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Cryogenic Fluid Storage Vessels - 7.1 Basic Storage Vessels

<Elements of a Dewar vessel>
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7.1 Basic Storage Vessels

Dewar vessel – Starting point for high-performance cryogenic fluid vessel design 

• Insulation

- Small vessel : evacuation

- Large vessel : powders, fibrous materials, multi-layer insulation

• Vapor vent line : Vapor escape due to heat in-leak

• Liquid removal : pressurization with warm gas, liquid pump

※ Storage vessel filling ~90 %

① Heat in-leak – vaporization

② Prevention of liquid from flowing through the vent tube
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7.2. Inner-Vessel Design

t =
pD

2saew − 1.2p
=

pDo

2saew + 0.8p

The minimum thickness of the inner shell for a cylindrical vessel

tℎ =
pDK

2saew − 0.2p
=

pDoK

2saew + 2p(K − 0.1)
K =

1

6
2 +

D

D1

2

The minimum thickness for spherical shells, hemispherical 
heads or ASME torispherical heads in determined from

= design internal pressure (absolute pressure for vacuum-jacketed vessels)

= inside diameter of shell
= outside diameter of shell
= allowable stress (approximately one-forth minimum ultimate strength of material)
= weld efficiency
= minor diameter of the elliptical head

p
D
Do
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ew
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7.2. Inner-Vessel Design

1. Internal pressure
2. Weight of the fluid
3. Bending stress

▪ Key factors ▪ Materials

1. Stainless steel
2. Aluminum
3. Copper

Desirable features 

▪ As thin as possible
▪ Low cost 
▪ Heat capacity (Longer time to cool down)
▪ Thermal stress
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0 ≤ ϕ ≤ θ
2πM

WR
= 0.5cosϕ + ϕsinϕ − π − θ sinθ + cosθ + cosϕsin2θ

0 ≤ ϕ ≤ π
2πM

WR
= 0.5cosϕ − π − ϕ sinϕ + θsinθ + cosθ + cosϕsin2θ

▪ The bending-moment expression

M = bending moment

W = weight of fluid supported by the stiffening ring

R = mean radius of the ring

7.2. Inner-Vessel Design
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pc =
2E Τt Do

3

1 − υ2

E =

t =

Do =

υ =

Young’s modulus of shell material

Shell thickness

Outside diameter of shell

Poisson’s ratio for shell material

The collapsing or critical pressure for a long cylinder exposed to external pressure

pc =
2.42E Τt Do

Τ5 2

1 − υ2 Τ3 4 ΤL Do − 0.45 Τt Do
Τ1 2

The collapsing pressure for a short cylinder subjected to external pressure

7.3. Outer-vessel Design
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0 ≤ ϕ ≤ θ1

θ1 ≤ ϕ ≤ θ2

θ2 ≤ ϕ ≤ π

1. For

2. For

3. For

2π ΤM WR = cosϕ sin2θ2 − sin2θ1 + cosθ2 − cosθ1

− π − θ2 sinθ2 + π − θ1 sinθ1

2π ΤM WR = cosϕ sin2θ2 − sin2θ1 + cosθ2 − cosθ1

− π − θ2 sinθ2 + πsinϕ − θ1sinθ1

2π ΤM WR = cosϕ sin2θ2 − sin2θ1 + cosθ2 − cosθ1

+ θ2sinθ2 − θ1sinθ1

7.3. Outer-vessel Design
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7.3. Outer-vessel Design
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7.4. Suspension System Design
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2Fv −W− NgW = 0

Fv = 1 + Ng ΤW 2

Ng =

W =

Acceleration load
Weight of the inner vessel and its contents

7.4. Suspension System Design
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▪ The heat-transfer rate down a support rod

