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1 INTRODUCTION 6

1 Introduction

Vessels and pipes filled with fluids require pressure relief in order to protect from loss of contain-
ment caused by fluid thermal expansion. Thermal expansion of fluids occurs when the fluid is
heated as a result of steam tracing, solar radiation, external fire, etc.

In addition to establishing the required thermal relief requirements, it is also useful to establish
the maximum pressure that can be reached during limited heating for either non-vented or par-
tially vented fluid filled systems. In order to obtain better estimates of the maximum pressure
reached, the elasticity of the piping/vessel should be considered. For partially vented systems, the
excess volumetric expansion (fluid expansion - vessel/piping expansion) rate will govern the relief
requirements.

2  Volume Change for Piping and Vessels

The volume of a solid, just like a fluid, expands and contracts due to changes in temperature
and pressure. Because the change in volume for solids is smaller than the volume change for
liquids and gases, it is normally neglected in most fluid flow applications. There are some practical
applications where the volume change of a pipe or vessel can be important when considering
scenarios dealing with loss of containment. Thermal expansion of liquid full vessels and/or piping
is one such application. The depressuring of long high pressure pipelines is another practical
application.

For vessels or piping containing liquids or vapors that are subjected to heating, the overall change
of vessel volume due to thermal expansion and increase in internal pressure as a function of time
is given by:

av, ToV.] dT [oV,] dP . _dT (D ( Vi qpP
at {8T]P ar {aPL gt =PV T ( 5) (ET) TG M)

where o is the material of construction coefficient of thermal linear expansion, E; r is the material
of construction modulus of elasticity (see Figure 1), D; is the internal vessel diameter, ¢ is the
vessel wall thickness, v is Poisson’s ratio, and f(v) depends on the vessel geometry:

f(v) = 1.25—v~0.95 foracylindrical vessel, and ()
3
flv) = 2 (1 —v)~0.53 for spherical vessel. 3)

2.1 Change of Volume with Respect to Temperature

Unlike liquids and gases, the change of volume of a solid due to a change in temperature is typically
calculated from the solid linear expansion coefficient, «:
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Figure 1: Temperature dependency of modulus of elasticity for some common materials of con-
struction [ 1]
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where L is the length of the solid, 7" is the temperature and o is the coefficient of linear thermal
expansion typically expressed in units of —-. It can be shown that thermal expansion of a solid in
2D (area) or 3D (volume) can be related to the linear coefficient of thermal expansion ':

04,
57 20,5(T') As )
Vs

a7 = 3o, (T)V; (6)

Typical values of « are shown in Table 1 for some common metals and materials of construction.
As shown by Table 1, liquid thermal expansion is much larger than steel thermal expansion and
almost all the liquid thermal expansion will contribute to stressing the liquid full pipe or vessel.
is a weak function of temperature.

. 2 . .. . .
'For example, for a cylinder, V, = %L. Differentiating V; with respect to temperature yields %‘7@ =

T [D2a,L + 20,LD?] = 30, ™2 [ = 3a,V,
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Table 1: Coefficient of linear thermal expansion for some common metals and materials of con-
struction at 293.15 K

Solid a, x 10°, m/m/K | 3a, x 10°, m/m/K
Aluminum 25 75
Brass 19 56
Copper 17 51
Gold 14 42
Steel 12 35
Invar (Nickel-Iron Alloy) 0.9 2.7
Lead 29 87
Silver 18 54
Glass (typical) 9 27
Glass (Pyrex) 3 9
Quartz 0.4 1
Concrete, Brick ~ 12 ~ 36
Marble (typical) 2.5 7.5
Water 210
Air 3400

2.2 Change of Volume with Respect to Pressure

The change of a solid volume with respect to pressure can be related to the isothermal compress-
ibility of the solid. The isothermal compressibility, «, is not used for solids. Instead, the bulk
modulus of elasticity is typically used:

wo LoV _1iopl L (7)
-V |oP], plOP];, Er

For thin walled (% > 10), hollow piping and vessels, the change of volume with respect to pressure
is proportional to the isothermal compressibility and diameter to thickness ratio:

v, (D) (Vi .

5P = (7) (E87T>[1.25—V] Cylinder 3
v, (D[ V.\][3

i = (7)) (25) [10-7)] s ®

where v is Poisson’s ratio > which is approximately equal to 0.3 for steel.

ZRatio of strain in a traverse direction to that in the longitudinal direction, v = lateral — where ¢ is the strain

€azial

K

in m/m or in/in.
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3  Volume Change for Fluids

The excess volume change of a liquid / gas mixture contained in an elastic vessel/pipe caused by a
change in temperature and/or pressure is given by:

d‘/e:ccess T — dN an 5
_ L Vomy v, }j - 10
o = (VB + W) — — (Vo i) & T Vi— = — (10)

where « is the isothermal compressibility and (3 is the volume expansion coefficient. x and (3 are
typically calculated from an equation of state.

