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Iinternal pressure in containers

Abstract

A closed receptacle has to sustain internal pressure variations due to
temperature changes. The internal pressure exerts strain onto the walls

and closures of the receptacle and may cause it to fail.

For packagings for dangerous goods a prototype internal pressure test
is normally required. The test pressure is set as the maximum total gauge

pressure to be expected in the receptacle multiplied by a safety factor.

The total pressure at a given reference temperature is sometimes difficult
to determine, due to the variety of influence factors. In this report an
accurate method for calculating the pressure in a closed receptacle is

derived. Input variables required are

- reference temperature and filling temperature

- degree of filling

- vapor pressure at reference and filling temperatures
- density of liquid

- molecular weight of liquid

- air solubility coefficients

- coefficient of expansion of liquid

- deformation of receptable, measured as a function of pressure

It is shown that for containers most commonly used a volume expansions occurs,
due to the rising internal pressure. That expansion compensates to some extent
for the contributions to the pressure from the expansion of the liquid and the
compression of enclosed air. For such containers, the vapor pressure of the

liquid will be the only significant partial pressure of those adding up to the

total (gauge) pressure.

This enables a simplified calculation of a test pressure based of the vapor

pressure alone, but taking into account a safety factor relating to the to-

tal gauge pressure.

A similar attempt has been made in the recently revised UN Recommendations on
the Transport of Dangerous Goods. It is shown in Appendix | of the present
report that the method devised there for determining the test pressure leads
to a result which shows little compliance with the basic UN requirement, that
the test pressure be equal to the total gauge pressure at +550C, multiplied by

1.5, and a method giving better agreement is proposed. Current test requirements

for metallic IBCs are also evaluated.



Internal pressure in containers

Introduction

Receptacles, which are effectively closed will have to sustain pressure
variations due to temperature changes. Accordingly the receptacles must be

constructed in a way which permits such variations without failure of the

packaging.

Often the packaging is submitted to a pressure test. Especially for packa-
gings for dangerous goods such a type test is mandatory as follows from se-

veral international and national regulations of transportation.

One major difficulty in connection with the design of a receptacle, or

the selection of a test level for it, is that it is usually not known in
advance what the maximum pressure during service will be. Thus there must
be decided upon a reference temperature, which is likely not to be exceeded
during the anticipated transport conditions. Furthermore it should be known

what substances that will be carried in the receptacle.

Having that kind of information, there may still be divided opinions on what

the resulting pressure in the packaging actually is going to be.

One way to find out is to make a test where the pressure in the receptacle
under realistic conditions is measured. Another possibility, which may be
less tedious is to calculate the pressure, taking into account known

factors with influence on the resulting pressure.

In this report is presented a formula for such calculation together with
the derivation procedure. Some conclusions are also drawn from performed

calculations.

Contributions to the total pressure

A list of factors contributing to or having influence on the pressure in

a packaging would essentially contain the following items.
1. Tightness of the receptacle

2. Vapor pressure of the substance contained



3. Degree of vapor saturation

L, Coefficient of expansion for the substance

5. Maximum temperature

6. Degree of filling

7. Temperature and pressure at filling

8. Solubility of residual air in the fluid contents

9. Deformability of the receptacle

10. Coefficient of expansion for the packaging material

The total pressure is the sum of the partial pressures from all contri-
buting components inside the packaging. This is stated in Dalton's law
which is applicable at not too high pressures.

Thus we have

P = Pn

The partial pressure is the pressure which each component's gas phase would

have if it was allowed to fill out the whole accessible volume alone.

The partial pressure due to the filling substance is equal to the vapor

pressure of that substance, when equilibrium conditions prevail, i.e. when

the vapor is saturated.
The partial pressure of residual gases, mostly air, which are present in

the receptacle, is determined by several of the parameters listed above. We

give here a derivation of how the various contributions can be estimated.

Partial pressure of residual air

The pressure of the air confined in the receptacle is affected by all of

the influence factors listed above as follows:



- Tightness of the receptacle. The receptacle is here assumed to be
leakproof which in several cases is a requirement. Thus the number of

molecules of air is to be regarded as constant.

