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FOREWORD

In 1957, the ASME Performance Test Codes Committee 19.3 determined that the 1930 edition

of the Supplement on Temperature Measurement dealing with thermowells was unsatisfactory. Since
the design of thermowells requires both thermal and stress considerations, the ASME Boiler and
Pressure Vessel Committee was approached for assistance. However, the special needs for the
design of intrusive pipe fittings were deemed beyond the scope of what could be properly
included in the vessel codes.

The PTC 19.3 Committee is charged with temperature measurement and thermowell design.
The purpose of the thermowell is to facilitate temperature measurement while fesisting fluid
forces of the process. This committee undertook the task of providing guidance i this area, on
the basis of a paper authored by J. W. Murdock[1], ultimately leading to{ the publication of
PTC 19.3-1974, Supplement on Instruments and Apparatus, Part 3, Temperatiive Measurement. Prior
to the acceptance of PTC 19.3-1974, the incidence of thermowell failfires’ during the start-up
testing of high-pressure steam turbines was unacceptable; its subsequent use in steam services
has been highly successful at preventing catastrophic thermowell fdilure.

Since its publication, PTC 19.3 has received widespread acceptance and use in both steam and
nonsteam applications outside the scope of the performance tést'codes. In 1971 an ASME ad hoc
committee, PB51, under the jurisdiction of the PTC Board, Was formed to assess the thermowell
standard. This committee, designated PTC 19.3.1, produged a draft thermowell standard. In 1999,
PTC 19.3 undertook the task of completing this draft.In the course of this effort, it was discovered
that a number of thermowells designed to PTC 19.841974 but placed in nonsteam services suffered
catastrophic failure. Review of the literature revealed that the PTC 19.3.1 draft did not incorporate
recent, significant advances in our knowledge. of thermowell behavior, and in 1998 the committee
decided to thoroughly rewrite the standarel. The goals of the new Standard were to provide a
thermowell rating method that could be'tised in a myriad array of services, including processes
involving corrosive fluids; offer advice where fatigue endurance is critical; and establish criteria
for insuring sensor reliability. Theséfactors resulted in a more reliable basis for thermowell design
than the PTC 19.3-1974 Supplement. By 2004, it was decided that users would be better served
if the new thermowell strength calculation Standard was separated from the rest of PTC 19.3.

The publication of the 2010 edition was well received by industry and adoption of the Code
generated significant.feedback. In addition to several Technical Inquiries, a Code Case was
approved by the PTG ‘Standards Committee in 2012 to add additional guidance for passing
through the in-line resonance condition and adjust the manufacturing tolerances in the tables.
Citing the continued industry feedback, the PTC Committee decided to revise the document
again to incorporate the Code Case and add clarifications to elbow and angled installations. It
is intended, that this Edition of the Standard not be retroactive.

This)Edition of PTC 19.3 TW was approved as an American National Standard by the ANSI
Boafd‘of Standards Review on January 5, 2016.
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CORRESPONDENCE WITH THE PTC COMMITTEE

General. ASME Codes are developed and maintained with the intent to represent the consensus

of concerned interests. As such, users of this Code may interact with the Committee by requesting
interpretations, proposing revisions or a Case, and attending Committee meetings. Correspons
dence should be addressed to

Secretary, PTC Standards Committee

The American Society of Mechanical Engineers
Two Park Avenue

New York, NY 10016-5990
http://go.asme.org/Inquiry

Proposing Revisions. Revisions are made periodically to the Code to indorporate changes that
appear necessary or desirable, as demonstrated by the experience gaified from the application
of the Code. Approved revisions will be published periodically.

The Committee welcomes proposals for revisions to this Code. Such proposals should be as
specific as possible, citing the paragraph number(s), the proposed wiording, and a detailed descrip-
tion of the reasons for the proposal, including any pertinent documentation.

Proposing a Case. Cases may be issued for the purpose<f providing alternative rules when
justified, to permit early implementation of an approved révision when the need is urgent, or to
provide rules not covered by existing provisions. Cases are effective immediately upon ASME
approval and shall be posted on the ASME Committee Web page.

