid-filled vessel (where the relief is
vapor generated by evaporation of the liquid phase) scales the total heat transfer rate with the surface
area raised to the power of 0.82. The authors notice that proper sizing of a relief valve for a gas-filled
vessel using transient analysis results in an effective heat transfer rate comparable to using the same
area scaling as for a liquid-filled vessel. The authors state this may be a coincidence.

Nylund [4] has also carried out a transient analysis of the thermomechanical response of a
gas-filled vessel subjected to a fire heat load. Nylund investigates both the effect of local heat loads
due to different sizes of impinging jet fires as well as the full engulfment of a pool fire. The result for
the jet fire heat load shows that for a small impingement area, the total heat load is not sufficient to
raise the pressure above the relief valve set pressure nor above the stress level for a vessel rupture.
For a certain size of jet flame, the vessel pressure increases more, and vessel failure will occur between
4-8 min—long before the PRV set pressure is reached. For the pool fire case, where the pressure
increases, vessel failure occurs much more rapidly—just after 4 min after the start of the fire, when no
PRV is installed. A properly sized relief valve only extends the survival time by less than 1 min.
The conclusion by Nylund is that a PRV offers no protection of a vessel subjected to a fire heat load.

The authors of the present paper have recently conducted a study on the effect of the presence of a
PRV for vessels containing both gas and liquid. A number of different representative pressure vessels,
such as e.g., three-phase separators, suction scrubbers etc. were investigated by transient analysis of
the thermomechanical response. In cases where the unwetted part was subjected to heat loads from
either a small or a large jet fire, no real difference in vessel survival time was observed whether a PRV
was installed or not. For a pool fire heat load, the vessel survival time could be extended significantly
in some cases while in other cases not at all or only by a few minutes [7].

When reviewing the literature on the subject, two questions arise:

1. Is the API 521 sizing too conservative leading to too large PRVs? Thus, increasing installation
costs due to larger piping and valves—but even more importantly an overly large valve—may
lead to chatter, jeopardizing the integrity of the valve due to vibrations, ultimately leading to
failure of the PRV.

2. Does the PRV really offer protection of the vessel or is it just a false sense of security? This question
could also be posed as; in which situations does the PRV actually offer real protection of the vessel?

The latter has been addressed in general terms by Dalzell and Chestermann [8]. They argue that
safety systems should only be installed, if they provide a safety benefit, and not merely because it is
recommended in standards, or because it is the normal industry practice.

In this paper, we will address the above questions by performing a parameter study of
different vessel sizes designed for different pressures and operated at different pressures, where
the thermomechanical response is calculated using a transient analysis by following the most recent
industry best practices introduced by the Scandpower guideline [9]. To the best of our knowledge
a broad parameter study of gas filled vessel thermomechanical response to external fire has not
previously been published. This facilitates more general conclusions, compared to previous studies
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where the vessel conditions only cover a limited range in vessel size, design pressure, operating
conditions and fire type.

While the methodology introduced in the Scandpower guideline [9] originally targeted offshore
installations on the Norwegian continental shelf [10], this methodology is now advocated for
more widespread use via guidelines from the Petroleum Institute in the UK [11,12], and a similar
methodology has been incorporated in the API 521 standard [3,13].

2. Methods

2.1. API 521 Relief Valve Sizing

The API 521 standard [3] includes a formulae for calculating the relief capacity, W (Ib/h), for a
gas-filled vessel subjected to fire heat loads (pool fires):

W = 0.1406 x / M’ x p;

)

A x (Ty — Ty)1
T11‘1506

where,

e A’: Fire exposed area of vessel (in?)
e  pi: Vessel pressure at relieving conditions including allowed overpressure (psi)
e M': Relative molecular mass of gas

o  Ty: Maximum vessel wall temperature (°R). For carbon steel plates, this is normally set to 1100 °F
(593 °C)
e  Tj: Vessel inventory temperature at relieving conditions (°R)

The temperature at relieving conditions is calculated by:

p1
T, = L= .7 2
1 B n ()

where,

e  Tj: Normal operating temperature (°R)
e  pu: Normal operating pressure (psi)

Following API 520 Part 1 [14], the required relief area for critical gas service can be found from:

_ W [Tz ®
C'Kd'Pl'Kh'KC M

where,

e  A:Required relief valve area (in?)

e  Kj: Back pressure correction factor. Assumed equal to 1

e K Effective discharge coefficient. Assumed to be 0.975

e K. Combination correction factor. Assumed to be 1 (no rupture disc installed)
e  Z: Compressibility of the gas

e  M: Molecular mass of gas (Ibm/lb-mole)