- Vapor pressure of the substance. This pressure plus the partial pressure
of the air equals the total pressure at filling. Normally this total pres-

sure is the ambient atmospheric pressure at 1 bar.(100 kPa) .

_We assume that the vapor is saturated, otherwise the partial pressure of

the vapor would differ from the stated vapor pressure.

- The temperature dependent expansion of the substance will, since liquids
are essentially incompressible, diminish the space available for the
gaseous part. This leads to a pressure rise of the air. Independent of
this fact, a temperature rise will also cause a higher pressure of the

confined air itself.

- The material of the receptacle will also expand when heated. Often the

volume expansion caused by this effect is marginal or negligible.

- Due to pressure increase the receptacle will deform to a certain extent
and thereby increase its volume. Since this provides more space for the

confined air, a limiting effect on the pressure increase is obtained.

- Most fluids have the capability to dissolve air, dependent on pressure
and temperature. As this decreases the number of molecules in the gaseous

state, this will also have a limiting effect on the pressure increase.
The above statements may be precised in formula notation as follows:
The air volume in question may in the temperature interval up to the order
of +50-IOOOC be regarded as an ideal gas, for which the equation of state
provides a relationship between pressure p,» temperature T, volume V and

number of moles n, using the gas constant per mole R.

paV = nRT



If filling conditions are denoted by a subscript 0, the initial partial

pressure of the air is found as
P = 100 - Puo (kPa)

where Py is the vapor pressure of the filling substance and where filling

is assumed to occur at the 100 kPa atmospheric pressure.

With a degree of filling of x% the gas filled volume is
vV, =100 - x (%)
As a result of the expansion of liquid, this volume will decrease to

v, o=V, - u(T-To)x (%)

where o is the medium cubical ceoefficient of expansion of the liquid in

the actual temperature interval.

With increasing pressure an increasing number of moles of air will be

dissolved into the liquid. This solution,assumed to be very dilute, is
subject to Henry's law

= kB
Po

establishing a relationship between the partial pressure pp, and the mole
fraction B by means of the proportionality factor k. k or its inverse may

be found in tables.

Although k. is practically independent of the pressure it varies slightly

with temperature.

The mole fraction B may be expressed by means of the number of moles of

dissolved gas, s in N moles of liquid, viz.

n
S

n_+N
=

B:



or, reversed

_ B

Ng = N 1+B

whereof
P /k N N
g = N TR - kpp kpp
s + +
Pp "p

Hf n o moles of gas are dissolved at filling temperature, n -n., more moles

may be dissolved at a higher temperature T. Thus

PP 100-p__

— V -
n_-n N ( K -
o

N can be expressed as the density of the liquid, p ,(grams/unit volume) of

the liquid, times the total volume of the liquid, Q, divided by its molecular

weight M.

pQ

N =

The expansion of the receptacle's volume due to the heating of the material
p p g

may be expressed in per cent as
U= SODA(T-Td)
where A is the linear coefficient of expansion.

The influence of the deformation of the receptacle due to the internal
pressure can not as easily be captured in a formula. This deformation is
mainly an elastic, or in some cases plastic bending of the receptacle

walls and its magnitude is dependent on the material, geometry, stress and

stability properties of the receptacle.

The volume increase of the receptacle is here stated as a function

T = 1(p)

of the pressure. The appearance of this function may be obtained for a specific



packaging type by means of a pressure test during which the volume change

is recorded.