ሶQ =
kmA Th − Tc

L
= Kh − Kc

A

L

km =

Th =

Tc =

A =

L =

K = න

4K

T

ktdT =

= ΤKh − Kc Th − TcMean thermal conductivity of rod

Temperature of the warm end of the rod

Temperature of the cold end of the rod

Cross-sectional area of the rod

Length of the rod

Thermal conductivity integral

7.4. Suspension System Design
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7.5. Piping

t =
pDo

2sa + 0.8p

The minimum wall thickness for piping subjected to internal pressure

p =

Do =

sa =

Design pressure

Outside diameter of pipe

Allowable stress of pipe material

Thermal contraction-expansion 
bellows percolation
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7.6 Draining the Vessel

① Self-pressurization of the inner vessel

• Vapor is back to the ullage space through the diffuser

② External gas pressurization

• High pressure gas from an external source

• Costly, but quick pressurization

③ Pump transfer

• Cryogenic pump is used

• Large flowrate

▪ In order to force the liquid from the inner vessel : 
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The basic minimum safety devices 
used on larger cryogenic-fluid storage vessels include:

(1) The inner-vessel pressure-relief valve
(2) The inner-shell burst-disc assembly
(3) The annular-space burst-disc assembly

Av = ሶmg ΤRu ΤT gcM
Τ1 2 CKDpmax

The required size of the safety valve

Av =

ሶmg =

Ru =

T =

M =

gc =

KD =

pmax =

Discharge area of valve

Maximum mass flow rate through valve

Universal gas constant

Absolute temperature of the gas at the inlet to the valve

Molecular weight of gas flowing through the valve

Unit conversion factor in Newton’s Second Law

Discharge coefficient determined by test

(set gauge pressure)(1.1)+(atmospheric pressure)

γ = Τcp cv = Specific heat ratio of gas

C = γ
2

γ + 1

Τγ+1 γ−1 Τ1 2

7.7 Safety Devices
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7.7 Safety Devices

There are several types of insulation that 
can be used in cryogenic equipment.

(1) Expanded foams

(2) Gas-filled powders and fibrous materials

(3) Vacuum alone

(4) Evacuated powders and fibrous materials

(5) Opacified powders

(6) Multilayer insulations
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7.8 Vacuum Insulation

Vacuum insulation essentially eliminates two components of heat transfer: solid 

conduction, and gaseous convection, which means that only radiant heat transfer 

remains  

ሶQ = FeF1−2σA1(T2
4 − T1

4)radiant heat transfer: 

Fe = Emissivity factor

F1−2 = Configuration factor (=1)

σ = Stefan-Boltzman constant

T = absolute temperature

The emissivity factor for diffuse radiation for concentric or cylinders is given by:

1

Fe
=

1

e2
+
A1
A2

(
1

e1
− 1)
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For N shields between the hot and cold surfaces, the emissivity factor for a shield 

emissivity 𝑒𝑠 is:

1

Fe
=

1

e1
+

1

es
− 1 + N − 1

2

e2
− 1 + (

1

e2
+

1

es
− 1)

As an example of the effectiveness of radiation shields, suppose we consider a pair 

of surfaces having an emissivity  𝑒1 = 𝑒2 = 0.8. For parallel flat plates, we obtain

Fe no shelds = 0.6667 Fe 10 shelds = 0.00255

7.8 Vacuum Insulation
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To deficit the simple conduction model, consider gas molecules between two

parallel plates with constant temperatures, transferring energy from high to

low temperature side.

7.8 Vacuum Insulation
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The degree of approach of the molecules to thermal equilibrium upon

collision is expressed by the accommodation coefficient, defined by

a =
actual energy transfer

maximum possible energy transfer

a1 =
T2
′ − T1

′

T2
′ − T1

a2 =
T2
′ − T1

′

T2 − T1
′Cold surface, Hot surface,

7.8 Vacuum Insulation
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Solving for the temperature difference between the warm and cold surfaces,

we obtain

T2 − T1 =
1

a1
+

1

a2
− 1 T2

′ − T1
′ =

T2
′ − T1

′

Fa

The accommodation coefficient factor is given by

1

Fa
=

1

a1
+
A1
A2

(
1

a2
− 1)

