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ABSTRACT

Power plant piping systems are critical infrastructure components that operate under severe conditions of high
temperature, pressure, and dynamic loading. The design and optimization of pipes and their supporting clamps
are essential for ensuring operational safety, reliability, and cost-effectiveness. This review paper provides a
comprehensive analysis of the current state-of-the-art in pipe design methodologies based on ASME B31.1
Power Piping Code, finite element analysis (FEA) techniques for stress evaluation, and optimization strategies
for hold-down clamps. The paper examines the evolution from traditional empirical approaches to modern
computational methods, highlighting the challenges in pipe-clamp interaction analysis, thermal effects, and
dynamic loading conditions. Particular attention is given to the design of pipes connecting condensate storage
and demineralized water storage tanks, with detailed thickness calculations, stress verification procedures, and
clamp optimization under multiple loading scenarios. The review synthesizes findings from code-based
standards and numerical approaches, demonstrating that integrated FEA and optimization frameworks can
achieve significant material reduction while maintaining structural integrity. The paper concludes with
recommendations for future research directions, including advanced material applications and improved
design interface protocols between piping analysis and support design groups.

Keywords: Pipe Design, Hold-Down Clamp, Finite Element Analysis, Stress Optimization, ASME B31.1, Power
Plant Piping.

I.  INTRODUCTION

The transportation of fluids through piping systems represents one of the most fundamental operational
requirements in power generation, petrochemical, and processing industries. Piping systems must withstand
extreme conditions including high temperatures, elevated pressures, corrosive environments, and dynamic
loading from seismic events and fluid transients. The integrity of these systems depends not only on the pipe
itself but critically on the supporting structures, particularly pipe clamps that transfer loads from the pipe to
the supporting framework.

Over the past two decades, significant advances have been made in the design and analysis of pipes and piping
clamps. The evolution from simple empirical methods to sophisticated computational approaches has enabled
engineers to address increasingly complex design challenges. However, despite these advances, several areas
remain problematic, particularly regarding the interaction between pipes and clamps under dynamic loading
conditions and the optimization of clamp designs for cost reduction without compromising safety.

The four primary functions of a pipe support are to anchor the pipe in position, guide its movement, absorb
shock loads, and support specified loads including the weight of the pipe, contents, fittings, and insulation. The
design configuration of a pipe support assembly depends on loading conditions, operating temperatures,
structural constraints, and installation requirements. Hold-down clamps, specifically, are critical components
that secure pipes to ground-level supports, preventing movement and ensuring alignment under operational
and accidental loading conditions.

This review paper comprehensively examines the state-of-the-art in pipe and clamp design optimization, with
particular focus on:

e Code-based design methodologies for pipe thickness and stress analysis

¢ Finite element analysis techniques for stress evaluation
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e Optimization strategies for hold-down clamps under multiple loading conditions

o Integration of design and analysis workflows for cost-effective solutions

II. POWER PLANT PIPING SYSTEMS: FUNDAMENTALS AND DESIGN CODES

2.1 The Role of Piping in Power Generation

Modern power plants operate on thermodynamic cycles, with the Rankine cycle forming the basis for most
steam power plants. In this cycle, steam flows to a turbine where part of its energy is converted to mechanical
energy, with the reduced-energy steam subsequently condensing in the condenser. The condensate is returned
to the boiler via feed water pumps, completing the cycle. In regenerative Rankine cycles, part of the steam is
extracted after partial expansion in the turbine and used to heat feed water, improving overall plant efficiency .

Water quality in these systems is paramount, as impurities can cause scale formation, corrosion, and
operational issues. Demineralization plants process raw water through pre-treatment (coagulation,
flocculation, clarification) and demineralization sections (cation exchange, anion exchange, mixed bed
polishing) to produce high-purity water with conductivity below 0.2 uS/cm and silica content below 0.02 ppm .

2.2 ASME B31.1 Power Piping Code

The ASME B31.1 Power Piping Code is the primary standard governing the design, materials, fabrication,
testing, and inspection of piping systems in electric power generating stations, industrial and institutional
plants, and district heating systems. The code provides comprehensive requirements for pipe, flanges, bolting,
gaskets, valves, and other pressure-containing components .

