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· Contained (Stored) Energy
· Computation of Energy Stored in the Fluid, ef
· Computation of Energy Stored in Liquid Systems
· Computation of Strain Energy Stored in the Container
· Computation of Energy Stored in Gas Systems
· Computation of Energy Stored in Two-Phase Fluid Systems
Guidance

This appendix is presented as a convenient source for information about computations that are common to pressure systems.

Contained (Stored) Energy
When a system is pressurized, energy is stored in the system as both (a) energy in the pressurized fluid, and (b) strain energy in the container. If the fluid is a gas or two-phase fluid, most of the energy is stored in the compressed fluid itself, and the energy stored in the container may be negligible. Conversely, if the fluid is nearly incompressible (e.g., a liquid such as water or hydraulic fluid), an appreciable fraction of the stored energy is strain energy in the container. A two-phase fluid is one where the same pure substance exists in both liquid and vapor phases in equilibrium at the temperature and pressure under consideration. Multiphase systems, and possibly pressurized liquid systems, have energy stored in the liquid as sensible heat, which may be converted to mechanical work upon flashing. Common examples are steam generators (boilers), refrigeration systems, CO2 storage tanks, and liquefied petroleum gas.

The total energy is




where 



= energy in pressurized fluid, and 

= strain energy.

Computation of Energy Stored in the Fluid, ef
The energy stored in any fluid is obtained from thermodynamic analysis and is taken to be that which would be released in a reversible adiabatic (isentropic) expansion to ambient conditions. This is recognized as a conservative estimate of the damage potential from a ruptured pressurized container. The adiabatic assumption is reasonable, since in such an incident there is no time for appreciable heat transfer to or from the fluid. However, a rupture and uncontrolled release is as irreversible as imaginable, and so the process is surely not isentropic. Since stored energy calculations are made primarily to determine if a PSAR is required based on arbitrary energy limits, it makes little practical difference that the energy actually released is an indeterminate fraction of the calculated stored energy using the isentropic expansion assumption.

From the foregoing discussion, the nonflow energy equation applies:




where

Q
=
heat added to system (zero in the adiabatic case)

(U
=
change in internal energy of the fluid

W
=
mechanical work done (energy) by the system

Hence




The subscripts 1 and 2 refer to the initial and final states; that is, before and after the expansion.

Computation of Energy Stored in Liquid Systems

A liquid pressure system is defined as one containing a substance that remains solely in the liquid phase over the pressure and temperature ranges under consideration and in which there is no significant dissolved or entrapped gas. In such systems it is possible that a significant (10% or more) portion of the stored energy in the system is in the strain energy in the container walls.

The total energy is




where 

 = energy in pressurized fluid, and 

 = strain energy.

Energy stored in the liquid is calculated using the formula




where




=
energy of compression of the liquid

P
=
system pressure

V
=
volume

B
=
liquid bulk modulus

Note:
B = 

 , where 

is the isothermal compressibility coefficient.

Note that the bulk modulus of a liquid is a function of both pressure and temperature, as indicated in Tables B-1 and B-2 and Figures B-1 and B-2.

Table B-1. Bulk Modulus Data at 77(F
	
	Bulk Modulus B

	Liquid
	At 14.7 psia
	At 14,700 psia

	Acetone

Benzene

Carbon tetrachloride

Chloroform

Ethyl alcohol

Ethyl chloride

Glycol

Mercury
	117,044

149,966

135,911

148,888

235,036

186,398

389,831

3,625,432
	240,892

286,030

273,618

273,000

373,756

319,421

531,199

3,718,398


Table B-2. Bulk Modulus (B) for Selected Oils
	Liquid
	Pressure (psi)
	B(psi)

	Kerosene at 68(F

Mobil Oil A at 104(F

Bayonne at 104(F
	100,000

50,000

25,000

20,000

10,000

25,000

10,000
	536,700

380,500

290,807

342,000

299,000

345,000

294,000
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Figure B-1. Approximate Behavior of the Bulk Modulus

of Elasticity of Water at Pressures to 100,000 psi and 68(F
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Figure B-2. Bulk Modulus of Water as a Function of Temperature at Various Pressures
Computation of Strain Energy Stored in the Container

The following discussion derives the equations for calculating the strain energy in spherical and cylindrical pressure vessels where




=
strain energy

P
=
system pressure

V
=
volume of material in structure

E
=
modulus of elasticity of vessel material




=
hoop stress

(
=
Poisson’s ratio of vessel material

G
=
shear modulus

The strain energy in a solid can be written as:




where



 is the strain energy density and V is the volume of the solid.