C is a function of the ratio of the ideal gas specific heats (k = Cp/Cv) of the gas or vapor at inlet
relieving temperature.

k+1

C 0.03948 k 2 ol 4
= 0098 (M) @
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The API formulae for relief capacity of gas-filled vessels exposed to fire heat loads is based on
the derivation made by Duggan, Gilmour and Fisher [15] and a brief overview of the derivation is
provided in [16]. The derivation applies a number of simplifying assumptions:

1.  Ideal gas law. The assumption that an ideal gas inside the vessel is used several times during the
derivation of the relief rate equation. The relieving temperature calculation assumes ideal gas
behaviour, and the density of the gas is assumed to be that of an ideal gas. However, at elevated
temperatures, the deviation between ideal gas and real gas decreases, and this assumption may
not be severe.

2. Gas similar to air. The assumption that gas viscosity is similar to that of air can give relief rates of
up to a factor of two for other gases compiled in [15].

3.  The gas properties relevant to the heat transfer from the hot vessel wall to the gas used in the
derivation should in reality be evaluated at the film temperature, (Tyan — Tgas)/2 [17]. However,
thermal conductivity, heat capacity, viscosity and gas expansion factors, which all appear in the
applied relation for the heat transfer coefficient for natural convection, are either evaluated at the
gas temperature, or at 20 °C.

4. Assumed T,y ;. The assumption of a maximum wall temperature of 1100 °F (593 °C) may not be
justified. Depending on the steel grade, the vessel may fail at temperatures below 1100 °F [5],
and in that case the sizing becomes conservative. Furthermore, many relief devices are limited to
1000 °F (538 °C) [5,6], thus the assumptions in the capacity calculation exceeds that of the relief
valve design.

5. Steady state. It is assumed that the relief process is a steady-state process in the derivation of the
formulae. This is far from reality. Before the relieving pressure is reached, the temperature of the
vessel material and the gas inventory increases steadily, and pressure builds up. When the relief
valve opens, the vessel material continues to heat up, and the temperature difference between the
wall and the gas is reduced.

6.  Vessel insulation is not taken into account.

For more comments and concerns on the derivation and the assumptions applied, refer to
ref. [3,5,6].

2.2. Fire Heat Flux Modelling

The fire heat flux depends on various parameters such as the type of fire (pool fire, jet fire),
congestion, relief rate (for jet fire), engulfed /impinged area etc. In this study we will, for simplicity,
consider two scenarios: a pool fire, where the investigated vessel is fully engulfed in the pool fire
flames and a large jet fire also resulting in full engulfment. The heat loads for the two types of fire are
adapted from the Scandpower guideline [9] and the NORSOK S-001 [10] standard and are shown in
Table 1. The heat fluxes are incident heat fluxes.

Table 1. Proposed incident heat fluxes in kW/ m? based on [9].

Jet Fire Pool Fire
Leak Rate > 2 kg/s 0.1 kg/s < Leak Rate < 2 kg/s
Local peak heat load 350 250 150
Global average heat load 100 0 100

The global average (background) heat load is used for calculation of the pressure inside the vessel
as a function of time. The local heat load is applied to a small fraction of the total surface area and
contributes minimally to the global average heat load and the pressure profile.

The net heat flux (both local and global) is calculated based on the Stefan—-Boltzmann (S-B)
fire equation:

Qfire = s -0 - <€f-Ter - & Tf) + hf '(Tf - Ts) ®)
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where,

®  Qyjr: heat absorbed by a segment (W/ m?)

e 0 Stefan-Boltzmann constant, 5.67 x 1078 (W/m? K%)
e Ty flame temperature (K)

e T, ambient temperature (K)

e /i flame convective heat transfer coefficient (W/ m? K)
e  u,: surface absorptivity

e & surface emissivity

e ¢ flame emissivity

o T, segment temperature (K) (time dependent)

The heat transfer is calculated based on radiation and convection from the flame. The heat
transfer will thus decrease, when the segment temperature increases due to back radiation and lower
temperature differences between the hot gas/flame and the outer surface of the vessel. Additionally,
a term accounting for heat convection to the inventory inside the vessel is also present.

The flame temperature and gas temperature are assumed to be equal, as it is assumed that each
segment is engulfed by the fire. The convective heat transfer coefficient, iy, is set to 100 W/ m? K for a
jet fire, and 30 W/m? K for a pool fire according to Scandpower recommendations.