ASME B31.1 employs a more conservative design philosophy compared to ASME B31.3 (Process Piping),
reflecting the need for long service life and maximum reliability in power plant installations. Key differences

include :
Parameter ASME B31.1 ASME B31.3
Basic all ble st
asiea E‘;";S © SIress min(1/4 UTS, 2/3 Sy) min(1/3 UTS, 2/3 Sy)
~20,000 psi for A106 Gr. B at
Material allowable stress ~15,000 psi for A106 Gr. B at ambient psi OI? rba
ambient
Wall thick

a . 1CKness More conservative Allows ~33% higher stress

requirement

More prescriptive, 100% RT for high-ener
NDE requirements P P ° & &y Based on examination categories

lines

The 2024 revision of ASME B31.1 introduced numerous changes including new definitions, revised equations
for minimum wall thickness, updated weld joint strength reduction factors, and new mandatory appendices for
quality management and documentation requirements .

III.  PIPE DESIGN METHODOLOGY

3.1 Thickness Calculation

The required thickness of straight pipe sections under internal pressure is determined according to ASME
B31.1 using the equation :

t=PD2(SEW+PY)
Where:
e P =Design pressure

e D = Qutside diameter
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e S=Allowable stress

e E =Weld joint quality factor (1.0 for seamless pipe)

e W =Weld strength reduction factor

e Y =Temperature coefficient (0.4 for temperatures below creep range)
The total required thickness including allowances is:

tm=t+C1+C2+C3

Where:

e (, =Corrosion allowance

e (, =Thread allowance

e (3= Mill tolerance (typically 12.5%)

For power piping, ASME B31.1 typically requires a higher corrosion allowance due to longer design life and
harsher operating environments compared to process piping .

3.2 Verification Checks

Several verification checks are required to ensure the calculated thickness is adequate under all operating
conditions:

3.2.1 Bend Check

For pipe bends, thickness variations occur between intrados (inside radius) and extrados (outside radius). The
required thickness at the bend is calculated using:

t=PD2((SEW)/I+PY)

For intrados: 1=4(R1/D)-14(R1/D)-2

For extrados: [=4(R1/D)+14(R1/D)+2

Where R; is the bend radius. Analysis shows that intrados thickness is always greater than extrados thickness,
and the minimum thickness at the extrados must be verified against design requirements .

3.2.2 Hydrostatic Test Verification
The hydrostatic test pressure shall be at least 1.5 times the design pressure per ASME B31.1. The maximum

allowable pressure:

P=2SEWtD-2tY

This ensures that the pipe can withstand the test pressure without failure and verifies the integrity of welded
joints.

3.2.3 External Pressure Check

For pipes installed underground, external pressure verification ensures the pipe can withstand soil and
hydrostatic loads. The allowable external pressure is determined using tables in ASME Section II, Part D .

3.2.4 Thread Check

For threaded connections, the height of threads must be added to the design thickness. The relationship
between thread height and pitch is h=0.866025p, where p is the pitch. If the thickness after removing
allowances and thread height exceeds the design thickness, threads can be produced on the pipe.

3.3 Stress Intensification Factors

Stress intensification factors (SIFs) are critical for accurate pipe stress analysis, particularly at discontinuities
such as elbows and tees. The experimental work of Markl in the 1950s established the basis for SIFs used in
modern piping codes. However, recent finite element analysis studies have shown that some code-based SIF
equations may yield non-conservative results .
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Research on 90° pipe elbows has demonstrated that sustained stress indices (SSIs) require careful
consideration. While SIFs for fatigue loading are relatively well-studied, sustained stress indices have received
less attention. Nonlinear finite element analysis of pipe elbows has revealed that for thick-walled elbows, the
location of maximum stress under in-plane loading can shift from the neutral axis to the intrados, particularly
when the D/t ratio exceeds certain limits .

The analysis of SIFs using numerical models has led to proposals for updated equations that better fit both
numerical data and original experimental results. For elbows, the in-plane SIF relationship based on FEA shows
excellent correlation compared to code-based equations, which may underestimate stresses in some cases .