Note:
The volume in the above equation is the volume of the vessel material (i.e., steel, etc.) and not the volume enclosed by the vessel as used in the prior sections.

For linear elastic behavior:




where 

 are the normal stress components, 

are the normal strain components, 

 are the shear stress components, 

 are the shear strain components, E is Young’s modulus, G is the shear modulus, and ( is Poisson’s ratio.

1.
Strain energy in a thin-walled sphere
For a sphere, 





substitute




where P = pressure, r = radius of the sphere, and t = thickness of the sphere.




The volume of material in a thin-walled sphere may be estimated as:




Finally the strain energy is:




2.
Strain energy in a thin-walled cylinder

For a cylinder, 




,

substitute




where P = pressure, r = radius of the sphere, and t = thickness of the cylinder.




The volume of material in a thin-walled cylinder may be estimated as:

V = 2(rtL

where L is the length of the cylinder.

Finally the strain energy is:




Note:
This equation neglects the strain energy in the vessel heads.

Two numerical examples are given below.

Example 1.
Find the energy stored in a 4000-cu-in. cylindrical vessel filled with water at 68(F and pressurized to 6000 psi. At this pressure and temperature, water has a bulk modulus B of about 3.6 x 

 psi. The vessel has an OD of 16 in., an ID of 14.4 in. and is made of a material having the following properties: E = 3 x 

 psi, 

 (yield strength) = 1.2 x 

 psi, 

 (ultimate strength) = 1.8 x 

 psi, and ( (Poisson’s ratio) = 0.3.

a.
Energy stored in the compressed liquid




b.
Strain energy stored in the vessel
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c.
Total energy stored in the system




Example 2.
Find the energy stored in a 4000-cu-in. vessel with water at 68(F and pressurized to 13,285 psi. The ID of the cylindrical vessel is 12 in., and the OD is 16 in. The material has the same properties as in Example 1.

a.
Energy stored in the compressed liquid

From Figure B-1, B = 4 ( 105 psi




b.
Strain energy stored in the vessel




c.
Total energy stored in the system




Computation of Energy Stored in Gas Systems

Figures B-3 and B-4 show the stored energy in megajoules per cubic meter of several common gases at various pressures and initially at 25(C. These charts can be used directly to obtain 

 where 

 is the energy in the pressurized gas. Note that for pressures below about 20 megapascals (3000 psi), the relation is essentially linear and follows the ideal gas law.

At pressures common to DOT cylinders, the ideal gas law (assumes P = (RT and constant specific heat) can be used for most gases, and the isentropic expansion relation is




where k is the ratio of specific heat at constant pressure, 

 to that at constant volume, 

 At higher pressures, this equation can still be used in an approximate fashion if the specific heat ratio (k) is evaluated at atmospheric conditions, and the right-hand side is multiplied by 1/Z, where Z is the compressibility factor (at the pressurized (P1) condition) found in gas handbooks or from Real Gas Equation-of-State Capability at Sandia Livermore (SAND78-8200). The compressibility factor will account for the increased density (above the ideal gas law) at higher pressures.
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Figure B-3. Pressure-Volume Energy Determination Graph for Low and Intermediate Pressures
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Figure B-4. Pressure-Volume Energy Determination Graph for High Pressures

Example:
Find the contained energy for a vessel with a volume of 2 

 if the vessel contains nitrogen gas at 2000 psig. Assume that Albuquerque has an absolute pressure of 12.2 psig.

Using the above equation, we find that

P1
=
2012.2 psia, or converted to pounds per square foot, absolute:



2012.2 ( 144 = 289757 psfa

V1
=
2 


P2
=
12.2 psia, or 12.2 ( 144 = 1757 psfa

k
=
for nitrogen gas, 

 = 1.40

Note:
See Table below for the values for k.

