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ABSTRACT. Vapor cloudexplosiongVCESs)are very common inperatingrefineries andpetrochemicaplants.

Limited guidelines are available in industry for design steel modulgsperacls subject to blast loading. The
paper aims to provide industrial guidelines for practicing engineers and steel fabricators to optimize the design of
steel modules angiperacls subject to blast loadingAnalytical procedure is presented toalculate global
dynamic response gfiperacls andsteelmodulesusing multiple degree of freedom (MDOF) dynamic model.
Operationloadings and structural design criteriaf piperacls are also describedThe formation mechanism of
Vapour Cloud Explosions (VCEsis then briefly described. Numerical examidé¢hen provided to illustrate the
computation procedure. Thoposedprocedure avoids excessive computational cost required by num@tteal

(CFD) procedures and can be used in practice to evaluate dynasponse gbiperackssubject to blast loading

with reasonable accuracy
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1. INTRODUCTION

Piperacks are used extensively in petrochemimaints and refineriesto support pipes, power cables and
instrument cable traythat arerunning between various process un@@casionallytheyare usedo support mechanical
equipment, vessels and access platfoigeracksarealsoused in some projects tansport steam to remodd wells
and deliver recovered bitumen to the upgrader. Piperacks are essential eithetiimpact the capital cosif most
projects Consequently, theidesign basis and fabrications procedure must be cledgribed inmost project
documents

Fires and explosions iprocess zonekave resulted significant losses in the pB&himizing lossesn hazards
areas requirg@roper plant layout and propengineering desigrExplosions in petrochemical plants aressified as
vapor cloud explosion§/CEs). Plantdesigncriteria should minimizeintense fire and blast effects aritical structures
that are locatedavithin the process zoneduring an explosionSafety rulesand spacingequirements shall be carefully
implementedy engineers in order to minimize damages

Piperacks should be designed to withstand blast exploaimhseducehuman and financialamagesor losses.
Limited guidelines are available in practitteat dealsvith blast design of piperacks. North American coA&C [1],
ASCE [2], CSAS16[3],NBC[4], CSA-S136[5] and industry standards addresainly buildings structuresDesign
specifications for an-building structures areften developed bythe private companies. Although the framing system
seems simple, loading pattern may not be cl€amsequently, x@ensive effors are required by the engineeto
assemble design informatiofrurthermore, little emphasis is given to simulate vapor cloud loadinggperacks

Much of the research woik published literaturéocused on blast response of residential buildikgsnar, et al, ]

presented experimental and numerical investigations for reinforced concrete slabs subject to blast loading. Tin, et al [
presented a procedure for progressive collapse analysis of steel frames subject to blast load. The explosion source is
assumed to initiate inside the building.and Aoude §] studied influence of reinforcement layout on blast performance
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of beams with lgh-strength concrete and higltrength steel reinforcemertoglar and Kovarg] presented test results
for precast concrete slabs with variable fiber strength subject to blast explosiog25 kg of TNT charge8uchan
and Chen [Q] investigated blastesistance of FRP composites and polymer strengthened corardtd] performed
numerical dynamic analyses for-8tbrey frame using FE Software ABAQUS2[1Tsai and Lin [B] investigated
progressive collapse resistance of buildindarrison [H4] discussed blast performance of blast resistant buildikgs.
and Kim [15] studied progressive collapse of moment resisting steel fra@ias, and Zhang B quantified the
potential overpressures due to blast loading and the potential gas build up by usppgtaiion Fluid Dynamic€CFD)
for onshore or offshore facilities.