The input values for the heat flux equation, such as temperatures and emissivities, are based on
recommendations from Scandpower [9,18]. The flame temperature is calibrated using the following
equation as recommended by Scandpower for the incident heat flux given in Table 1:

Q:a-sf-T}+hf-(Tf—Tumb) ©)

Applying and solving this equation for the flame temperature, the following temperatures are
found for the various incident heat fluxes, cf. Table 2. Table 2 also includes the applied absorptivity
and emissivities. The ambient temperature has been assumed to be 25 °C, for the purpose of flame
temperature calibration. For more elaboration on the ranges of input parameters and heat fluxes,
refer to refs. [3,11,18].

Table 2. Applied parameters in the fire heat flux modelling.

Parameter Unit Global Heat Load Local Heat Load
Pool Fire Jet Fire
Tf K 1078 1212 1429
Tg K 1078 1212 1429
s - 0.85 0.85 0.85
€ - 1.0 1.0 1.0
& - 0.85 0.85 0.85
H W/m2 K 30 30 100
Q(t=0) kW/m? 87 130 311

For simplicity, a distinction has not been made between the background heat load for pool fire and
jet fire. For both fire scenarios, a convective heat transfer coefficient of 30 W/m? K has been applied.
It is found that the initial heat flux is the governing parameter. The applied value of emissivity and
convective heat transfer coefficient is less important for the vessel pressure as a function of time [19].

2.3. Vessel Rupture Criteria

It is assumed that when the von Mises stress, o (MPa), exceeds the allowable tensile strength of
the material, allowable tensile strength (ATS) (MPa), rupture will occur, i.e., when ¢, > ATS.
The ATS is calculated as [9]
ATS = UTS - ks - ky )
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where ks and ky are safety factors and Ultimate Tensile Strength (UTS) is the ultimate tensile strength
(MPa). In this study, a value of 0.85 is used for ks, and a value of 1 is applied for k. See ref. [9] for more
details. The von Mises stress is calculated by:

D2 \?
O = \/3(132_112> + (73 (8)

e 0, Longitudinal stress due to the external force. Assumed to be 30 MPa [9]

where

e D:OQutside diameter
e d: Inside diameter
e p: Gas pressure (MPa)

2.4. Simulation Software and Post-Processing

The dynamic vessel pressure response to the heat input calculated via the Stefan-Boltzmann
fire heat flux equation is performed using the depressurisation utility provided with the Aspen
HYSYS® (V8.3, Aspen Technology, Inc., Bedford, MA, USA). The software accounts for both heat and
mass balances for the control volume in question. Real gas effects are accounted for by employing
the Peng-Robinson equation of state (EoS) [20]. The gas phase viscosity and heat conductivity are
calculated using a modified National Bureau of Standards (NBS) method of Ely and Hanley [21].

The heat input from the S-B equation is applied to the external surface of the vessel with the
vessel surface temperature being continuously updated during the simulation, as the vessel material
heats up. Heat transfer through the vessel wall via conduction as well as convective heat transfer
between the vessel inner wall to the gas is considered. The inventory of the vessel is considered as a
homogeneous fluid, i.e., no stratification of energy/temperature [22]. The convective heat transfer in
HYSYS® is based on the following correlations for natural convection (see e.g., [17])

Nu = a- (Gr-Pr)™ ©)
Nu - k
h= =t (10)

where,

e  Nu: Nusselt number

e  Gr: Grashof number

e  Pr: Prandtl number

e  k: Thermal conductivity of the gas (W/m K)

e  L: Characteristic length (m) (defined internally by simulation software)
e a: Empirical coefficient, selected by simulation software

e m: Empirical exponent, selected by simulation software

While several experiments have been performed on pressure vessels with both gas and liquid
(two-phase) subjected to fire exposure [23-25], to the best of our knowledge no experiments have been
reported for pressurized gas-filled steel vessels subjected to fire heat loads. Results have been reported
for composite gas cylinders [26,27], but the relevant material properties for correctly modelling the
conductive heat transfer may be uncertain, and thus the experiments have not been considered in
this study. In order to validate the heat transfer model used in the utilized simulation software,
an experiment reported in [28,29] is used as a high level validation. The experiment considers a
pressure vessel containing gas (N;) being blown down via an orifice and has been used in the validation
of various codes [28-30]. The heat transfer is from the ambient stagnant air to the outer vessel wall,
through the vessel wall and finally from the vessel inner wall to the gas inventory via natural convection.
See the results section.
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The relief valve modelled has a linear characteristic between the set pressure and an arbitrary
pressure set fully open (in this case 110% of the set pressure). The actual choice of relief valve action is
not considered to be pivotal for the points made in the present article. The purpose of the valve is simply
to maintain a constant pressure inside the vessel, once relieving conditions are reached—assuming
that the valve is not undersized.