Requests for Cases shall provide a Statement ofNeed and Background Information. The request
should identify the Code and the paragraph. figure, or table number(s), and be written as a
Question and Reply in the same format as.existing Cases. Requests for Cases should also indicate
the applicable edition(s) of the Code to\Which the proposed Case applies.

Interpretations. Upon request, the PTC Standards Committee will render an interpretation of
any requirement of the Code. Interpretations can only be rendered in response to a written request
sent to the Secretary of the PT¢ Standards Committee at go.asme.org/Inquiry.

The request for an interpretation should be clear and unambiguous. It is further recommended
that the inquirer submit his/her request in the following format:

Subject: Cite‘the applicable paragraph number(s) and the topic of the inquiry.

Edition: Cite the applicable edition of the Code for which the interpretation is being
requested.

Question: Phrase the question as a request for an interpretation of a specific requirement

suitable for general understanding and use, not as a request for an approval
of a proprietary design or situation. The inquirer may also include any plans
or drawings that are necessary to explain the question; however, they should
not contain proprietary names or information.

Requests that are not in this format may be rewritten in the appropriate format by the Committee
prior to being answered, which may inadvertently change the intent of the original request.
ASME procedures provide for reconsideration of any interpretation when or if additional

il lfUlllldi.iUll i.} ldi. lllislli lefck,.l dll ill‘l.CllJlCi.a.liull ib ﬂlelﬂblC rl.ll i.} <L, PCL SUILILS asgucvcd 1].).)/ dll
interpretation may appeal to the cognizant ASME Committee or Subcommittee. ASME does not
“approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary device, or activity.

Attending Committee Meetings. The PTC Standards Committee and PTC Committees regularly
hold meetings and/or telephone conferences that are open to the public. Persons wishing to attend
any meeting and/or telephone conference should contact the Secretary of the PTC Standards
Committee. Future Committee meeting dates and locations can be found on the Committee Page
at go.asme.org/PTCcommittee.

s
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ASME PTC 19.3 TW-2016

THERMOWELLS

Section 1
Object and Scope

1-1 OBJECT

The object of this Standard is to establish a mechanical design standard for reliablé sefvice of tapered, stra
and stepped-shank thermowells in a broad range of applications. This includes an‘evaluation of the forces ca
by external pressure, and the combination of static and dynamic forces resulting/from fluid impingement.

1-2 SCOPE

This Standard applies to thermowells machined from bar stock and includes those welded to or threaded i
flange as well as those welded into a process vessel or pipe with orwithout a weld adaptor. Thermowells man
tured from pipe are outside the scope of this Standard.

Thermowells with specially designed surface structures (e:g:, a knurled surface or a surface with spiral rid
are beyond the scope of this Standard, due to the difficulty of providing design rules with broad applicabilit)
these types of thermowells.

Thermowell attachment methods, standard dimensions, parasitic vibration of a sensor mounted inside the
mowell, and thermal equilibrium of the sensor relatiVe to the process stream are beyond the scope of this Stand
In addition, thermowells fabricated by weldingincluding flame spray or weld overlays, at any place along
length of the shank or at the tip are outside the scope of this Standard.
The application of the overlay to a bar:steck thermowell may affect any number of critical attributes sug
natural frequency, damping, material properties, or surface finish. These changes are difficult to account for i
calculations, therefore, there is risk thatan inappropriately designed thermowell could be installed.
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Section 2
Nomenclature
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F¢r U.S. Customary units, /b denotes pound as a unit of mass, /bf denotes pounds-force, kip denotes 10° pounds-
forcg, and ksi denotes 10° pounds-force per square inch or kips per square inch. When parameters are spegified in
mixed units within the U.S. Customary unit system (e.g., diameter B in inches, velocity V in feet pef, second)
conyersion factors between feet and inches will be needed in the calculations. See para. 6-4.1 and subsection 8-1
for ¢xamples.

outside diameter of thermowell at support plane or root, based on which point is closest to.the thermowell
tip, m (in.)