Z
=
0.97 for nitrogen gas at P1 and T1 (assume room temperature)

E
=




=
1.1 ( 

 ft-lb

Following is a table of values for k:

	Table of Values for k

	Type of Gas
	CP
	CV
	k

	He

A

H2
O2
N2
Cl2
CO2
SO2
CH4
NH3
C2H6
	4.97

4.97

6.87

7.03

6.97

8.29

8.83

9.65

9.51

8.80

12.35
	2.98

2.98

4.88

5.03

4.96

6.15

6.80

7.50

7.26

6.65

10.30
	1.67

1.67

1.41

1.40

1.40

1.35

1.30

1.29

1.31

1.31

1.20


Computation of Energy Stored in Two-Phase Fluid Systems

For these systems, there is no simple equation of state such as the ideal gas law. Use a table of thermodynamic properties (or a Mollier chart) of the substance in question to calculate the change of internal energy during the (assumed) isentropic expansion.

A numerical example of the calculation steps is given below. Subscripts 1 and 2 refer to the initial (high-pressure) conditions and the final (ambient) pressure, respectively. Other symbols are defined as follows:




=
specific enthalpy of the liquid (

)




=
specific enthalpy of the vapor (

)


Similarly,





=
specific volume of liquid and vapor, respectively (

)





=
specific internal energy of liquid and vapor, respectively (

)





=
specific entropy of liquid and vapor, respectively (

 at(F)



X
=
quality, fraction of vapor in the mixture, or the ratio of the gas phase to the liquid phase


P
=
pressure (

)


V
=
total volume of the system (

)


m
=
total mass of the substance (

)


M
=
mechanical equivalent of heat = 778 ft-


Example:  Find the energy stored in a tank whose volume is 407 

 if the tank is completely filled with CO2 in the liquid phase and is maintained at a temperature of 0(F. The atmospheric pressure is taken to be 14.7 psi to simulate Livermore.

Using a table of properties of carbon dioxide provided by the Cardox Company (Table B-3), we find that the equilibrium pressure corresponding to a temperature of 0(F is about 306 psia and the specific volume, 

, is 0.01571 

.

1.
The total mass of CO2 in the tank is m = 

 where






From Table B-3 at 0(F, the specific enthalpy of liquid 

 is equal to 18.8 Btu/lb. Since 

 at 0(F is not tabulated, we calculate it as follows:

2.



where




=
the absolute pressure at initial condition (0(F)




=
the specific enthalpy of the liquid at 0(F




=
the specific internal energy of the liquid




=
the specific volume in 


From Table B-3 at 0(F, the entropy sf is equal to 0.419 

(F. The statement “isotropic expansion” means constant entropy; therefore 

 = 

 = 0.0419 

(F. At atmospheric pressure (14.7 psia) we will have a mixture of solid and vapor since the expansion has taken us below the triple point. The quality, X, of the mixture (weight fraction of vapor in the mixture) can be found as follows. Using the values of 

 and 

 at 14.7 psia as found in the table yields

3.


 = 

 = (1 - 

)

 + 



(0.0419) = (1 - 

) (-0.2898) + 

 (0.4134)




 = 0.4717 = the fraction of vapor/

 mixture

where




=
entropy condition 2




=
entropy condition 1




=
fraction of vapor/

 mixture




=
specific entropy of liquid at 14.7 psia



=
specific entropy of vapor at 14.7 psia

Table B-3. Physical Properties of Carbon Dioxide (CO2) As a Solid, Liquid, and Saturated Vapor at Varying Temperatures and Pressures
	
	
	
	
	Specific Volume

cu ft per lb
	Enthalpy

Datum - 40(F

Btu per lb
	Entropy

Datum - 40(F

Btu per lb(F
	
	
	
	
	
	Specific Volume

cu ft per lb
	Enthalpy

Datum - 40(F

Btu per lb
	Entropy

Datum - 40(F

Btu per lb(F

	
	
	Pressure
	
	
	
	
	
	
	
	
	
	Pressure
	
	
	
	
	
	

	
	
	psia
	psig
	
	
	
	
	
	
	
	
	
	psia
	psig
	
	
	
	
	
	