Excess volumetric change due to thermal expansion would have to be provided by the relief device
in order to keep the pressure from exceeding a limiting value. If we assume the piping or vessel

containing the fluid mixture is rigid, i.e. d;f = 0 then:

d‘/ea:cess ar - dN — dnz
o = VB + Vi) o = (Veru + Vzm Z (11)

If we also assume the piping and/or vessel is full of a single phase fluid with a negligible partial
molar volume we can write:

d‘/vGIECeSS _ dT dP

S = (V) o = (Vi) (12)

4 Pressure Increase Due to Fluid Thermal Expansion

The theoretical rate of pressure rise caused by fluid thermal expansion is a function of isothermal
compressibility and volume expansivity as shown by Equation 12:

d‘/emcess dT dP
= (V@) — — (V& =0 13
ey v =0 (13)
dP} I} 15}
— = —=— (14)
732
LZT v . piﬁ pCp

4.1 Isothermal Compressibility, ~
The isothermal compressibility factor  is the fractional change of density with respect to pressure

at constant temperature. « is typically calculated from an equation of state. The real fluid value is
always larger than the ideal gas value.

1oV 1 oz\ dp
“——v(a—p) ﬁ‘f(aTa)T (ap) ()
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Figure 2: % for liquid alkanes as calculated by SuperChems® Expert
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Source: ioMosaic® SuperChems® Expert

Typical values of x range from 1072 Pa=! to 107° Pa~1.

Gases xk~ 107° Pa!
Liquids 1071 <~ k <~ 107 Pa™!

Solids 10712 <~ k <~ 10711 Pa!

The isothermal compressibility factor is always larger then the adiabatic or isentropic compressibil-
ity factor. Where measured speed of sound data is available for liquids, the value of the isothermal
compressibility can be obtained from such measurements:

1 T3

_ 16
: pe; " pCp (10
1
~ 17
PCs
The second term in the above equation, Zci;, is approximately 10 % of the total value of x for most

liquids. As a result, the value of « is not very sensitive to small errors in that term.

(©ioMosaic Corporation 1} | Revision 2 Printed September 18, 2026


https://iomosaic.com/services/enterprise-software/process-safety-office/superchems
https://www.iomosaic.com/
https://iomosaic.com/services/enterprise-software/process-safety-office/superchems
https://www.iomosaic.com

4 PRESSURE INCREASE DUE TO FLUID THERMAL EXPANSION 11

4.2 Volume Expansivity,

The volume expansion factor (volume expansivity) 3 is equal to the change of density with respect
to temperature at constant pressure:

(VY 1 1iozy 1o
5‘V<8_T>P‘T+Z(0T)p‘ p(aT)p 1o

19)

4.3 Bulk Modulus of Elasticity, £r

Another common method of expressing the compressibility of a substance is the bulk modulus of
elasticity. The modulus of elasticity, I, has units of pressure. If the compression is isothermal, the
modulus of elasticity, £, can be expressed as:

Er—p|9f] 21 (20)
oply K

If the compression is adiabatic, the modulus of elasticity, I, can be expressed as:

oP ol ¢
Es=p [a_p] =Lt—=2FEr (21)
s

For a solid, the heat capacity ratio is approximately one. As a result, F's and Er are approximately
equal for a solid:

1
Esg~Esp=— (22)
K

As a result the speed of sound for solids can be approximated by the following expression:

ES,T
P

12

(23)

Cs

For a non-ideal fluid, F5 can also be related to the volume expansion coefficient 5 and the Joule-
Thompson coefficient zig:

By=—_ = 1 - 1
S_R_TﬂQ_ﬁ—ﬁ[ﬂH_l]_ﬁ_ﬁ[(g_;>H_1}

PCp

(24)

For an ideal gas, £ = P, and Fg = v P.
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Table 2: Thermal relief requirement for typical liquids at 363.15 K and 1 bar

Liqud | G (KD s (Pah) | dPAT (bar/K) | $2T(m? /) | Cpi (kg/K)
Water 316.5 x107% | 2.329 x10~10 13.58 7.703 x10~ 1 4207
Toluene 1284 x1076 | 1.972 x107° 6.51 8.349 x 10710 1920
Methanol | 1524 x1076 | 1.279 x107° 11.91 6.863 x10710 3074
Ethanol 1544 x107% | 1.431 x107° 10.78 6.773 x10~10 3161
Acetone 1922 x107% | 3.349 x107° 5.74 1.118 x107° 2440
n-pentane | 2287 x107¢ | 8.603 x10~° 2.65 1.520 x107° 2742
Aniline 894 x107¢ | 6.912 x1071° 12.93 4.240 x10710 2188

S Thermal Expansion for Incompressible Liquids

Pressure rise rates can be substantial for slightly compressible liquids as shown in Table 2 and in-
finite for a totally incompressible liquid. Theoretical pressure rise rates for normal alkanes liquids
are calculated using SuperChems® Expert and are shown in Figure 2.

If we assume a totally incompressible liquid to equation 12:

d‘/;xcess
dt

AT _ pdT

— (Vif) — =
(Vi) 5 o dt

(25)

Equation 25 is often used to determine the amount of the liquid that needs to be vented in order to
keep the pressure in the pipe and/or vessel under allowable limits.