In order to calculate the thermal response of the local heat load applied, a post-processing step is
applied using the pressure profile calculated with HYSYS®. In this step, the local heat load is applied
to an element of the vessel wall, and at the same time heat loss from this element to the gas inventory
is accounted for. To be able to calculate the convective heat transfer coefficient for the internal heat
transfer, temperature and pressure-dependent gas properties were derived using HYSYS®.

The gas convective heat transfer coefficient for the local hot spot to the inside of the vessel, hg,
has been calculated and incorporated to the vessel wall heat balance.

Qnet = inre — Qcono (11)

where,

e  Quer: The net heat load to an element of the vessel wall (W/m?2)
®  Qconv: The heat loss from a vessel wall element to the gas inventory by convection (W/ m?)

The convective heat loss is calculated by
Qconv = h- (Ts - Tg) (12)

where

e T,: Temperature of the gas inventory (K)
e I Inside gas convective heat transfer coefficient (W /m? K)

The assumed geometry has been that of a vertical plate, as is the wall in a vertically-orientedvessel.
The Nusselt number is calculated for the case of a vertical plate. The corresponding correlation is

shown next [31]:
2

1
387 - Rat
Nu = {0825 4 — 0387 Rab (13)

9127
[1 + (o.g?z) 16]
The Nusselt number is determined by means of the Grashof, Prandtl and Rayleigh dimensionless
parameters, as seen below [31]:

g B (T — Tg) - L?

Gr = ) (14)
pr= P (15)

k
Ra = Gr - Pr (16)

where,

e  g: Gravitational acceleration (m/ s?)

e  B: Gas thermal expansion coefficient

e T;: Internal surface temperature (K)

e T,: Gas inventory temperature (K)

e v: Gas kinematic viscosity (m?/s)

o  Cp: Gas specific heat capacity (J/kg K)

e 1: Dynamic viscosity (kg/ms)

e  L: Characteristic length set equal to the vertical vessel tan-to-tan height (m)
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2.5. Calculation Workflow

1. The calculation workflow begins by calculating the pressure response due to the global heat flux
from the 5-B equation. This is done by integration of the vessel energy and mass balances using
the chosen simulation software. The calculations are performed for a sufficient period in order
for the relief valve to be activated. It is verified that the selected relief valve has sufficient capacity
to keep the pressure below 121% of the set pressure/assumed design pressure.

2. The local vessel wall temperature is performed by a local heat balance employing a simple
approach using the flame temperature calibrated for the local heat loads. Both pool fire and jet
fire temperature responses are calculated.

For a chosen time step At, the temperature in the next step (i + 1) is calculated as:

Ts, iv1 = Ts; + AT (17)

The increase in temperature is estimated as:

[inre ’ (Ts,i) — Qeonv (TS,i)} - At
[dxwull ' psteel'cpsteel'(TS,iJrl)}

AT, = (18)

where,

®  (steer: Density of steel (kg/m?)
o dxy,y: Vessel wall thickness (m)
o Cpgeer: specific heat capacity of steel (J/kg K)

The steel density is assumed to be invariant. Both the heat flux and the heat capacity vary with the
vessel surface temperature. In order to keep the scheme explicit, the heat capacity in the next time step is
approximated by Cpger (Ts,; + 25 K) [32]. A time step of 30 s is applied in all calculations. Once the local
temperature of the vessel wall is calculated, the ATS is evaluated based on the temperature-dependent
UTS data. The von Mises stress can be calculated based on the calculated pressure profile.

3. Results and Discussion

3.1. Validation

In order to validate the simulation code, experiment I1 from ref. [29] is used. The experiment
is a blowdown of a vertically oriented cylindrical vessel with flat ends. The vessel length is 1.524 m,
the inside diameter is 0.273 m and the wall thickness is 25 mm. Vessel contents and initial conditions:
100% Ny at 150 bar, 288.1 K. Ambient temperature is 288.1 K. The blowdown orifice diameter is 6.35 mm.
The results are shown in Figure 1. The discharge coefficient of the orifice (relief type) has been adjusted
to 0.75 in order to match the vessel pressure profile. The back pressure is set to atmospheric conditions.