7.8 Vacuum Insulation
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Total change in energy per unit mass of the molecules striking the wall is sum of the

change in internal energy plus the change in kinetic energy of the molecules moving

perpendicular to the surface. Thus,

Δe = (cv +
1

2
R)(T2

′ − T1
′)

Eliminating the effective molecule temperatures in terms of the surface temperatures, we 

obtain

Δe =
1

2
FaR(T2 − T1)

γ + 1

γ − 1

The energy transfer rate by molecular conduction may now be determined:

ሶQ

A
=

ሶm

A
Δe

ሶQ

A
= GpA1(T2 − T1)

7.8 Vacuum Insulation



Cryogenic Engineering 23/39

7.9 Evacuated Powder and Fibrous Insulation

▪ One obvious method of reducing the heat transfer rate through these 

insulations is to evacuate the gas from the insulation 

▪ Temperature between ambient and liquid

→ Evacuated powders are superior compared with vacuum alone

▪ Temperature between LN2 and LH2 or LHe temperature

→ using vacuum alone is more advantageous
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7.10 Opacified Powder Insulations

The insulation performance could be improved by any method that reduces

radiant heat transfer. This improvement in performance has been accomplished

by the addition of copper or aluminum flakes to evacuated powders.

Vibration could cause packing 

of the metal flakes, 

which increases thermal 

conductivity of the powders

• Advantages : 

• Disadvantages : 

Lower thermal conductivity 

at appropriate opacifier 

percent
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7.11 Multilayer Insulations

Multilayer insulations consist of alternating layers of a highly reflecting material,

such as aluminum foil, copper foil, or aluminized Mylar, and a low conductivity

spacer. Multilayer insulations must be evacuated to pressures below 10mPa to

be effective.
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ρa = (Ss + ρrtr)(N/Δx)

Bulk density of multilayer insulations becomes,

Ss:  mass of spacer material per unit area

ρr:  density of the shield material

tr:  thickness of the radiation shields

N/Δx: the layer density

For a well evacuated multilayer insulation, the apparent thermal conductivity

may be determined from

kt = (N/Δx) −1[hc + σe(Th
2 + Tc

2)(Th + TC)/(2 − e)

𝜎:  Stefan-Boltzmann constant

e:  effective emissivity of the shield material

T:  boundary temperatures

7.11 Multilayer Insulations
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Relation of thermal conductivity with Layer density is represented as below

7.11 Multilayer Insulations
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7.12 Comparison of Insulations

▪ A comparison of the advantages and disadvantages of the insulations

Advantages Disadvantages

1. Expanded foams
Low cost

No need for rigid vacuum jacket
Good mechanical strength

High thermal contraction
Conductivity may change with time

2. Gas-filled powders and 
fiberous materials

Low cost
Easily applied to irregular shapes

Not flammable

Vapor barrier is required
Powder can pack

Conductivity is increased

3. Vacuum alone

Complicated shapes may be easily insulated
Small cool-down loss

Low heat flux for small thickness between 
inner and outer vessel

A permenent high vacuum is required
Low-emissivity boundary surfaces needed
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Advantages Disadvantages

4. Evacuated powders and 
fibrous materials

Vacuum level less stringent than for 
multilayer insulations

Complicated shapes may be easily insulated
Relatively easy to evacuate

May pack under vibratory loads and thermal 
cycling

Vacuum filters are required. Must be 
protected when exposed to moist air (retains 

moisture)

5. Opacified powders

Better performance than straight evacuated 
powders

Complicated shapes may be easily insulated
Vacuum requirement is not as stringent as 

for multilayer insulations and vacuum alone

Higher cost than evacuated powders
Explosion hazards with aluminum in an 

oxygen atmosphere
Problems of settling of metallic flakes

6. Multilayer insulations

Best performance of all insulations
Low weight

Lower cool-down loss compared with 
powders

Better stability than powders

High cost per unit volume
Difficult to apply to complicated shapes

Problems with lateral conduction
More stringent vacuum requirements than 

powders

▪ A comparison of the advantages and disadvantages of the insulations

7.12 Comparison of Insulations
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7.13 Vapor-shielded Vessels

Another method of reducing the heat in-leak
→ use the cold vent gas to refrigerate an intermediate shield
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The effectiveness depends upon
the ratio of sensible heat absorbed by the vent gas to the latent heat of the fluid