The required thermal relief capacity at constant pressure is given by:

WVercess _ Q [
dt Cu,l P1

(26)

where Pezeess g in m?3 /s, Q is in Watts, p; is in kg/m? and c,; is in J/kg/K. Typical values for r;,

(; and [Z—T] , are tabulated in Table 2. As shown in Table 2, pressures developed if thermal relief
is not provided can be very large. Values for (3; can be approximated using the following equation,
given two close points for density:

(pratpee) (1 1
2 P12 PL,1

B = T

(27)

Required relief areas for thermal liquid expansion are typically small. A 3/4 inch x 1 inch relief
valve is usually sufficient for most applications. The required thermal expansion relief area can be
calculated by equating the volumetric flow rate for a relief valve (calculated from the mechanical
energy balance) at the valve’s opening pressure with the required flow rate due to thermal expansion
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5 THERMAL EXPANSION FOR INCOMPRESSIBLE LIQUIDS 13

as given by Equation 26:
d‘/ea:cess 2 .
— a2 pop)= 90 (28)
dt P Co,l PL

or, we can solve for A, directly:

QB
Ah — Cy,l PL (29)

Cy\/ 2 [P — P
ol

For equilibrium or liquid flow, P; is the fluid saturation pressure at the relief temperature or the
ambient pressure, whichever is larger. P is the maximum allowable pressure, typically 10 %
overpressure over the maximum allowable working pressure of the vessel.

For subcooled liquid flow where non-equilibrium effects dominate during flow, i.e. the flow does
not have enough time for flashing to occur, P can be lower than the saturation point pressure.
This occurs inside the two-phase boundary but without flashing. In extreme conditions of non-
equilibrium (where the rate of pressure drop is very high), this pressure can reach the thermody-
namic stability limit at which spontaneous generation of vapor has to occur regardless of whether
there is enough time for bubbles to form or not. The Bernoulli flow driving pressure in this case be-
comes larger and more flow is realized. Non-equilibrium flow becomes less important as the initial
temperature gets closer to the critical point. The thermodynamic stability pressure limit is equal
to the critical pressure at the critical point. The maximum possible driving pressure for Bernoulli
flow gets smaller as the initial subcooled liquid temperature gets closer to the critical temperature.

Burnell [2] used a bubble delay factor, C, to approximate the impact of non-equilibrium on mass
flux, G, by modifying the standard Bernoulli flow equation:

G = V2p[P—(1-C)P] (30)

where C' is directly related to the bubble growth delay time and typically ranges from 0.2 to 0.3.
The magnitude of C' determines the pressure undershoot at the choke point/exit due to the su-
perheating of the liquid. C' tends to O as the starting initial temperature approaches the critical
temperature. Depending on the flow conditions, C' can also depend on the length of pipe and initial
vapor quality. For pipe flow, it has long been recognized that a pipe flow length of approximately 4
inches [3] is required for equilibrium two-phase flow to develop, C' = 0. Non-equilibrium is most
important for nozzle flow (PRV flow) and for short piping.

The calculation of thermodynamic stability limits for vapor and liquid is complex for mixtures
and requires an equation of state. In the case of a pure component, an equation of state is still
required. However, the thermodynamic stability limit can be approximated with reasonable accu-
racy as shown in Figure 9. For a pure component, the stability limit temperature at atmospheric
pressure is approximately equal to:

Tg ~ 0927, (31)
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5 THERMAL EXPANSION FOR INCOMPRESSIBLE LIQUIDS 14

where 7. is the critical temperature in Kelvins. If the stagnation temperature of a subcooled liquid
pure component is greater or equal to 7T then P, must be greater or equal to P:

= —0.92

c

Ps Z PlePatm+<Pc_Patm> 0.08

where T, <T <T. (32)

5.1 Liquid Heat Capacity at Constant Volume

The value of liquid c,; is often used as c,;. While this may be adequate for certain compounds,
actual values of ¢, ; may be different from c,; by as much as factor of 1.5 for certain chemicals
such as diethyl ether, and ethyl acetate.

The value of liquid ¢,; should be computed from an equation of state and from the liquid heat
capacity at constant pressure, ¢, ;:

ov oP
) —cv:T<—> (—) (33)
P or ) ,\oT ),
or
T (5); P
¢, = cp+ 2LV o T (34)
P (@) P K
av)r P
Cp K 1
 _ K_ Lt 35
Cy ks 1-—T2 (35)

CppK

For some liquids, the heat capacity ratio can be as large as 1.5. The same relationship applies to a
real gas as well. For an ideal gas the form reduces to the well known form ¢, — ¢, = R,:

1
K = —
P
1
b7
P = pR,T
2
T
Cp—Cp = T%:RQT_RQ
c K
2 = —:’Y
Co K

The constant volume heat capacity for the liquids shown in Table 2 is shown in Table 3. The heat
capacity ratio for methanol is close to 1.5 while that for water is essentially one.