IV. CLAMP DESIGN AND ANALYSIS
4.1 Types and Applications

Pipe clamps can be classified according to their applications :

1. Clamps for horizontal piping: Used as part of hangers to support horizontal pipe runs
2. Riser clamps: Used to support vertical runs of piping

3. Conventional clamps: Standard designs for normal loading conditions

4. Stiff clamps: Heavy-duty designs requiring large preloads to achieve desired stiffness, particularly for
nuclear applications

The introduction of stiff clamps was primarily intended to satisfy dynamic load requirements in nuclear power
plant design. However, large preloads imposed on stiff clamps raise concerns about pipe integrity, including
ovalization and localized stress concentrations .

4.2 Pipe-Clamp Interaction

The interaction between pipes and clamps is a complex nonlinear problem that has only recently received
systematic attention. Historically, it was assumed that additional pipe stresses caused by clamps were
negligible, supported by years of service experience. However, this assumption has been called into question
with the use of stiff clamps, which can induce significant loadings into piping .

The distribution of contact stresses acting on the clamp-pipe interface is a nonlinear function of :
e C(Clamp geometry and pipe geometry

e Clamping force (preload)

e Nonuniform temperature expansion

e External loading

The analysis is further complicated by the possibility of local yielding in both the pipe wall and the clamp body,
necessitating nonlinear material behavior consideration .

4.3 Interaction Force Classification
Pipe-clamp interaction forces can be classified into four basic loadings :

1. Pressure Effects: When a clamp restrains outward radial expansion of the pipe under internal pressure,
circumferential hoop stress may decrease, but longitudinal bending and membrane stresses can increase
significantly depending on clamp stiffness.

2. Thermal Effects: Non-uniform expansion due to differential metal temperatures creates thermal stresses
that should be considered as secondary stresses. Contact with clamps increases through-wall temperature
gradients, with thermal stresses categorized as peak stresses .

3. Dynamic Effects: Dynamic interaction involves uncertainties in support flexibility, mechanical
nonlinearities, construction tolerances, and the nature of dynamic loading. Localized pipe stresses due to
clamp-pipe interaction are not typically computed in piping dynamic analysis .
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4. Preload and Stress Intensification: Clamping force can cause ovalization and localized stresses,
particularly under the yoke where stiffness is much higher relative to the pipe.

4.4 Heat Transfer Considerations

Thermal analysis of pipe clamps is important for material selection and design optimization. While thermal
stresses are not generally considered in clamp design, the transfer of heat from pipe to clamp plays a major role
in determining appropriate materials. The bolting and connecting hardware may not experience the same
temperature as the portion of the clamp in direct contact with the pipe, allowing geometry or material
optimization for economic solutions.

Steady-state finite element analysis comparing traditional three-bolt clamps with yoke-style clamps has shown
significant differences in thermal distribution, providing opportunities for more efficient and economical
designs.

V.  FINITE ELEMENT ANALYSIS IN PIPE AND CLAMP DESIGN

5.1 Evolution of Numerical Methods

With the advent of high-speed electronic computers, finite element analysis has become an essential tool for
pipe and clamp design. The analysis of clamps is no longer an intractable problem, though progress toward
unified rational design has been slow due to three main reasons :

1. Accurate analysis requires evaluation of clamp-pipe interaction to assess contact stresses, investigations of
which have not been extensive due to lack of interdisciplinary study

2. The nonlinear nature of contact stress distribution requires nonlinear analysis and numerical methods with
iterative procedures

3. Absence of code or standard providing design and performance criteria for clamps
The range of FEA applications in pressure vessels and piping is extensive, encompassing :
e Linear and nonlinear static and dynamic analysis

e Thermal and fracture mechanics problems

o Contact and fluid-structure interaction problems

e Development of special finite elements

5.2 FEA Approaches

Modern FEA for pipe and clamp design employs various approaches :

Shell Models: Shell elements are computationally efficient and appropriate for thin-walled piping components.
They can accurately capture membrane and bending behavior while requiring less computational resources
than solid models.

Solid Models: Brick elements provide more detailed stress distribution, particularly for thick-walled
components and when localized stress concentrations are of concern. Solid models are essential for analyzing
clamp-pipe contact interfaces.

Nonlinear Analysis: Elasto-plastic material models are required when yielding may occur. Contact analysis
with iterative procedures is necessary to modify contact areas to satisfy boundary conditions.