projected area of thermowell perpendicular to direction of flow and exposed to tHe flow stream, m? (in.?
polynomial function used in eq. (6-8-4), dimensionless

outside diameter at tip of thermowell, m (in.)

fillet radius at the root of the thermowell shank, m (in.)

fillet radius at the base of the reduced-diameter length of a step-shank-thermowell, m (in.)

coefficient for steady-state drag pressure, dimensionless

coefficient for oscillating-drag (in-line with flow) pressure, dimensjonless

coefficient for oscillating-lift (transverse to flow) pressure, dimensionless

corrosion allowance, m (in.)

coefficients used in eq. (6-5-3), dimensionless

outside diameter at any cross section, m (in.)

average diameter of the thermowell, as defined in para. 6-5.3, Step 1, m (in.)

bore diameter of thermowell, m (in.)

modulus of elasticity at service temperature, Pa\[psi or Ib/(in.-sec?)] (Refer to Nonmandatory Appendix Al
and para. 6-5.3 for a discussion of units of E?)

reference value of modulus of elasticity, Pa (psi)

in-line static drag force on thermowell\due to fluid impingement, N (Ibf)

in-line dynamic drag force on thermewell, due to fluid impingement, N (Ibf)

transverse dynamic drag force onthermowell, due to fluid impingement, N (Ibf)

magnification factor for thermowell oscillations transverse to fluid flow, dimensionless

magnification factor for théxmowell oscillations in-line with fluid flow, dimensionless

frequency, Hz

approximate resonance,ffequency of thermowell, Hz

resonance frequency,of thermowell with compliant support, Hz

natural frequency)with ideal clamping, Hz

vortex shedding frequency or rate, Hz

parameter, defined in eq. (6-10-3), dimensionless

parameter G appropriate for evaluation of stress at the base of a reduced-diameter shank, dimensionless
parameter G appropriate for evaluation of stress at the support point, dimensionless

eithler Ggp or Ggp, dimensionless

factor to account for added fluid mass, dimensionless

factor to account for added sensor mass, dimensionless

E&Té? L“ZQEN N\;

L £ N 4 oL N £ e 1. 1. M 1
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= frequency factor to account for shear, rotation, taper, and tip-mass effects, dimensionless

moment of inertia of cross section, m* (in.%)

rotational stiffness of thermowell support, N-m/rad [(in.-1b)/rad]

stress concentration factor, dimensionless

unsupported length of thermowell, measured from the tip to the support plane, m (in.)
length of the thermowell shielded from fluid flow, m (in.)

length of reduced-diameter shank for a step-shank thermowell, m (in.)

bending moment, N-m (in.-1b)
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V/ v,