To illustrate the impact of isothermal compressibility of the value of the heat capacity ratio for
liquids, we consider the special cases of water and acetone at 20 C and 1 atmosphere.
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Table 3: Liquid heat capacity at constant volume for typical liquids at 363.15 K and 1 bar

Liquid B (K™ ki (Pa™1) pi, kg/m? | ¢,y Jkg/K) | ¢, (J/kg/K) %
Water 316.5 x107°¢ | 2.329 x10~1Y 963 4044 4207 1.040
Toluene 1284 x107¢ | 1.972 x107° 801 1541 1920 1.246
Methanol | 1524 x107¢ | 1.279 x107? 722 2161 3074 1.422
Ethanol 1544 x107% | 1.431 x107° 721 2322 3161 1.361
Acetone 1922 x107% | 3.349 x107° 704 1871 2440 1.304
n-pentane | 2287 x107% | 8.603 x107? 548 2339 2742 1.172
Aniline 894 x107% | 6.912 x10710 962 1751 2188 1.249

5.2 Water Liquid Heat Capacity Ratio

k= 4.591 x 1070 /Pa, 8 = 0.206 x 1073 /K, ¢, = 4184 J /kg/K, and p = 1000 kg/m?.

293 x (0.206 x 1073)°

== 000 x 4501 x 1010 2108 J/ke/K (36)
and
Cp 4184
—=——=1. ~1
c, 4184 —27.08 0065 ©7)
5.3 Acetone Liquid Heat Capacity Ratio
Kk =12.62 x 1071° /Pa, f = 1.46 x 1073 /K, ¢, = 2167 J/kg/K, and p = 790 kg/m?.
293 x (1.46 x 1073)*
N = 626.4 kg/K
% == 000 x 12.62 x 10-10 ~ 02049 I/ke/ (58)
and
21
& _ T 1 4066 (39)

¢y 2167 — 626.45

5.4 Relief Requirements for Thermal Expansion

Consider 50,000 ft of 4 inch pipe containing n-pentane with a heat input of 50 W/ft (typical of
solar radiation in the summer. see [4]), we calculate a required relief area of 0.180 in? for a valve
with a set pressure of 150 psig:

(1748 x 107) x 50 x 50,000  0.0038

An = =1.155 x 10~*m? or 0.180in2
0.62/2:(11204 — 1) x 107 378

(40)
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6 DYNAMICS OF THERMAL EXPANSION RELIEF 16

If the heat capacity at constant pressure was used instead, we would calculate a required relief area
of 0.155 in?%, a 15 % smaller value.

6 Dynamics of Thermal Expansion Relief

We consider a vessel full of a single phase fluid that is exposed to a heating rate (. Simplifying
the detailed vessel balances derived by Melhem [5] and ignoring the fluid partial molar volumetric
change, we can fully describe the temperature and pressure in the fluid full vessel:

Mass Balance:

dm . .
E = Mip — Mout (41)
Internal Energy Balance:

dT dm

(mcv + mscv,s) E + UE - Q - Haut - Eout + Hm + Em (42)

or

dT o Q+Hzn+Em - Hout _Eout - U%

— = 43
dt MCy + MgCy s 43)
and
T 2
Co=Cp— 5" (44)
PK

Expressing internal energy and enthalpy in terms of ¢, and ¢, leads to the following expression for
dT'/dt:

-1 . . . . .
Q + 5 (mmufn - mOUtu?)ut) + (mln - mout) q — Ming* + ming

J

dT e
_ — E'LVL Eou (45)

dt m [cp — %} + MsCy s

T T
0= [ eyar=| {T—ﬁz} i (46)

PR
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6 DYNAMICS OF THERMAL EXPANSION RELIEF 17

T
qg = / cpdT 47)
To
, Tzn
qg = / cpdT (48)
To
dq T3
do _ .17 49
dt EA PR “49)
d *
;t = ¢ (50)

The internal energy equation assumes that the vessel material of construction is at the same temper-
ature as the fluid because the heat transfer coefficient between the inner wall of the vessel and the
fluid is large enough. This is a reasonable approximation for liquid full vessels. Detailed analysis
involving actual heat transfer through the metal shows that for gas filled vessels the metal will heat
up much faster than the gas contents [6].

Overall Volume Balance:

m

Vo= " (51D
AVepcess dT dP dT D; |78 dpP
_ 2 e - _ (= — = 2
dt VB —Vrgr —3asVey ( 5) (ET) Jw) gy =0 (52)
or since V; must equal V' at all times:
dP V3 —3aVs drT (B —3as) Esp | AT
r P @ DY f(oy | dt &3
Vi+ (5) (EL’“T> fv) E,ri+ () f(v)
Vessel Metal Volume:
dV ar D; Vs dP
= — - - 4
a0V T ( 5 ) (ET> TG (>4)
PVT:
m m
p=fTP) =+ v (55)
For liquid flow:

. 2
Mot = PrARCqUew = prARCY \/E [P—(1—C)P) = ACa\/2p [P — (1 - O) P, (56)

J/

~~
Uout

(57)
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6 DYNAMICS OF THERMAL EXPANSION RELIEF 18

mew = 0 unless the relief device used for thermal relief is open. P; is the larger of ambient
pressure or the bubble point pressure of the liquid at the current temperature.