	
	-147

-145

-140

-135

-130

-125

-120

-115

-110

-109.4

-105

-100

-95

-90

-85

-80

-79

-78

-77

-76

-75

-74

-73

-72

-71

-70

-69.9
	2.14

2.43

3.19

4.16

5.39

6.98

8.85

11.20

14.22

14.70

17.80

22.34

27.63

34.05

41.67

50.70

52.80

55.00

57.20

59.44

61.75

64.25

66.75

69.40

72.10

74.90

75.1
	25.56*

24.97*

23.41*

21.43*

18.92*

15.68*

11.87*

7.08*

0.92*

0.00

3.13

7.67

12.96

19.38

27.00

36.03

38.13

40.33

42.53

44.77

47.08

49.58

52.08

54.73

57.43

60.23

60.4
	0.01004

0.01005

0.01007

0.01009

0.01012

0.01015

0.01018

0.01022

0.01024

0.01025

0.01028

0.01032

0.01036

0.01040

0.01044

0.01049

0.01050

0.01051

0.01052

0.01053

0.01054

0.01055

0.01056

0.01057

0.01058

0.01059

0.01059
	35.80

32.40

24.50

18.70

14.74

11.56

9.13

7.27

5.85

5.69

4.72

3.80

3.09

2.52

2.07

1.70

1.63

1.56

1.51

1.46

1.40

1.35

1.30

1.25

1.21

1.17

1.16
	-123.3

-122.8

-121.4

-120.1

-118.7

-117.4

-116.0

-114.3

-113.1

-112.9

-111.5

-110.0

-108.3

-106.5

-104.5

-102.3

-101.9

-101.4

-101.0

-100.5

-100.1

-99.7

-99.2

-98.8

-98.4

-98.0

-97.8
	128.2

128.5

129.3

130.0

130.7

131.3

132.1

132.7

133.3

133.4

133.9

134.4

134.9

135.3

135.6

135.8

135.8

135.9

135.9

135.9

135.9

135.9

135.9

136.0

136.0

136.0

136.0
	-0.3214

-0.3196

-0.3153

-0.3110

-0.3068

-0.3027

-0.2986

-0.2844

-0.2904

-0.2898

-0.2860

-0.2815

-0.2768

-0.2720

-0.2667

-0.2610

-0.2599

-0.2587

-0.2575

-0.2563

-0.2551

-0.2539

-0.2528

-0.2516

-0.2505

-0.2494

-0.2493
	+0.4832

+0.4792

+0.4691

+0.4593

+0.4500

+0.4409

+0.4318

+0.4230

+0.4145

+0.4134

+0.4062

+0.3981

+0.3902

+0.3822

+0.3742

+0.3665

+0.3649

+0.3633

+0.3617

+0.3601

+0.3585

+0.3570

+0.3554

+0.3539

+0.3523

+0.3508

+0.3506
	
	
	-18

-16

-14

-12

-10

-8

-6

-4

-2

0

+2

+4

+6

+8

+10

+12

+14

+16

+18

+20

+22

+24

+26

+28

+30

+32

+34
	223.06

231.32

239.81

248.52

257.46

266.63

276.05

285.70

295.61

305.76

316.2

326.8

337.7

348.9

360.4

372.1

384.1

396.4

409.0

421.8

435.0

448.4

462.2

476.3

490.6

505.3

520.3
	208.39

216.65

225.14

233.85

242.79

251.96

261.38

271.03

280.94

291.09

301.5

312.1

323.0

334.2

345.7

357.5

369.4

381.7

394.3

407.1

420.3

433.7

447.5

461.6

475.9

490.6

505.6
	0.01504

0.01511

0.01518

0.01525

0.01533

0.01540

0.01547

0.01555

0.01563

0.01571

0.01579

0.01587

0.01597

0.01605

0.01614

0.01623

0.01632

0.01642

0.01650

0.01662

0.01672

0.01684

0.01695

0.01707

0.01719

0.01731

0.01743
	0.4015

0.3865

0.3725

0.3590

0.3465

0.3345

0.3228

0.3118

0.3012

0.2905

0.2800

0.2708

0.2610

0.2520

0.2435

0.2350

0.2274

0.2195

0.2120

0.2048

0.1978

0.1910

0.1845

0.1782