Mg = bending moment for steady-state drag (for B = D), oscillating drag (for 8 = d), or lift (for 8 = I), N-m
(in.-Ib)
m = mass per unit length of a thermowell of uniform cross section, kg/m (Ib/in.)
Ns = Strouhal number, dimensionless
Ns. = Scruton number or mass damping factor, dimensionless
P = operating pressure, Pa (psi)
P. = design static pressure of shank of thermowell, Pa (psi)
Pp = aerodynamic force per unit of projected area on thermowell, Pa (psi)
P; = oscillating-drag force per unit of projected area on thermowell, Pa (psi)
Py = design pressure for flange supporting thermowell, Pa (psi)
P; = oscillating-lift force per unit of projected area on thermowell, Pa (psi)
P, = external pressure rating of the thermowell, Pa (psi)
P; = design pressure of tip of the thermowell, Pa (psi)
Pg = either Pp, Py, or P), Pa (psi)
R, = pipe radius, m (in.)
r = ratio of shedding frequency to natural frequency, dimensionless (lift resonance)
7" = ratio of shedding frequency to natural frequency, dimensionless (in-line résonance)
Re = Reynolds number, calculated on the basis of the tip diameter: Re = BV, /u, dimensionless, or Re = B
dimensionless
S = maximum allowable working stress, Pa (psi)
S, = axial pressure stress, Pa (psi)
Sp = steady-state drag stress due to fluid impingement, Pa (psy)
Si = oscillating-drag stress due to fluid impingement, Pa (psi)
S¢ = fatigue endurance limit, in the high-cycle limit, Pa(pst)
Sy = oscillating-lift stress due to fluid impingement, Pa\(psi)
S, = radial pressure stress, Pa (psi)
Ss = shear stress, Pa (psi)
S; = tangential pressure stress, Pa (psi)
S; = longitudinal stress in the thermowell, \Pa (psi)
T = operating temperature, °C (°F)
T, = ambient temperature, °C (°F)
t = minimum tip thickness of thé.thermowell, m (in.)
V= process fluid velocity, m/s\(in./sec)
Vik = fluid velocity that excites the in-line resonance, m/s (in./sec)
v = specific volume (reCiprocal of the fluid density p), m?/ kg (in.2/1b)
X = unit vector normalito the fluid velocity and to the axis of the thermowell
y = distance from\thermowell axis, m (in.)
Yy = unit vector. pointing in the direction of the fluid flow
z = distance\from the thermowell root along the thermowell axis, m (in.)
z; = distanee from the thermowell root to the plane where stress is evaluated, m (in.)
Z = unitVector along axis of the thermowell, pointing toward the tip
a = ,average coefficient of thermal expansion, m/(m-K) [in./(in.-°F)]
B.="parameter used in eq. (6-5-3), dimensionless
#) = dynamic fluid viscosity, Pa-s [Ib/(ft-sec)]
NOTE:  Viscosity 1s often given in the literature in units of centipoise, abbreviation cI’. Usetul conversion factors are 1 c’ = 0.67

1072 Ib/(ft-sec) and 1 cP = 107 Pa-s.

14

= kinematic fluid viscosity, m*/s (ft?/sec)

p = fluid density, kg/m?® (Ib/in.%)

P
ps
4

Ws

= mass density of the thermowell material, kg/m® (Ib/in.%)

average density of a temperature sensor, kg/m? (Ib/in.’)
damping factor, dimensionless

= 2mfs, rad/s (rad/sec)

97 X
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Section 3
Jurisdiction of Codes
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Specification of a thermowell and the materials of constriiction are the sole responsibility of the designer of the

lermowells are an integral part of the piping system and the process containment system, and as a result, they]
be subject to requirements from the governing piping or pressure vessel code.

REFERENCE STANDARDS AND GOVERNING CODES

ASME B40.200, Section B40.9, on Thermowells for Thermometers and Elastic Temperature Sénsors, discusses thd
[tion, fabrication, and installation of thermowells, as well as providing some standardized designs. Complement
ASME B40.200, Section B40.9, PTC 19.3 TW is limited in scope to mechanical design 0f thermowells.

ASME Boiler and Pressure Vessel Code (BPVC) Section III Appendices, Nonmandatory Appendix N provideg
ance on the flow-induced vibration of banks or arrays of tubes and on the ex&itation of structural vibrationg
irbulence. Both of these topics are outside the scope of PTC 19.3 TW, which-censiders the vibration of single
mowells due to vortex shedding only.

Guidance on minimizing temperature measurement errors in thermowell applications is found in the latest
on of PTC 19.3. Effects considered include heating of the thermowell by fluid impingement, errors due to thermal
btion and conduction along the thermowell, and heat transfer betwéen the thermowell and the surrounding fluid

SPECIFICATION OF THERMOWELLS

bm that incorporates the thermowell. Sole responsibility for ensuring compatibility of the process fluid with
Eystem rests with the end user. Thermowells may/be stated to be in conformance to this Standard, subject tq
Fequirements of Section 9 of this Standard.
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Section 4
Dimensions

4-1 CONFIGURATIONS

Figure 4-1-1 shows a schematic diagram of a thermowell, along with its characteristic dimensions. Ty}
thermowell attachment configurations include threaded, socket weld, weld-in, lap-joint (Van Stefi€); and inte
flanged as shown in Figs. 4-1-2, 4-1-3, and 4-1-4 (see also Table 4-1-1). These figures are representative of com
practice but do not display all allowable attachment configurations. The selection of a specific attachment me
is subject to the governing piping or pressure vessel code. Use of ball joints, spherical unions, or packing g
installations are not permissible in Performance Test Code applications.