Burnell [2] used the bubble delay factor, C, to approximate the impact of non-equilibrium on mass
flow. C'is directly related to the bubble growth delay time and typically ranges from 0.2 to 0.3. The
magnitude of C' determines the pressure undershoot at the choke point/exit due to the superheating
of the liquid. C tends to O as the starting initial temperature approaches the critical temperature.
Depending on the flow conditions, C' can also depend on the length of pipe and initial vapor quality.
For pipe flow, it has long been recognized that a pipe flow length of approximately 4 inches [3] is
required for equilibrium two-phase flow to develop, C' = 0. Non-equilibrium is most important
for nozzle flow (PRV flow) and for short piping (also see [7]).

The above equations can easily be solved using a differential equations solver for 7', P, V;, and V'
as a function of time. For liquid full vessels, the solution is valid until the temperature of liquid
equals the bubble point temperature at the calculated pressure at which point a two-phase solution
is required. The solution requires temperature dependent values of thermodynamic properties. The
values of  and x are almost always obtained from an equation of state or actual measured data.
The constant volume heat capacity of the vessel material of construction is effectively equal to the
heat capacity at constant pressure.

6.1 Thermal Expansion Pressure Increase for a Compressible Liquid

If we assume constant fluid and metal properties over a small temperature range without thermal
relief, the pressure change can be related to temperature change using equation 53:

dP o (51 — 30[8) Es,T

i 58
dl' Esrk,+ (%) f(v) %)
or
(ﬁl - 3as) Es T
P=P + : Ty — T 59
2 1 Eorri+ (%) 10 e 1] (59)

If we consider a 12 inch diameter steel cylindrical vessel (pipe) with a thickness of 0.5 inch con-
taining water at 363.15 K without pressure relief, we calculate a pressure increase of 8 bar/K:

dP  (316.5 x 1076 — 3 x 12 x 107%) 200 x 10°
dT 200 x 10° x 2.329 x 10710 + (12) (1.25 — 0.3)

= 8.09 bar/K (60)

This is a value that is 60 % of the theoretical value calculated in Table 2. dP/dT decreases as the
diameter to thickness ratio increases and vice versa.
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7 Thermal Expansion for Vapors and Supercritical Fluids

The theoretical pressure rise rate due to thermal expansion of vapors and gases is generally less
than that of liquids. While the isothermal compressibility of vapors and gases is around 107°
Pa, the value for liquids typically ranges from 1071° Pa to 10~° Pa. For supercritical vapors, the
pressure rise rate due to thermal expansion can become large at high pressures as shown in Figure 3
for ethylene. This is especially true at temperatures close to the critical temperature.

Figure 3: % for supercritical ethylene

dPAT]v. haralC

0.1

0.01

T T T
1 10 100 1000
FPRESSURE. bara

For an ideal gas, k = 113 and 0 = 113, or:
dP P
il 61

[dT} v T b

For a vessel exposed to external heating that contains a single phase ideal gas, we can show that
gas pressure, temperature, and mass change as a function of time as follows:
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‘% = T — Tout (62)
Cil_f ~ me, +1mscv,s {Q * _— _Zmomugut) ey (i Tin = 1howT) = C”TC;_T (©3)
g ]ng {T‘il_? mi—ﬂ (64)
% = d;f - 3%% + (%) (E1T> f(l/)% (65)

where ¢, 7" is the specific internal energy of the gas, c,y7' is the specific enthalpy of the gas, m;,
is the mass flow into the vessel at temperature 7;,, 1M, 1S the mass flow out of the vessel at

the gas relief temperature 7', ¢, = m is the specific heat capacity at constant volume, R,

is the universal gas constant, () is the heat exchange rate between the gas and vessel metal and/or
surroundings, -y is the ideal gas heat capacity ratio, m is the gas total mass, p is the gas mass density,
and V is the vessel volume. The subscript ¢ references the vessel material of construction where
o is the material of construction coefficient of thermal linear expansion, £ 1 is the material of
construction modulus of elasticity, D; is the internal vessel diameter, ¢ is the vessel wall thickness,
v is Poisson’s ratio, and f(v) depends on the vessel geometry. If we ignore vessel metal expansion
and/or contraction, then:

v dv,

- = 67
dt dt 0 ©7)

Equations 62, 63, 64, and 65 can be used to calculate the temperature, pressure, and mass time
histories during a vessel blowdown, or during charging of a gas vessel. These equations assume
that the vessel metal is at the same temperature as the vessel contents. Detailed analysis involving
actual heat transfer through the metal shows that for gas filled vessels the metal will heat faster
than the gas contents [6].

For ideal gas flow, 1m,,; can be calculated from the following equation assuming that the source
(vessel) starting gas velocity is zero:

v P\ (PN
Nowr = CaAps|2Pp| —— 2 — (= 68
o = i 20 (75) | (3) - (%) @
where P, = P, if P, is greater than the ambient back pressure, P;:
2 \71
P, = Pc:P(—) > P, (69)
v+1
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P, is the critical flow pressure or choke pressure. Under these conditions the mass flux is not
influenced by the ambient back pressure up to P, and the flow is said to be choked or sonic. Under
choked flow conditions, the mass flow rate can be calculated from a simplified form of the above
equation which incorporates the critical pressure ratio F,. from Equation 69:

y+1
2 —1

Nowt = CaA Pp | —— 70
Mout dh\/7 p<7+1) (70)

For subsonic flow, P, is equal to P;, and the mass flow is calculated from Equation 68.