Total pressure

Under the conditions described above, where a liquid substance and residual
air areenclosed in a receptacle, filled and closed at a temperature To’

the total pressure is given by combining the formulae derived above

P=pP, tP,
F e Sl Pao’o - D_.IYQ (100-p )
Pa TV n T n VvT Pvo
0o o o
no_(nsvnso) Vo T

p. = : + =— (100-p_ )
a n V +t(p)+U T VO

o a o

RT -+ pex+(k p-k p -100 k+kp ) Vv
o = e o} o o'V vo'y., _© LT (100-p_ )
a vV _(100-p ) M-kk V_ +t(p)+U T VO

o) Vo o a o

Rearrangement results in an equation for the total pressure P, which, due
to the unknown dependenceon p of the receptacle deformation, has to be
given in implicit form:
i kT[MkOVO+pRTO(lUO-VO)] [100-p ] X
P K T MKV +MKk-300% (T-T_) -Mka(T-T_) (100-V_)+Mkt (pJ+pRT(100-V J] Py
o0 o o o} 0 o

The formula has been verified by experiments on methanol and water showing
very good agreement between calculated and measured values of the total pres-

sure at various temperatures.

Conclusions

Calculations may be carried out to show the influence on the total pressure
of the various parameters involved. Depending on the air dissolving capabi-

lity of the liquid this influence varies for different substances.



As an example, a liquid such as methanol with a great capability to dis-
solve air, would give rise to a pressure showing little dependence on the
influence factors. On the other hand a liquid such as water, with a lesser
dissolving capability, would cause a pressure, which varies distinctively as

the circumstances change.

Below is shown the variation of the pressure at 55OC with the degree of

filling, assuming filling at 15°C and that there is no deformation of the

receptacle.

P
(kPa)
- 300
wafter
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- 100
1 92 L 9’1‘ ' 916 \ 9$ X, (%)

Diagram 1. Absolute pressure as a function of filling degree.

The indicated percentage numbers represent the degree of filling which would

cause the receptacle to be completely liquid full.

A corresponding behavior will be noted if the total pressure is plotted
as a function of the volume expansion of the receptacle. For a given re-
ceptacle it is, however, the pressure itself which causes that expansion by
deformation of the receptacle walls. Below we see the typical variation for

water, heated from +15°C to +55°C, with a 97-5% degree of filling.
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Diagram 2. Absolute pressure as a function of volume expansion

Here is also plotted the actual variation with pressure of the volume of a
typical 215-1 steel drum, as measured. The applicable conditions for such
a drum, filled to 97.5% with water and heated from +15°C to +55OC, may be
read off the intersection of the two curves, i.e. a total absolute internal

pressure of 140 kPa, with a volume expansion of about 3%.

In regulatory work for tank containers, intermediate bulk containers, or
packagings, the vapor pressure of the liquid carried is often taken as

a basis for calculating the test pressure for a required hydraulic pres-
sure test. As shown above the vapor pressure forms only one part of a
complex system that determines the total pressure. Nevertheless under
certain circumstances, the vapor pressure gives the only significant

contribution. These cases are

- when the vapor pressure is high. In such case most of the air will be

expelled during filling, and before closing the receptacle.

- when the receptacle is deformable within a permissible limit, so that
the capacity increase prevents any appreciable compression of the enclosed

air,

As shown above, the deformability of the receptacle is not crucial when the
liquid has a great capability to dissolve air. However, under non-equilibrium
condition, caused by rough motion or vibrations, the dissolved air may tem-

porarily be released giving rise to a superposed pressure variation.



Conversely in a deformable receptacle, the influence of air solubility
on the total pressure will be small. The typical behavior (for methanol)

is shown i diagram 3.

P
(kPa)

- %00
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Diagram 3. Pressure vs volume expansion of receptacle with and without

air dissolved.

o
The first condition applies when the vapor pressure at 55°C exceeds the

order of three bar. Such products are not suitable for carriage in other

packaging than pressure vessels.

The second condition is fulfilled for most commercial packaging types. For

such receptacles where (cf. diagram 2)
T > 0.03 (p-100) %

(p total absolute pressure In kPa) the volume expansion T will compensate

for the expansion of the liquid and the pressure rise of the enclosed air

due to heating.

For such receptacles it should be possible to devise a rule for calculating
the test pressure, based on vapor pressure that approximates the set require-

ment for a safety factor multiplied with the total pressure.