As seen from Figure 1, the calculations compare well with the experimental results. The calculated
temperature of the bulk vapor is within the experimental range of measured temperature at all times
during the simulation. It is also noted that the minimum temperature is reached at the same time as
in the experiments. The calculated vessel inner wall temperature does not decline as rapidly as the
experiments—but from around a calculation time of 60 s, the temperature is within the experimentally
observed inner wall temperature. If the calculations had been performed at adiabatic conditions,
the lack of heat transfer would result in a monotonically decreasing temperature of the bulk vapor.
The increase in temperature after t = 40 s is due to heat transfer from the ambient surroundings through
the vessel wall and natural convection at the inner wall surface. Given the absence of other validation
experiments, it is concluded that the heat transfer model applied in the simulation tool is of sufficient
quality to provide accurate enough results for further use.
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Figure 1. Comparison between simulated and experimental results for an Nj-filled pressure vessel
blowdown at ambient conditions.

3.2. Calculation and Simulation Matrix

A calculation matrix has been set up in order to explore relief valve sizing using the API
521 method and for further analysis applying dynamic simulation with vessel rupture calculations
performed by post-processing the dynamic simulation results. The matrix includes four different
vertical vessel sizes all with an L/D ratio of 3 applied. The calculation matrix is shown in Table 3.

Table 3. Calculation matrix with steady-state API 521 relief valve sizing. Twenty-one percent

overpressure has been applied in the sizing. Relief valve sizing has only been performed for cases with
high operating pressure. For cases with low operating pressure, the margin to the design pressure/relief

pressure results in the relief temperature exceeds the maximum wall temperature.

Vessel Geometry and Design Data

API Sizing Data

= &
z B s 2
& E g E et g
= E - g 2 » = E 8 g
g & 5 B - 2 = — S < 2 o -
s E £ ¢ § o: & F $ i ¢ f£ 2 &
E = £ < 3 e 8 - 2 = & o g 8
g = E Y -2 = g & = ) ‘g - = Ny
£ 2 s & B £ g2 &£ <2 g o T 4 =
a 5] > o) . 5 R 2 =) o
~ 2 < 2 8 = e
) Gl <] = — ‘5"
Q 6 < é’ 5
o 5
&~ &
0.5 1.5 029 275 54 10.0 15 5 160
0.5 1.5 029 275 5.4 10.0 15 10 160 1156 13.7 D 306.3 0.012
0.5 1.5 029 275 102 102 45 15 160
0.5 1.5 029 275 102 102 45 35 160 3248 117 D 2276 0.017
0.5 1.5 029 275 252 252 135 45 160
0.5 1.5 029 275 252 252 135 115 160 7268 8.2 D 1853 0.021
1 3 236 11.00 7.7 10.0 15 5 160
1 3 236 11.00 7.7 10.0 15 10 160 4624  55.0 D 306.3 0.012
1 3 236 1100 173 173 45 15 160
1 3 236 11.00 173 173 45 35 160  1299.1 46.8 D 2276 0.017
1 3 236 11.00 474 474 135 45 160
1 3 236 1100 474 474 135 115 160 29070 327 D 1853 0.021
2 6 1885 4398 124 124 15 5 160
2 6 1885 4398 124 124 15 10 160 18495 219.1 G 306.3 0.012
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Table 3. Cont.

Vessel Geometry and Design Data API Sizing Data
2 —~
- 7 ~ ®
~ E E T oz £
—_ ~ <
E E ¢ & S &3 o= _ 5 & £ 4 4
>y £ & § ¢ ¢ & F ¢ 3 T £ ¢ =5
o E u = g ~ = 2 2 g ] 2 < g
gz E T g =z 5 §¢ = &£ O s 8
g £ g s 2 E & & £ O £ = 2 &
2 £ & £ £ £ 2 & 2 3 < 2 < "
Q 9 > 5 , 3 ~ Z S S
= 3 g 2 S = @
5 L = § 4
v B < 2 &
o 5
& &
2 6 1885 4398 316 316 45 15 160
2 6 18.85 4398 31.6 31.6 45 35 160  5196.3 187.3 F 2276 0.017
2 6 18.85 4398 919 919 135 45 160
2 6 1885 4398 919 919 135 115 160  11,629.4130.8 F 1853  0.021
3 9 63.62 9896 17.1 17.1 15 5 160
3 9 63.62 9896 17.1 17.1 15 10 160  4161.5 494.8 H 306.2 0.012
3 9 63.62 9896 459 459 45 15 160
3 9 63.62 9896 459 459 45 35 160 11691.6 421.5 H 2276 0.017
3 9 63.62 9896 1363 1363 135 45 160
3 9 63.62 9896 1363 1363 135 115 160  26,166.22942 G 1853 0.021

For each vessel size, three different design pressures are investigated, and for each design pressure
two operating pressures are investigated. The low operating pressure is set to 1/3 of the design
pressure, and the “normal” operating pressure is set to 5, 10 and 20 bar below the design pressure for
15, 45 and 135 bar design pressure, respectively. The term operating pressure is used for the vessel
pressure at the start of the calculations. This can be the operating pressure, or it can the settle-out
pressure [33] for a blocked in volume.