Seible, et. al. [7] compared similarities and differences between blast and seismic hémdsddges using
blast field tests andumericalproceduresSilva and Lu 18] studied the effect of composite materials on blast resistance
capacity of onavay reinforced concrete slabs/u et al [L9] conducted series of tests to investigate blast resistances of
slabs using various composite reinforcemeiam, et al 0] presented experimental models to study structural
behavior of reinforced concrete slab retrofitted with glass fiber reinforced polymer subject to blast plessisrand
Clubley [21] performed dynamic simulations using computational fluid dynamics (@F@edure totsidy blast wave
interaction applied to masonry structursimerical analysis and tests usingl scale models were used to compute the
dynamicresponseJayasooriyaet al [2] investigatedheimpact of near field explosions on reinforosshcrete frame
using (FE) software SAP 20002B] and LS DYNA [24]. Bedair P5-29] addressed critical design aspecfsvarious
structuesused in heavindustrialprojects

Although most of the research work was fueled by the increasedndisnto achieve economical and reliable
procedures, little attention was given for a@sidential structured.imited engineeringguidelinesand standardare
available in practice for design pfperacksandsteel modulesubject to blast loadings-urthermorecurrentbuilding
codes are not adequate for design of these strucamesalditional provisionsare needed to define blast loading
parameters ankimit the structural response.

The pesent papes aiming to fill this gap angresensimplified analytical procedure for analysispmperacks
subject to accidentalapor cloud(VC) blast explosionshat are encountered in refineries and petrochemical plants
thefirst stage, the structural system and operatiaditgs arebriefly described Globaldynamicresponse opiperacls
is thenaddressednd gproximate expressions goeoposed

The paper provides useful tools that can be used in industry to calculate the piherackcresponse with
little computation costompared tonumericalfinite element(FE) method or computational fluid dynam{€FD)
proceduresThe described approach calsobe used to optimize the piperadisigns andeduce project capital cest

2. PIPERACK STRUCTURAL SYSTEM

Considera typical piperacklayout shown in Fig.(1) in a process zone. The direction of ng)his shownby
the top grey arrowHorizontal piperaclsegmentonsist offour submodules as illustrateith sectionA-A. Each of the
vertical piperacksegmerd consiss of single modulesControl buildings(CB1) and (CB2)are denotedby blue color
Horizontal vesselare located in théour quadrantaind showrby orange colar

Note that [jperack size and supporting beam elevations are dictated by piping requireSemiisn (AA)
showspiperackelevations running in thtNW) quadrant. The structural framing system consists of multiple transverse
bents spaced by distance (Icpnnected byongitudinal strutslt is practical to usédentical module dimensions to
simplify the fabrication procedurg§.e.,equalcolumnspacing L) End bays can then hariable

Diagonal bracings are used in the vertical plane, to resisalldbeds. In some cases knee bracing system is
used to widen the access area undeiptherack Horizontal bracings are required for modularized piperacks to resist
lateral forces induced during transportation and installation. It is economical to révmazental bracings after pip
rack installation to clear space for vertical pipes.
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Fig.1: PiperackLayout out and Elevation

Piperackmodules are assembled in the construction site using cranes. It is common to use four lifting points
for smallpiperackmodules. The load distribution on each lifting point must be calculated by the engineer and labeled on
the structural drawingsPiperack consist of eithersingle level or multievels, depending upon piping design.
Maintenance platformsight beprovidedat each levelNote that the dimensionsijrand (k) shown in section AA of
Fig.(1) are dictated by piping requirements.

Fig.(2a) shows three dimensiorsthapshotview of a piperackstructuredesignedin a Gas Recovery Unit
(GRU) inoil sand upgradeiThe structural steel @assignedhe grey color. Also pipguides and anchors are not shown
for clarity.

Figure (2b) shows illustrative example of typical steel module that contains pipes, equipments and electrical
cable trag. Seel modulesare commonlyfabricated offsite and oufitted with piping, electrical, instrumentation and
mechanical equipments. Maintenance ladders are also attached on the side of these modules. Tatsiicgliéyn and
construction procedures, lbed connections can be usadall steeldesign In some cases, secondary members are
connectedn the construction site after assembly. Mechanical equipments and elguoimiciagdn boxescan be installed
on the to the primary floor bearmas various elevationgsingboltedconnectionsas shown in Fig2b).
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Fig.2: Piperack and Steel Modules Structural System

3. DESIGN BASIS

Piperaclk are designedor normal operatiorloads that include dead loads, live loads wind loads, thermal
loads, friction anchor and guideloads. Dead load(DL) consists of equipment, structures, permanent fixtures,
fireproofing, insulation, fixed partitions, piping and electrical material.