5.3 Validation and Verification

Comparisons between code-based and numerical approaches have revealed important discrepancies. A
comprehensive survey of piping stress evaluation methods highlighted that finite element modeling can better
capture complex phenomena including :

e Nonlinear material behavior
e Thermal effects

e Residual stress following welding
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e Complex geometry effects

Code-based approaches, while providing simplified methods for routine design, may not adequately capture
localized stresses at connections and discontinuities .

VI. OPTIMIZATION OF HOLD-DOWN CLAMPS
6.1 Design Parameters
Hold-down clamp design requires consideration of multiple parameters:
e (Clamp thickness
e Rib thickness and configuration
e Width and length
e Fillet radius
e Boltand nut design
e Bottom plate dimensions
6.2 Optimization Approach

Parametric optimization involves iterative analysis to find configurations meeting stress limits while
minimizing material consumption. Key steps include:

1. Initial parameter selection based on standard catalogues

2. Thickness iteration to meet allowable stress limits

3. Length optimization to reduce material while maintaining structural integrity
4. Fillet radius optimization to minimize stress concentrations

6.3 Loading Cases

Comprehensive clamp design must consider multiple loading cases representing different operational and
accidental conditions. Three primary cases are typically analyzed:

Case 1: Radial-dominant loading with high Fz forces
Case 2: Axial-dominant loading with high Fx forces
Case 3: Lateral-dominant loading with high Fy forces
6.4 Optimization Results

For a 508mm outer diameter pipe, optimization from initial 14mm thickness to 18mm plate thickness with
appropriate geometric parameters achieved stress levels within the 13.3 ksi allowable limit. Key findings
include:

Thickness Optimization: Significant increases in clamp thickness are often required compared to standard
catalog designs. Analysis showed that standard clamps rated for 27 kN radial loads were inadequate for actual
loading conditions reaching 31.5 kN.

Length Optimization: Trade-offs exist between length and stress distribution. Increasing length reduces stress
in radial-dominant cases but may increase stress in axial-dominant cases.

Fillet Radius Optimization: Larger fillet radii reduce stress in radial-dominant cases but may increase stress
in axial-dominant cases. Optimal values depend on the dominant loading direction.

Multiple Rib Configurations: For high-load cases, adding additional ribs provides stress reduction, allowing
material optimization.

VII. CHALLENGES AND FUTURE DIRECTIONS
7.1 Current Challenges

Despite advances in design and analysis, several challenges remain:
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Design Interface: The division between piping stress analysts and pipe support designers often results in
inadequate consideration of clamp-induced stresses. Piping analysis typically computes forces and moments at
the centerline without accounting for localized stresses from clamp contact .

Design Specification Gaps: Current design specifications for pipe clamps do not specify limitations on clamp-
induced loadings on the pipe, creating potential for overstressing .

Nonlinear Contact Analysis: The complex contact between pipe and clamp requires time-consuming iterative
procedures, making comprehensive analysis expensive .

Lack of Unified Standards: The absence of codes providing comprehensive design criteria for clamps
contributes to inconsistent design practices .

VIII. CONCLUSION

This comprehensive review has examined the design optimization and stress analysis of power plant pipes and
hold-down clamps, synthesizing findings from code-based standards and numerical approaches.

1. Pipe Design: ASME B31.1 provides a comprehensive framework for pipe thickness calculation with
verification checks for bends, hydrotesting, external pressure, and threaded connections. The conservative
approach of B31.1 ensures long service life and reliability in power plant applications.

2. Finite Element Analysis: FEA has become essential for detailed stress analysis, enabling evaluation of
complex geometries, nonlinear material behavior, and clamp-pipe interaction. Comparisons with code-based
approaches have revealed potential non-conservative results in some cases.

3. Clamp Optimization: Parametric optimization of hold-down clamps can achieve significant material
reduction while maintaining structural integrity. The optimal design depends on loading conditions, with trade-
offs between geometric parameters.

4. Pipe-Clamp Interaction: The nonlinear nature of clamp-pipe contact requires careful consideration,
particularly for stiff clamps with high preload. Localized stresses can occur that are not captured in traditional
beam-type analysis.

5. Design Interface: Improved communication between piping analysis and support design groups is essential
to ensure clamp-induced loadings are properly considered in pipe stress evaluation.

The integration of code-based design, finite element analysis, and parametric optimization provides a
comprehensive framework for cost-effective and reliable pipe and clamp design in power plant applications.
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