For each combination of design pressure and vessel diameter, the vessel thickness is calculated
according to the ASME Boiler and Pressure Vessel code [1] for circumferential stress for a thin-

walled vessel.
P-D

(S'E—06-P)

Thickness (mm) = 1000- 5 (19)

where,

e  P: Design pressure (MPa gauge)

e D: Diameter of vessel (m)

e  S: Maximum allowable stress (MPa)

e E:Joint efficiency (assumed 1.0 in this study)

The allowed stress is set to 3.5 times lower than the UTS, and carbon steel is assumed with an
allowable stress of 160 MPa (i.e., an assumed UTS of 560 MPa). A corrosion allowance of 3 mm is
included, and a minimum vessel thickness of 10 mm is assumed regardless of the result of the vessel
thickness calculation.

As seen from the API 521 relief valve sizing in Figure 2, it is generally observed that the larger the
surface area, the higher is the relief area required. The relief rate scales linearly. It is also observed that
the higher the design/relief pressure, the smaller is the area required due to larger relief capacity per
unit area of the relief valve. The latter is valid for the chosen margins from the operating pressure to
the design pressure.

In all dynamic simulations, a D-orifice has been found to be sufficient in order to keep the vessel
pressure below 121% of the set pressure. This is significantly smaller than many of the sizes found
using the API 521 sizing formulae, where up to G-orifices were calculated.
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Figure 2. API 521 relief valve sizing results for the four vessel sizes investigated. Three different design
pressures are applied for each vessel size and for each design pressure, a high and low operating
(initial) pressure is applied.

3.3. Dynamic Thermomechanical Vessel Response and Rupture

For dynamic simulations with rupture calculations, the material properties in terms of tensile
strength as a function of temperature is taken from the Scandpower guideline [9] for the carbon steel
type 360 LT. The curve has been scaled relatively in order to give a value of 560 MPa @ 100 °C (assumed
design temperature). The resulting tensile strength as a function of temperature is shown in Figure 3.

700 4 ——CS 360LT —»Scaled 360LT =G Interpolation used

600 A

o
=]
=1

Tensile strength (MPa)

N
=3
S

100 +

0

Q
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Temperature (°C)

Figure 3. Assumed material tensile strength as a function of temperature. Data adapted from [9] and
scaled to give the assumed UTS of 560 MPa at 100 °C.

The results of the dynamic thermomechanical vessel response are summarized in Table 4. Included
is the calculated relief temperature, the time to relief, and the time to rupture for both pool fire and
jet fire heat loads. The calculated relief temperature is the temperature, when the relief valve starts
to lift. This is coinciding with the design/set pressure and therefore somewhat lower than, what is
predicted by the API 521 relief sizing, which has assumed that relieving conditions are at 121% of
the design/set pressure. Included in the table in the last column is also an indication if the PRV has
reached the specified set pressure before vessel rupture occurs. Since in the case of a jet fire, it has
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been proved that the vessel rupture happens before relief in all but one of the cases, the “Relief Valve
Activation” column is referred to as the pool fire case scenario.

Table 4. Results from the thermomechanical response simulations.