Live loads(LL) of pipe racks shall include temporary/maintenance loads, such as personnel, miscellaneous
tools/equipment, moveable partitions and stored mateNafsmum (LL) for floor plates and gratinig 4.8kPa Wind
load (WL) must be applie@t thelongitudinal and transverse directions of tiiperack Uniform distributionshall be
appliedto membempermpendicular to the wind directioklVind forces on pipesand cable trayshall beapplied as uniform
distribution or point load at the migpan of the supporting beam3.orsion due to the wind load on the handrail is
usually negligible.

Snow load(SL) shall be calculatednddistributed proportionally for mitilevel piperacls. For example(50%)
could beappliedto the upper levels anithe remaining(50%) to bedistributed between lower levelslinimum (SL)
load values 1.0 kPaNotetha thetributary area of snow load depends upon the number of pipes, cable trays,...etc.

Earthquake loadEL) shall be ckulated using relevant coslePiperacks shall be designeds 6 convent i c
constructioné unl es goneb.mdogatiang whéren seismicgdesignsie mandatory, phaject
geotechnical report shall be utilized to establish the paranregugedfor foundation design.

Thermal loads(TL) shall be based on the installed temperature and the mrMonumaximum ambient
temperatures. Movement joints shall be providegfperacls exceedin@0 meters long.

Friction forces(FL) are induced by hopipdines sliding on pipe supports during stap and shutdown
operations. Fomipe diametes less than 300 m, a uniform horizontal friction load distribution can be used

Impact load factorg¢lL) shall beused for design of modulgniperacls or steel module@ order to account for
lifting and transportatiomonditions
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4. VAPOR CLOUD BLAST LOADING

Accidentalpetrochemicaéxplosions result when flammable materials are mixed with air to form vapor clouds
that when ignited can cause blagtke magnitudeof blast pressure and impuldarationare determinedsing Baker
StrehlowTang andthe Netherlands OrganizatiomNO) Multi-energy proceduredt very difficult to predict the
intensity of the vapocloud blast loadsn congested area$herefore, conservative assumptions are made in pragtice
use worst cse scenaridrurthermoreijn some caseson-essentiabtructural elements are allowed to be damaxgelbng
as collapse is preventefihe commonreferenceusedfor empirical design is published by U.S Department of Defense
[30]. This manual contains collection of ddta explosions related to munitions, manufacturing, handling and storage
facilities. ASCE [31], CSA S85012 [32] and Process Industry Practic§33] aso provide empirical parameters for
general blast loading selting from bombs, fires and accidental explosions applied to residential and industrial
buildings.It must be noted that North Americapecificationgrovide high leveprocedurdor damage classificatioof
blast resistant buildingg-he author believethat hese procedussshould be modified to include piperac&ad steel
modules

Petrochemical explosions are classified as vapor cloud explosionss\VGajority of accidental piperack
explosions are caused by pipeline leaks.illustrate the blast mechanism, considetypical piperacksubject to the
blast loading shown in Fig}. Isolated spread footings are used to support the piperack. If the load is significant, pile
foundations can be used alternativeljne columnsin this caseare supported by concrefeedestals The ground
elevationis denoted by{GE) andis measured from th&op of concretgpedestalAnchor bolts are used to connect the
base plates to the concretedestalsThe load resulting from the blast soarare created by the rapid expansion of the
energetic material, thus creating a pressure disturbance or blast wave radiating away from the explosion source, at time
intervals{ts, t, t3, ta}. Shock waves are highressure blast waves that travel throaghat velocity faster than speed of
sound and are also characterized by instantaneous increase in pressure followed by a rapid deedylast wave
travels away from the source, the pressure amplitude decreases and the duratilmadfitiveeases.

ts
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Fig. 3: Typical Vapor Cloud Explosion (VCE) Mechanism

5- PIPERACK GLOBAL RESPONSE

Global dynamic analysis is required to determine the peak dynamic displacements and stresses due to
application of the blast loadThe mathematical formulation of the idealized dynamic model is summarized in the flow
chart shown in Fig.(4). The structural idealization is depicted in blocks (A) & (B).
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The piperacknotationis shown inblock (A). The pipes are repeented by the lumpecdhass (n) and are
assumed to be uniformly distributed across the width The equivalent floor stiffness elevation (f) is denoted by
(Ely)eqw Similarly, the mass and equivalent stiffness at elevatighgte denoted by (ghand(Elo)eqw respectively. The
idealized blast forces are idealized at the joint and denot@eLbyand(Fey).