2

7.1 API-521 Equation for Relief Requirement

API-521 [8, 9] provides a simple equation for calculating the thermal expansion relief requirement
for a vessel under external heating containing only gases, vapor, or supercritical fluids:

, 02772 [ P A(T, —T)"*
et = 5500 \ 000 M | 7rmes 7
A(T, —T)"*
_ -6/ w
P
T = FTn (73)

where 17, is the required thermal expansion relief rate in kg/s, T, is the vessel un-wetted wall
temperature in K normally set to 593 °C (866.15 K), T is the gas relief temperature in K, 7, is
the normal operating temperature in K, A is the un-wetted surface area for heat transfer in m?, P
is the relief pressure in Pa, P, is the normal operating pressure in Pa, and M, is the molecular
weight of the gas in kg /kmol.

We can show that Equation 72 can be derived from Equations 62, 63, and 64 assuming ideal gas
behavior, no mass input into the vessel, no kinetic energy transfer during flow, negligible vessel

metal mass, and a heat transfer coefficient from natural convection heat transfer for an isothermal
vertical plate. We can determine the required relief rate by setting Equation 64 to zero, % =0

oy = Q _ hA (T, —T) _ hA (T, —T) (74)
CUT,Y CUT’Y CpT

where £ is the natural convection heat transfer coefficient in W/m?/K, ¢, is the specific gas heat
capacity at constant pressure in J/kg/K, ¢, is the specific gas heat capacity at constant volume
in J/kg/K, and v = Z—p is the ideal gas heat capacity ratio. Although the value of h depends on
the geometry of the vessel (vertical, spherical, or horizontal), Equation 72 appears to use a value
derived from natural convection for a isothermal vertical plate.
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In trying to derive Equation 72, we need an expression for the heat transfer coefficient, h, for
Equation 74. h can be calculated from the Nusslet number, /N,,, which depends on the Rayleigh
number, Np,. Assuming laminar flow, Nz, < 10, we obtain the following equation for h:

k k
ho= FN.=0597N;! (75)
T, —T) L?p?
NRa — gﬁ( w 'uk) p CP (76)

where £ is the gas thermal conductivity in W /m/K, L is the vertical plate characteristic length in
m, g ~ 9.8 m/s? is the gravitational constant, 3 is the volumetric expansion coefficient in K1, p
is the gas mass density in kg/m3, and p is the gas viscosity in Pa.s.

For an ideal gas:

1

8 = T (77
PM,,

P = RT 79
g

1 1

ho— 0597 g(Tw = T) PP Mycy ¢ = 0.59 9(Tu 1) PPM, k7 )" (79)

L T3 R2k ' T3puR2L

where R, = 8,314 J/kmol/K is the universal gas constant. We can start to see from Equations 74
and 79, how Equation 72 may have been derived:

1 1
, hA (T, —T) g 15[ K 77 A(T, —T)**
i = w2, PM,— " 80
o e =05 [R;L] Lgm - (80)

N

Using the properties of air, we can regress [%} vs. Temperature to yield an excellent fit for a
P

temperature range from 298 K to 1,273 K:

Ak
{3—1 = 8458 x 1074 T'/3 (81)

ot

(82)
As a result,
1
174 A(T, —T)"*

. -6 w
Mout = 9.68 x 10 |:Z:| PMwW (83)
Correlations similar to Equation 83 have been developed in the literature [10, 11]. Other simple

forms of Equation 72 can be derived using different expressions for Ny, for a vertical plate with
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turbulent flow or an all inclusive expression such as the Churchill and Chu equation:

k k
ho= FN.=0107Ng" Turbulent Flow Np, > 10° (84)
k 0.67N/* o .
h = 7 0.68 + 2 o~ All inclusive, Churchill and Chu (85)
16 9
(- t]’)
where Np. = % is the Prandtl number. We note that when Ny, is raised to the % power, it causes

the vertical plate characteristic length L to cancel out from Equation 79. Different forms of Np,
are also available for different geometries such a horizontal cylindrical geometries and/or spherical
geometries.

7.2 Case Study

We consider a hydrogen tube trailer cylinder exposed to external fire [ 1]. The initial conditions
in the cylinder are 20 MPa and 293 K. The cylinder has a volume of 3.7 m3, a surface area of 24
m?, an outside diameter of 0.715 m, and a wall thickness of 20 mm. The tube trailer cylinder is
protected from overpressure with a rupture disk set to burst at 30 MPa. A discharge coefficient of

0.7 is assumed for the rupture disk.