Vessel Geometry and Design Data

Dynamic Simulation Output Data

Rupture Evaluation

Design  Operating  Time to Initial Pool Fire Pool Fire Jet Fire Jet Fire Relief
Diameter . Relief Time to Pres. at Time to Pres. at Valve
Pressure  Pressure Relief R
(m) (bar) (bar) (min) Temperature  Rupture Rupture Rupture  Rupture Activation
(°Q) (min) (bar) (min) (bar) (Pool Fire)
0.5 15 5 9.9 679.08 7 13.0 2 6.4 FAIL
0.5 15 10 32 202.87 7 15.0 3 14.5 OK
0.5 45 15 11.6 645.03 3 20.7 1 15.6 FAIL
0.5 45 35 3.0 124.59 2 39.6 1 36.0 FAIL
0.5 135 45 21.0 550.36 14 67.3 8 52.9 FAIL
0.5 135 115 4.0 78.54 12 135.1 6 126 OK
1 15 5 14.5 679.02 10 85 4 5.6 FAIL
1 15 10 48 202.89 6 122 2 10.2 OK
1 45 15 24.2 644.94 12 20.6 6 16.4 FAIL
1 45 35 6.1 124.42 8 39.4 4 36.0 OK
1 135 45 46.0 135.00 30 66.5 14 50.0 FAIL
1 135 115 8.8 78.55 12 135.1 5 121.2 OK
2 15 5 289 678.96 8 59 4 52 FAIL
2 15 10 8.4 202.37 6 10.7 2 10.1 FAIL
2 45 15 54.7 644.84 22 19.2 12 16.2 FAIL
2 45 35 13.1 124.25 16 38.8 8 35.9 OK
2 135 45 107.3 550.28 76 52.3 28 48.9 FAIL
2 135 115 20.0 78.48 46 135.7 20 119.7 OK
3 15 5 47.8 678.91 12 59 6 52 FAIL
3 15 10 13.1 202.21 8 12.1 3 10.3 FAIL
3 45 15 -1 -1 32 18.5 14 15.6 OK
3 45 35 20.9 124.21 24 384 10 35.5 OK
3 135 45 -1 -1 112 50.8 42 482 OK
3 135 115 33.1 78.48 76 121.4 28 118.3 OK

1 No relief reached.

Example results for some of the vessel responses in terms of pressure, maximum wall temperature
(local heat load applied), von Mises stress and allowable tensile stress as a function of temperature are
shown in Figures 4 and 5.

In Figure 4, the results for the vessel with a 0.5 m diameter and 45 bar design pressure are shown
both with normal and low operating pressure and for both pool and jet fire. Figure 5 displays the
results for the 3-m diameter vessel with a 135 bar design pressure.
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Figure 4. Results for 0.5-m diameter vessel with 45 bar design pressure. The graphs show vessel
pressure (right axis), temperature (where peak heat load is applied), von Mises stress and ATS (left
axis) as a function of time. (a) Pool fire scenario at 15 bar; (b) jet fire scenario at 15 bar; (c) pool fire
scenario at 35 bar; and (d) jet fire scenario at 35 bar.
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Figure 5. Results for a 3-m diameter vessel with 135 bar design pressure. The graphs show vessel
pressure (right axis), temperature (where peak heat load is applied), von Mises stress and ATS (left
axis) as a function of time. (a) Pool fire scenario at 45 bar; (b) jet fire scenario at 45 bar; (c) pool fire
scenario at 115 bar; and (d) jet fire scenario at 115 bar.
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As seen from Figure 4c, for the normal operating pressure (35 bar) and pool fire heat loads, rupture
occurs slightly before the pressure has reached the relief valve set pressure (1 min).Thus, for a pool
fire case which is the applicable fire scenario for API 521 PRV sizing [3], the presence of a PRV does
not extend the survivability of the vessel. With a low operating pressure (15 bar) as a starting point
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cf. Figure 4a, vessel rupture occurs long before the pressure has increased to the relieving pressure.
When a jet fire heat load is applied cf. Figure 4b,d, rupture generally occurs at an earlier time compared
to a pool fire heat load, and in both cases rupture occurs when the pressure has just started to increase.
For the illustrated case, the presence of a relief valve does not improve the survival of the vessel.

From Figure 5c¢, it is seen that for a pool fire heat load with a normal operating pressure (115 bar)
as a starting point, the presence of a relief valve actually extends the survival time of the vessel.
The relieving conditions are reached after 33 min, but rupture occurs after 68 min. Had the relief valve
not been installed, rupture would have occurred earlier due to the steadily increasing pressure. In this
case, the relief valve fulfils its purpose. For a low operating pressure (45 bar) as a starting point cf.
Figure 4a, rupture occurs well before the relieving conditions are reached, and this also applies for the
two jet fire cases cf. Figure 4b,d.

The results shown for illustrative purposes in Figures 4 and 5 display some general trends,
which are applicable for all the investigated cases. For low operating pressure compared to the
design/PRYV set pressure, vessel rupture occurs, before the relieving pressure is reached. For a jet fire
heat load, rupture also occurs well before the relieving pressure has been reached (except for a few
cases, where rupture occurs coincident with relief, or very shortly after). Also, a higher design pressure
and thereby a thicker vessel wall extends the survival time of the vessel.