The analysis can be performed using equivalent two degrees of freedommspssgoscillator system
illustrated inblock B). Note that {X, X2} denote the time varying displacement measured from the cehieass and
the spring stiffness of each mass are denoted bykfk, respectively.The governing differentiaéquations for the
springmass systerare shown in block@). Note thatx*(t) and xXt) are the acceleration velocity of the idealized mass
due to blast loading.

The free vibration equations ashownby the blockswith orange color. The forced vibratidmocks are
shown byblocks withblue color. The natural frequency ofhe piperackis determined by setting the right hand side of
the equationsshown inblock (C)to zero.In this case, the system undergoes free vibration.

Equilibrium equationgan beexpressedising the formshown in block (D). Note thgm], [ki] and {x} are givenby;

é’nl 0 [} é(1+k2 - kzﬂ éleJ (1)
= A N, k| =4 N, L3 s
[m] €0 m,Y [ki] €k, k, {x} :,ng

If the system is vibrating in normal modes, the two displacementscxare harmonic and iphase and can
be expressed using the followisgape functions

{x} ={a} sin(nt-a)i=12 (2)

where {a} is a vector that contains the amplitude of motion. Substituting Eq. (2) into equations (D) results
into the following normalized characteristic equation:

wr-d wP+b=0 (3)
Where:
ak, +k k, 0 k,k
d:£1 2+ 2 , — 172 (4)
¢ M § m, m,

The natural frequency of the piperack is solution of Eqg. (3) and is shown in block (EY.6f). The
corresponding natural periods{TT2} are also shown in block (F).

Determination of the piperack dynamic response due to blast loading requires the solution of coupled
differential equations of block (C). These equations can be transformed into a system of uncoupled equations by
expressing the solution in form of genezali functions z(t) with normal or orthogonal modes as follow;

Bx (P _&, ape éz(t)a (5)
1 U =¢ V! Y
I%(t)y &1 220 izZ(tly

Where {z, 2z} are orthogonal time varying functions that describe vibration mode under blast excitation and
{ay} are the associated coefficierttgat determine the contribution of each mode.
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Fig. 4: Mathematical Formulation Summary of Idealized Piperack Model
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SubstitutingEq. (5) into the equilibrium equationyields the equations shown inleick (G). The parameter
{Pi} is given by

{r} _1u f120 EFq0
I

i U (6)
&1 fzzH i Feay

where k1 and F; are the equivalent nodal forces shown in block (A) aidl i6 the vector containing the
normalized vibration modesnd is given byollowing compacted form:

aij
n (7)
. 2

Mk akj
k=1

fij =

Solution of the uncoupled differentiatjuationsshown inblock (G) can beobtained numerically to determine
the displacement profilef the piperack subject to the blast explosion.

An upper limit forthe maximum response can be obtained by adding the absolute values of the maximum

modal contributions. This can be attained by replacingzdzof by {Zimax Zmay and adding the absolute values as
follows:

ylmax:‘fll Z)max |+‘f12 Zrmax | ’ yzmax= ‘fZl 21 max |+‘f22 Zrmax | (8)

Eq. (8) provides an upper limit to the maximum respon$goints (1) and (2) of block (A). The values of
(zamay) @nd(zzmay) can be determinedsingthe following relation:

Zimax = (21- Static)* DLF, , Zymax = (22- Static)* DLF, ()

where(DLF1) and(DLF,) aredynamicload factor.The displacemeB z1-static Z2-statig aredeterminedusing the
relations shown in block (H).