Using a temperature of 439 K at relief conditions, a molecular weight of 2, and a wall tempera-
ture of 863 K, Han et al. [11] calculate a relief requirement of 2,882 kg /hr (~ 0.8 kg/s) using
Equation 72:

30
T = 22293 =439 K 86
50293 = 439 (86)
. - 24 (863 — 439)°/*
Mgy = 2.435 x 1075v/30 x 106 x 2 [ ( ETIRED ) ] ~ 0.8 kg/s (87)

Since the flow out of the rupture disk will be choked, the required relief area, Ay, can be calculated
from Equation 70:

v = 1.404
PM, 30 x 10% x 2
= e — 16.44 kg/m?
P~ R,T T 8,314 x 439 8/m
4 - Mout 0.8

L \20  0.7v/1.404 x 30 x 100 x 16.44 x 0.3346
Ca\/7Pp (m)

7.5 x 107 m? or 75 mm?

12
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Equation 83 yields a similar value to the API-521 equation:

Thew Equation 83 9.68 x 1076 711906 '] i_ 3975 114
Myt Equation 72 92435 x 10-6 71416 | [ | 702654 |,
3975 [ 1 11

The required relief area of 75 mm? for thermal expansion is extremely conservative, i.e. too
large. Detailed dynamic simulations using SuperChems® Expert yield a substantially lower relief
requirement as illustrated in Figure 4. The required thermal relief flow area is 2.5 mm? which is
thirty times smaller. This substantial difference is caused by several factors including the thermal
inertia of the tube trailer cylinder. Under fire exposure, the tube trailer cylinder wall first heat up

Figure 4: Calculated hydrogen tube trailer cylinder pressure profiles as a function of relief flow

area and time (C,; = 0.7)
70+

Pressure. bara

Time. min

Source: ioMosaic® SuperChems® Expert

due to flame radiation mostly, and then heat is convected and radiated to the gas in the tube trailer
cylinder. It takes time to heat up the cylinder walls and the hydrogen to maximum temperature (see
Figure 5), but relief is occurring before maximum wall and fluid temperatures are reached.

The dynamic simulations also confirm that heat transfer from the cylinder inner wall to the hydro-
gen gas is primarily due to free convection. This is illustrated in Figure 6.
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Figure 5: Calculated hydrogen tube trailer cylinder temperature profiles as a function of time
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In this case study, the relief device used to protect the tube trailer cylinder is a non-reclosing relief
device, a rupture disk. If a reclosing pressure relief device was used, the tube trailer cylinder will
eventually fail at the reseat pressure of the reclosing pressure relief device if the fire exposure
is long enough due to the decline in metal strength as the metal heats up and eventually reaches
temperatures close to average flame temperatures.

Establishing relief requirements for vessels exposed to fire heating should also include a best es-
timate of time to failure (“ettf””) and /or a best estimate of time to yield (“etty””) [12]. This infor-
mation is just as important as the relief requirement, and should be included in the design basis
documentation for overpressure/overtemperature for the vessel and also made available to emer-
gency responders. Such information can be calculated by dynamic simulation using SuperChems®
Expert as illustrated in Figure 7. In this case study, the decline in tube trailer cylinder wall strength
was outpaced by the depressuring of the cylinder and the cylinder is expected to survive the fire
exposure as shown in Figure 7.

7.3 Legacy Implications Associated with API-521 Equation
We have demonstrated that Equation 72 can substantially overestimate the thermal relief require-

ments for gas filled vessels under fire exposure. This equation continues to be used despite its many
shortcomings. API should discontinue use of this equation and should require the estimation of
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Figure 6: Calculated heat transfer coefficient profiles as a function of time
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Source: ioMosaic® SuperChems® Expert

“ettf”/“etty” for vessels protected from overpressure/overtemperature with reclosing pressure relief
valves.

Oversizing of pressure relief devices is not desirable. Oversized relief devices increase installation
costs and risks. Depending on the repressurization time and fire duration, larger reclosing pressure
relief valves can be caused to chatter and cause rapid failure of piping, piping components, and/or
the pressure relief valve. Furthermore, reclosing pressure relief valves sized using Equation 72 do
not protect the vessel from overtemperature [12, 6].

8 Catastrophic Vessel Failure Caused by Liquid Thermal Ex-
pansion

Pressure relief is required for thermal expansion. This is especially important for liquids and liquid
mixtures where the initial conditions are saturated/subcooled and/or where the conditions due to
expansion caused by heating can lead to a superheated liquid or liquid mixture with respect to
ambient pressure.

As illustrated in the previous sections, pressure increase for closed/isolated equipment due to ther-
mal expansion for liquids can be be substantial even with a small increase in temperature. Equip-
ment without pressure relief can be overpressured to the point where a large enough opening/tear
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Figure 7: Calculated tube trailer cylinder internal and failure stresses as a function of time using a

rupture disk flow area of 2.5 mm? and C,; = 0.7
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caused by the increasing pressure can cause catastrophic vessel failure due to non-equilibrium
effects and explosive boiling of the liquid. This can lead to a superheat limit Boiling Liquid Ex-
panding Vapor Explosion (BLEVE) or a Boiling Liquid Compressed Bubble Explosion, BLCBE.
Although the relief requirement for thermal expansion is small, the equipment can still fail catas-
trophically if the rate of pressure drop is large due to a large enough opening/tear [13].