Results for all cases in terms of vessel time to relief and time to rupture for both pool fire and jet
fire heat loads are summarized in Figures 6 and 7, respectively. For each case, the bubble size indicates
the vessel size and the corresponding data label shows the design pressure. For each heat load,
the results are grouped into normal and low operating pressure. Points below the y = x line are cases,
where rupture occurs, before the PRV opens, and points above the line are cases, where rupture occurs
after the PRV opens.

As seen from the results in Figure 6 for the pool fire heat load, in the majority of the cases rupture
actually occurs before the relieving pressure of the PRV is reached. Looking into the grouping of
operating pressures, it is observed that for a lower starting pressure relative to the relief pressure,
all cases show rupture before opening of the PRV. For the normal operating pressure cases, most of the
cases rupture occurs after the PRV has reached the relieving pressure, and it can be claimed that the
PRV actually extends the survival time of the vessel. The effectiveness of the PRV is investigated in
more detail in Figure 8. As seen from the figure, only in a few cases it is predicted that the rupture
time occurs significantly later than the time of relief. Besides the three cases, where rupture actually
occurs before the PRV opens, most of the other cases show rupture just a few minutes, after the PRV
has started relieving.
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Figure 6. Grouped results for the pool fire scenario in terms of vessel diameter, design pressure and
operating pressure.



Safety 2018, 4, 11 15 0f 17

@ Jet Fire - Normal pressure
100 A L
] © Jet Fire - Low pressure L

- - Linear (X=Y) 5
56 &

5% % S ©

1 T P& T —— 1
100

Time to Rupture (min)
S

10
Time to Relief (min)

Figure 7. Grouped results for the jet fire scenario in terms of vessel diameter, design pressure and
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Figure 8. Extension of vessel rupture time after the onset of relief as a function of time to relief for pool
fire cases with normal operating pressure. Negative values indicate that rupture is predicted to occur
before PRV relief pressure is reached.

As seen from Figure 7 for the jet fire cases, rupture occurs at best at the same time or well before
the relieving pressure is reached—except for a single case, where the vessel survival is prolonged
insignificantly. This clearly shows that a PRV has no effect in terms of protecting a gas-filled vessel
subjected to a jet fire heat load. API 521 also states that “ ... protection from jet fire exposure is
typically addressed through means other than PRVs, because failure often occurs due to localized
overheating, for which a PRV is ineffective”.

4. Conclusions

In this paper, we have examined relief valves for protection of gas-filled vessels against
overpressure due to external fire. Both the sizing of the relief valves has been studied as well as
the effectiveness of the relief valve to actually protect the vessel from rupture. Both pool fire and jet
fire scenarios have been evaluated.

It is generally found that applying the API 521 relief-valve sizing methodology, the relief valves
are grossly oversized compared the actual size used in the dynamic simulations where a D-orifice is
sufficient to keep the vessel pressure below 121% of the design pressure. This may lead to chatter and
potentially challenges the mechanical/structural integrity of the valve. Furthermore, an extensive



Safety 2018, 4, 11 16 of 17

number of calculations have been performed for different vessel sizes, design pressure, operating
pressure etc. When a gas-filled vessel is subjected to a pool fire, only a few of the investigated cases
have a significant benefit of a PRV in terms of extending the vessel survival before rupture. Only vessels
with a thick wall (due to high design pressure) have a real benefit from the PSV. For the remaining
vessels, the lifetime of the vessel is only prolonged slightly or not at all. These are for cases with a
normal operating pressure. If the vessels are operated at a low pressure, the picture is even worse,
and no vessels survive long enough for the relief pressure to be reached. For the jet fire cases, the effect
of the PRV is nonexisting, and only a single case sees any benefit from a PRV, and even so the lifetime
is only extended shortly, after the relief valve has been activated.

Based on these investigations, we recommend that extreme caution should be taken, if and when
designing relief systems for gas-filled vessels, and we propose the following recommendations:

1.  Never base relief valve sizing for gas-filled vessels on API 521 equations—except maybe for
early phase studies for cost estimation purposes. For detailed design and actual installation
purposes, always base relief valve sizing on dynamic simulations with rigorous modelling of the
heat transfer process in order to avoid grossly oversized PRVs.

2. Carefully consider if the vessel survival time actually benefits from an installed PRV by
performing thermomechanical calculations of the vessel rupture time and taking the chosen
material properties into account.

3. If the vessel rupture time is not significantly prolonged by the presence of a PRV, consider
alternative means for protecting the vessel, such as e.g., insulation, or even better, blowdown
activated by fusible plugs.

4. In case of protection against jet fire, never rely on a PRV; always consider alternative means
of protection.
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