0.1720

0.1663

0.1605
	+10.3

+11.2

+12.1

+12.9

+13.9

+15.0

+15.9

+16.9

+17.9

+18.8

+19.8

+20.8

+21.8

+22.9

+24.0

+25.0

+26.2

+27.3

+28.5

+29.6

+30.8

+31.8

+33.1

+34.3

+35.6

+36.8

+38.0
	138.7

138.8

138.8

138.8

138.9

138.9

138.9

138.9

138.9

138.9

138.9

138.9

138.9

138.8

138.8

138.7

138.7

138.6

138.6

138.5

138.4

138.3

138.1

138.0

137.8

137.7

137.5
	+0.0231

+0.0252

+0.0272

+0.0293

+0.0314

+0.0335

+0.0336

+0.0376

+0.0397

+0.0419

+0.0441

+0.0462

+0.0483

+0.0503

+0.0525

+0.0547

+0.0569

+0.0591

+0.0613

+0.0636

+0.0660

+0.0684

+0.0707

+0.0730

+0.0753

+0.0778

+0.0800
	+0.3142

+0.3130

+0.3117

+0.3104

+0.3091

+0.3079

+0.3067

+0.3054

+0.3042

+0.3030

+0.3018

+0.3006

+0.2994

+0.2982

+0.2970

+0.2958

+0.2945

+0.2933

+0.2921

+0.2909

+0.2897

+0.2885

+0.2873

+0.2861

+0.2849

+0.2837

+0.2883

	
	Triple Point
	
	
	+36
	535.7
	521.0
	0.01757
	0.1550
	+39.3
	137.3
	+0.0823
	+0.2807

	
	-69.9

-68

-66

-64

-62

-60

-58

-56

-54

-52

-50

-48

-46

-44

-42

-40

-38

-36

-34

-32

-30

-28

-26

-24

-22

-20
	75.1

78.59

82.42

86.39

90.49

94.75

99.15

103.69

108.40

113.25

118.27

123.45

128.80

134.31

140.00

145.87

151.92

158.15

164.56

171.17

177.97

184.97

192.17

199.57

207.19

215.02
	60.4

63.92

67.75

71.72

75.82

80.08

84.48

89.02

93.73

98.58

103.60

108.78

114.13

119.64

125.33

131.20

137.25

143.48

149.89

156.50

163.30

170.30

177.50

184.90

192.58

200.35
	0.01360

0.01363

0.01369

0.01373

0.01378

0.01384

0.01389

0.01393

0.01398

0.01403

0.01409

0.01414

0.01419

0.01425

0.01430

0.01437

0.01142

0.01447

0.01454

0.01458

0.01465

0.01472

0.01478

0.01485

0.01491

0.01498
	1.1570

1.1095

1.0590

1.0100

0.9650

0.9520

0.8875

0.8520

0.8180

0.7840

0.7500

0.7200

0.6930

0.6660

0.6380

0.6113

0.5880

0.5650

0.5420

0.5210

0.5025

0.4845

0.4670

0.4500

0.4325

0.4165
	-13.7

-12.8

-11.9

-10.9

-10.1

-9.1

-8.2

-7.3

-6.4

-5.5

-4.6

-3.6

-2.7

-1.8

-0.9

0.0

+1.0

+1.9

+2.8

+3.8

+4.7

+5.6

+6.5

+7.4

+8.3

+9.2
	136.0

136.2

136.3

136.4

136.6

136.7

136.8

137.0

137.1

137.2

137.3

137.5

137.6

137.7

137.8

137.9

138.0

138.1

138.2

138.3

138.3

138.4

138.5

138.6

138.6

138.7
	-0.0333

-0.0312

-0.0290

-0.0266

-0.0243

-0.0221

-0.0198

-0.0175

-0.0153

-0.0131

-0.0109

-0.0087

-0.0065

-0.0043

-0.0021

0.0000

+0.0022

+0.0043

+0.0065

+0.0085

+0.0106

+0.0126

+0.0147

+0.0168

+0.0190

+0.0210
	+0.3506

+0.3491

+0.3475

+0.3460

+0.3444

+0.3429

+0.3413

+0.3398

+0.3383

+0.3368

+0.3354

+0.3339

+0.3325

+0.3311

+0.3297

+0.3285

+0.3271

+0.3258

+0.3245

+0.3232

+0.3219

+0.3205

+0.3193

+0.3180

+0.3167

+0.3155
	
	
	+38

+40

+42

+44