In a superheat limit explosion, the sudden formation of a large enough opening/tear in the vessel
leads to a rapid pressure drop. The liquid becomes metastable and superheated because the rapid
pressure drop renders any nucleation sites inactive and flashing does not occur immediately. If the
pressure drops below the mechanical stability limit, g—‘]j = (0 for a pure component, spontaneous
generation of vapor/flashing occurs inside the vessel. This leads to choked flow through the open-
ing/tear and an extreme rise in pressure in the vessel causing failure. The maximum pressure spike
can be estimated by isentropically compressing the spontaneously formed vapor and liquid mixture

into the vessel volume.

A BLCBE can occur well below the superheat limit. The rapid pressure drop causes the liquid
to become metastable and superheated. This is followed by homogeneous bubble formation of
the pre-nucleated liquid. Rapid two-phase swell, re-pressurization, and coherent collapse of vapor
bubbles containing non-condensable gas (cavitation) produces a shock wave which is radiated
through the liquid to cause vessel failure.
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8.1 June 2013 Williams Geismar Olefins Plant Explosion

Thermal liquid expansion of a mixture consisting of mostly propane was recently identified as the
cause of a reboiler rupture at the Williams Geismar olefins plant in Lousiana on June 13, 2013.
The catastrophic reboiler rupture, explosion, and fire killed two Williams employees.

Propane was mistakenly introduced into a standby reboiler that was isolated from the relief system.
Heat was then introduced to the reboiler which was offline, creating an overpressure event while the
vessel was isolated from its pressure relief system. The introduced heat increased the temperature
of the liquid propane mixture confined within the reboiler shell, resulting in a dramatic pressure
rise within the vessel due to liquid thermal expansion. The reboiler shell catastrophically ruptured,
causing a BLEVE and fire.

Figure 8: Z—; = g as calculated by SuperChems® Expert for the propane mixture
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Source: ioMosaic® SuperChems® Expert

The calculated pressure rise rate due to thermal expansion of the liquid mixture as shown in Fig-
ure 8 ranges from 12.8 psi/F at 77 F to 33.95 psi/F at 185 F. This leads to a maximum potential
pressure increase of 2,524 psi which is more than enough to cause the large fractures in the shell
as shown in Figure 8.

The failure pressure of the shell was estimated to be between 674 and 1,212 psig by the Chemical
Safety Board (CSB) [14]. The large flow area of the fractures caused the rapid pressure drop below
the superheat limit (shown here for propane only) as shown in Figure 9. As a result, we calculate
a maximum pressure spike in the vessel of approximately 7,000 psig (CSB estimated ~ 5000
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Figure 9: Superheat Limit for Propane as calculated by SuperChems® Expert
1500 -

1400
1300—-
1200 + 1,212 psig
1100;

1000 Estimated Failure

Pressure Range
900

800

7904 -+ 674 psig
600 |

500 /
400 ‘\

300

PRESSURE. psig

Superheat limit
200

100

-100 0 100 200 300
TEMPERATURE. F

Source: ioMosaic® SuperChems® Expert

psig) and a coincident maximum temperature of 668 F as shown in Figure 10. The magnitude
of this pressure spike is consistent with the observations that the reboiler failed catastrophically
due to internal pressure despite having sufficient flow area for liquid thermal expansion provided
by the large fractures. The calculated maximum temperature of 668 F is below the autoignition
temperature of propane and is consistent with the CSB assertion that the resulting vapor cloud
found an ignition source elsewhere in the plant.

9 Forces Associated with Thermal Expansion

Thermal expansion or contraction of solids can lead to significant stress and has to be compen-
sated for with expansion loops in piping systems to prevent buckling. The stress due to thermal
expansion is given by:

F
or = Z = OZSE57TAT (88)

where o is the thermal stress due to expansion in pressure units, /' is the thermal expansion force,
and A is the cross sectional area of the metal.
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Figure 10: Calculated Superheat Limit Maximum Pressure Spike by SuperChems® Expert
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10 Upper Limits for Relief Device Set Pressure

It is desirable to keep the set/opening pressure of non-reseating, fast opening, relief devices below
the superheat limits of pressure and temperature as shown in Figure 11. This will ensure, that
even in the case of an oversized relief device, the pressure does not drop below the thermodynamic
stability limit causing a large pressure spike in the vessel that can lead to catastrophic failure. In
addition, pressure relief protection should be provided for equipment that can be blocked in with a
set pressure below superheat limit pressure.

Although repressurization is still possible in what is shown as the BLCBE region, very large rates
of pressure drop would be required to cause a BLCBE.

11 Conclusions

Fluid thermal expansion can lead to significant pressures that can cause equipment failure. Thermal
expansion pressure relief for liquids and supercritical fluids should be considered for equipments
that can be isolated and subjected to heating. Vessel metal expansion can reduce the thermal
expansion relief requirement but is often neglected since the requirement for thermal expansion
relief is typically small. Considerations for thermal expansion relief should take into account the
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Figure 11: Propane Upper Limit for Relief Device Set Pressure
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type of fluid or mixture, non-equilibrium flow, and the thermodynamic stability limit. The thermal
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expansion relief requirement as calculated by Equation 29 is typically oversized.
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