The column shear forcesmn bedetermined usingquationf block (1) thatcanbe expanded dsllow;
V11= 2oy (L) ke V12 = 230, (F12) ke (10)
Vo1 = 2oy (F121- F1) ko 0 Vo2 = 250 (P2 - F12) ko

(11)

The maximum shear forcean beobtained using the following relatians

_ 2 2
V1 max =V Vi1 tVi2 (12)
Vo max =V V5 +V5 (13)

6. NUMERICAL EXAMPLE

Consider the building frame shown in Fig. ,(8)ith (hy)=(hy) =12 ft and L=20ft. Column size is W4x61. The
equivalent floor stiffness (Bkq=(El2)eqv 19.2x1C° Ib-in? and totalvertical load on the first level is approximateuy

(my) =4.25 k/ftand on the second leviey (mp) = 5.25k/ft. By using equations of section (5), the dynamic parameters
of the piperack are as follow;
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Natural frequency parametease given by;
1837.3 (b) = 398,397 (¥1)=15.85rad/s, (¥2) = 39.83rad/s

Natural period of the piperaclaregiven by
(T1) =0.4 se¢ (T2) = 0.16 sec.

Dynamic load factorare given by;
(DLFl)max=057, (DLFl)max=122

Maximum sway deflectioat joint (2)is given by
(Zz)max = 02 |n

Maximum base shear forces are given by;
Nl)mang.o K|p ) Nz)max = 522 K|p

Thereforethe piperack response can be calculated manuaihg closed form formulathat avoid numericalFE) or
computational fluid dynamic (CFD) methodehese useful tools camsobe used in industryo develop the material
take offfor piperacksestimateproject costwith reasonable accuracy

7. CONCLUSIONS

il

Little guidelines available in practider designof piperacks or steel modules subjectvepor cloudblast
loadings Furthermoredamage classificatioandassessmergrocedurs for modularpiperacks ar@verlooked
by the industry.

The paper presenteahalytical procedure toapproximate thedynamic response dgfiperacls and modules.
Overview of operationalloadings and structural design criteria fqiperacls werebriefly discussed The

formation mechanism o¥apor cloud explosions (VCEs) was then discussed. Thexpressions requiretb

compute displacements and base sheaethen presented. Numerical example ypasvided to illustrate the
computation procedure.

The paper provides useful tools that can be used in industry to calculate piperack response subject to blast

loadings with little computatioeffort compared tmumerical(FE) or (CFD) models.The structuratesponse
can be calculated manually using closearfdormulasof (5).

Effective blast resistaqptiperackstructural system should be capable to absorb and dissipate the blast explosion
energy while maintaining the structural integrity. T$teucturemust have adequate ductility and strength to

resist lderal loads resulting from the blagCE wave. Currentbuilding codes are not adequdite design of
modular piperacks. éditional design provisions arequiredto definevapour cloudblast loading parameters
andstipulatelimitations on piperacllynamicresponse.

Design of piperack member sizes should be based upon the magnitude of blast pressure andurapaise

The overpressure magnitude in most petrochemical plants ranges between 1 psi and 8 psi. Therefore, it is

economical to standardize thgperack size and member cross sectioased on the blast load intensity.

Piperack should be designefibr normal operatiorand blast loadings. Minimur(LL) in maintenance areas
shall be4.8kPa Wind load (WL) should be appliedn orthogonal directions.Minimum (SL)=1.0 kPaand
distributed to all levelsThermal and friction forces fquipe diameters less than 3@@m shall be uniformly
applied to all supporting beams.
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- NOTATIONS

a;= modal coefficients;

DLF= Dynamic load factor;
(Eli)eqv= Equivalent stiffness;

Fe1, Fe2= Idealized nodal forces;
ki = spring stiffness;

L = width of thepipe rack

h= height of thepiperack

m; = mass

t = time duration;

tq = blast duration time;

Ti = Natural Period

VCE = Vapor Cloud explosion;
(Vi) max= maximum base shear

Xi = time varying displacement;
xiXt) = velocity :

xA®) = acceleration

Zistaiic = displacements

¥i= natural frequency

U, =bnatural frequency parameser
z; = orthogonal time varying functions
Ui, = normalized vibration modes
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