+46

+48

+50

+52

+54

+56

+58

+60

+62

+64

+66

+68

+70

+72

+74

+76

+78

+80

+82

+84

+86

+87.8
	551.3

567.3

583.7

600.4

617.5

634.9

652.7

670.8

689.4

708.3

727.6

747.4

767.5

788.1

809.1

830.6

852.5

874.9

897.7

921.1

945.0

969.3

994.2

1019.7

1045.7

1072.1
	536.6

552.6

569.0

585.7

602.8

620.2

638.0

656.1

674.7

693.6

712.9

732.7

752.8

773.4

794.4

815.9

837.8

860.2

883.0

906.4

930.3

954.6

979.5

1005.0

1031.0

1057.4
	0.01771

0.01786

0.01801

0.01817

0.01834

0.01842

0.01867

0.01887

0.01906

0.01926

0.01948

0.01970

0.01997

0.02012

0.02049

0.02079

0.02109

0.02146

0.02188

0.02240

0.02300

0.02370

0.02458

0.02556

0.02686

0.03453
	0.1495

0.1442

0.1390

0.1342

0.1298

0.1250

0.1204

0.1163

0.1122

0.1080

0.1038

0.0995

0.0960

0.0920

0.0880

0.0842

0.0800

0.0760

0.0720

0.0680

0.0640

0.0600

0.0560

0.0520

0.0479

0.0345
	+40.5

+41.8

+43.1

+44.4

+45.7

+47.1

+48.5

+49.9

+51.3

+52.8

+54.2

+55.7

+57.2

+58.8

+60.4

+62.0

+63.7

+65.6

+67.5

+69.6

+71.8

+74.0

+76.6

+79.6

+83.4

+97.1
	137.0

136.8

136.5

136.2

135.8

135.5

135.1

134.6

134.0

133.4

132.8

132.2

131.5

130.7

129.8

128.9

127.8

126.5

124.7
122.9

121.1

119.0

116.6

114.0

110.5

97.1
	+0.0848

+0.0872

+0.0898

+0.0922

+0.0947

+0.0972

+0.1000

+0.1026

+0.1052

+0.1080

+0.1108

+0.1136

+0.1164

+0.1192

+0.1221

+0.1250

+0.1282

+0.1316

+0.1351

+0.1390

+0.1430

+0.1469

+0.1514

+0.1564

+0.1636

+0.1880
	+0.2791

+0.2775

+0.2759

+0.2745

+0.2730

+0.2715

+0.2699

+0.2681

+0.2664

+0.2645

+0.2627

+0.2606

+0.2585

+0.2563

+0.2540

+0.2516

+0.2485

+0.2455

+0.2423

+0.2385

+0.2347

+0.2305

+0.2258

+0.2205

+0.2133

+0.1880

	
	*Inches of mercury below one atmosphere


4.


 = (1 -

) 

 + 



liquid
gas


= (1 – 0.4717) (–112.9) + (0.4717)(133.4)


= 3.27 

 of the mix at 14.7 psia

where




=
the specific enthalpy of the mixture at 14.7 psia




=
the specific enthalpy of the liquid at 14.7 psia




=
the specific enthalpy of the vapor at 14.7 psia

5.


 = (1 - 

) 

 + 



amount of liquid


= (1 - 0.4717)(0.01025) + (0.4717)(5.69)


= 2.689 


where




=
the specific volume at 14.7 psia




=
the specific volume of the liquid



=
the specific volume of the vapor
Note:  Recall that the figure 0.4717 has already been found in 3, above. It represents the amount of the 

 mixture.

So then

6.


 = 

 - 

 (where 

 means the energy at condition 2)






= -4.05 

 (where -4.05 tells us only that the energy is below the datum built into the table).

Then

7.
E = W = m (

 - 

)


energy going from condition 1 to condition 2


= (25,907 

) [17.91 

 - (-4.05 

)]


= 

 joules
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