Based on the conclusions derived here, one may propose a linear relationship

for the test pressure p, as a function of vapor pressure P,

P, =ap,* b

The constants a and b may be determined theoretically or empirically. See

appendix | of this report for further development.
Where the total pressure needs to be accurately calculated, as when the

receptacle is more rigid than what it assumed above, the formula given

in the preceding chapter should be useful.
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Ageendix ]

Survey of current international regulations on pressure testing

United Nations Recommendations

For packagings for dangerous goods the international regulations or re-
commendations, such as the ADR, RID, IMDG,or DGR, tend to adopt the re-

commendations of the UN Committee of Experts on the Transport of Danger-

ous Goods.

These recommendations also cover type testing of packagings, where for those

for liquids a hydraulic pressure test is required.

Earlier the test pressure has been stated as the total gauge pressure at
+55°¢ multiplied by a safety factor of 1.5. Since it is the total pressure
that exerts strain on the packaging this is the correct way of devising

a test pressure.

However, in the most recent revision of the recommendations, as adopted by
the Committee in December, 1982 account has been taken of a desire to find
a less complex way to calculate the test pressure. Therefore essentially

two varieties have been introduced:

1) The test pressure is not less than the total gauge pressure measured in

the packaging at 55°C, multiplied by a safety factor of 1.5.

2) The test pressure is not less than 1.5 (1.75) times the vapor pressure

at 55°¢C (SOOC), minus 100 kPa, but with a minimum test pressure of 100 kPa.

The first of these will of course be correct, though, in cases where a mea-
surement will not be practicable, a provision should be given which allows
the total pressure to be calculated. Such calculations may be carried out

with sufficient accuracy using the procedure given in this presentation.

The second alternative should be critically examined with regard to its mar-

gin of safety. Calculation of the total pressure gives for a number of sub-

stances the following result.



Substance

Aceton

Carbon disul-
fide

Ethanol

Ethyl ether
Hydrochloric
acid 38%
Methanol
Water

Xylene

&9
—

93

93
93
93

95
g3
975
23

Degree of filling

Volume

expansion at +55°¢C

of recep-
tacle

(%) (kPa)
4 100
4 140
3 Lo
5 180
5 170
3 70
3 20
3 20

Vapor pressure

Total
absolute pressure

5 #5557
(kPa)
190

220
150
240

250
170
130
140

The relationship between vapor pressure and total pressure is shown in diagram

4 and compared with the test pressure found in the UN recommendations

0 P4
(kPa) /
/e
- 300 o
4 .
200 /4
e
- 100
100 2Q0 300 py(kPa)

x calculated pressures
from table above

g pressure resulting from
multiplying the calcu-
lated gauge pressure by
a safety factor of 1.5

UN test pressure

--- test pressure as
proposed below

Diagram 4. Total pressure and test pressure vs. vapor pressure.



As can be seen from the diagram the safety factor of 1.5 is not maintained
from a vapor pressure of 50 kPa throughout the applicable range of in-
creasing vapor pressures. For an interval at about 100-200 kPa vapor
pressure the total pressure in the receptacle may exceed the test pres-

sure.

In order to comply with the set safety factor of 1.5 with regard to total

gauge pressure, a rule of thumb may be taken from the diagram as follows

test pressure = 1.2 times vapor pressure plus 30 kPa

P = i.2pV+30

- where it is required that a certain volume expansion of the receptacle
takes place when it is under pressure (about 1>0,03(p-100) as a function of

the total absolute pressure p).

Intermediate bulk containers

Based on some national regulations, the UN and IMO has' recently worked

on recommendations for intermediate bulk containers made of metal and being

of prismatic shape.

In the prototype test for such containers for liquids, a test pressure of

200 kPa is required. |t can be assumed that their volume increase due to
internal pressure is of the same order of magnitude as the smaller packa-

gings such as steel drums, and that therefore the relationship shown in diagram
L above is applicable. A 200 kPa test pressure would therefore allow a liquid
with a vapor pressure up to about 140 kPa to be carried, with retention of the

safety factor 1.5.

The leakproofness test pressure, now set to 65 kPa, will on the contrary not

cover but very few liquids, having a vapor pressure less than about 30 kPa.