The heat transfer rate from ambient to the vapor shield through all paths :

ሶQ2−s = U2 T2 − Ts = U2 T2 − T1 − Ts − T1

U2 =
ktA

∆x
ins

+
ktA

∆x
sup

+
ktA

∆x
piping

Kt : thermal conductivity for the insulation, supports, piping
A : heat-transfer area for each of these components
Δx : the length of conduction path

7.13 Vapor-shielded Vessels
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The heat transfer rate between the sheild and the product container :

ሶQg = ሶmgCp Ts − T1

ሶmg : mass flow rate of boil-off vapor

hfg : the heat of vaporization of the fluid

Assuming that the vent gas is warmed up to the shield temperature
within the shiled flow passage,

The sensible heat absorbed by the vent vapor is : 

ሶQ2−s = ሶQs−1 + ሶQg

ሶQs−1 = U1 Ts − T1 = ሶmghfg

7.13 Vapor-shielded Vessels
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From an energy balance,

ሶQ2−s = ሶQs−1 + ሶQg

U2 T2 − T1 − Ts − T1 = U1 Ts − T1 + U1Cp Ts − T1
2/hfg

By Introducing the following dimensionless parameters,

π1 = Cp(T2 − T1)/hfg

π2 = U1/U2

θ = (Ts − T1)/(T2 − T1)

π1π2θ
2 + π2 + 1 θ − 1 = 0

θ =
π2 + 1

2π1π2
{ 1 +

4π1π2
π2 + 1 2

1
2

− 1}

7.13 Vapor-shielded Vessels
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The variation of the shield temperature with 𝜋2 for selected 𝜋1
→ Shield temperature is greatest for the larger values of sensible to latent heat.

7.13 Vapor-shielded Vessels
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If the mass flow rate through the shield were zero,
the shield temperature would be 

θ0 = 1/(π2 + 1),

ሶQ

ሶQ0

=
θ

θ0

The ratio of heat inleak with vapor shielding
to heat inleak without vapor shielding would be 

7.13 Vapor-shielded Vessels
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7.14 Cryogenic Valves

▪ Cryogenic valves

• Extended-stem valve

• Vacuum-jacketed valve

Resembles an ordinary valve, except that 

the valve stem is modified by extending 

the stem about 250 mm to 300 mm 

through the use of thin-walled tubing

An extended-stem valve with a vacuum 
jacket around the extended stem and 
valve body to reduce heat inleak
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▪ Extended-stem valve

▪ Advantages

• The valve handle is maintained at ambient temperature to protect the 

operator

• The valve stem may be sealed at ambient temperature thereby eliminating a 

severe sealing problem and improving the reliability

7.14 Cryogenic Valves

▪ Vacuum-jacketed valve

▪ Advantages

• Valve stem, valve plug, and valve seal can be removed for inspection

• The valve body is insulated with multilayer insulation to reduce heat 

transfer
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7.15 Two-Phase Flow in Cryogenic-Fluid Transfer Systems

▪ Two-phase flow problem

Two-phase flow complicates the problem of predicting the pressure 

drop of the flowing fluid in several ways.

• The flow pattern is often different for vertical, horizontal, and 

inclined flow.

• Several different flow patterns exist

• The flow may be laminar in the liquid phase and turbulent in the 

vapor phase or any of four different combinations exist

• The flow pattern changes along the length of the pipe if the quality 

of the fluid changes because of heat transfer or pressure drop 

(flashing)
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7.15 Two-Phase Flow in Cryogenic-Fluid Transfer Systems

Fig. Two-phase flow pattern regions 

Fig. Two-phase patterns for horizontal flow