The dashed line in Fig. 4-1-1 indicates the support plane, which is an imaginary) extension of the suppor
structure surface that passes through the shank of the thermowell. The unsuppofted length, L, is calculated a
distance from the tip of the thermowell to the intersection of the thermowell axisWwith this surface. For thermoy
mounted on flanges or welded into weld adaptors, the support plane will beterflat plane. However, for thermoy
mounted by direct welding into a pipe wall, the support plane will actuglly be a curved surface with the §
curvature as the inner pipe wall. For this case, the support plane should*be approximated as a plane located
distance from the thermowell tip equal to the largest actual distanée’from the tip to any point on the true cu
support surface. For thermowells welded to a flange or pipe walljat/an angle, the support plane will not be no
to the thermowell axis.

For nonstandard attachments, this Standard covers the desigh requirements of the thermowell only. The desi
shall account for the support compliance of the attachment (refer to subsection 6-6), and the attachment me
shall meet all the requirements of the governing piping, or pressure vessel code.

4-2 DIMENSIONAL LIMITS

This standard applies to straight and tapeted thermowells within the dimensional limits given in Table 4
where
A = thermowell outer diameter at the root of the thermowell shank, or at the support plane if the thermo
is firmly supported along its shank
= thermowell diameter at.the tip
= bore diameter
= length of the thermowell from the tip to the support plane
= minimum thickness of the tip

- ™

For the purposé.of defining L and A, the support plane shall also be defined (see subsection 6-7). The ro
the thermowell'is\located where the thermowell shank makes a transition to

(a) a machined transition to a flange, socket weld collar, or threaded section of the thermowell

(b) a weld+joint transition to other piping components

The Stanidard also applies to step-shank thermowells within the dimensional limits given in Table 4-2-1, W]
Ls is.the length of the reduced-diameter section of thermowell shank, in addition to the dimensions defineq
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Table 4-1-1. Refer to Fig. 4-1-1.

(alculations should be made using the nominal dimensions provided that a corrosion allowance 1s not used

(see

subsection 6-2) and that the thermowell is fabricated with manufacturing tolerances of +1% for lengths L and Lg

and +3% for diameters A, B, and d and —0% with no upper limit for t. If tolerances for A, B, or d are not

met,

calculations shall be made according to subsection 6-2, using as the corrosion allowance the linear sum of the actual
tolerance and any corrosion allowance. If tolerances for L or Lg are not met, calculations shall be made assuming
that the lengths L and Ls each equal the nominal length plus the respective manufacturing tolerance. External
pressure calculations shall be made based on the minimum material condition, as discussed in subsection 6-13.
This Standard applies to thermowells with an as-new surface finish of 0.81 um (32 pin.) Ra or better. Stress limits

given in subsection 6-12 are not valid for thermowells manufactured with rougher surfaces.

5
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Fig. 4-1-1 Schematic Diagram of a Thermowell
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(b) Schematic, Cross-Sectional View of a Step-Shank Thermowell



https://asmenormdoc.com/api2/?name=ASME PTC 19.3 TW 2016.pdf

ASME PTC 19.3 TW-2016

Fig. 4-1-2 Examples of Straight-Shank Thermowells

(a) Straight-Shank Threaded Thermowell

(c) Straight-Shank Flanged Thermowell

A
A

7
7
S

/

(b) Straight-Shank Socket Weld Thermowell

(d) Straight-Shank Lap-Joint (Van Stone) Thermowell

Table 4-1-1 Dimensional Limits for Straight and Tapered Thermowells Within the Scope
of This Standard

Description Symbol Minimum Maximum
Unsupported length L 63.5 mm (2.5 in.) [Note (1)] 609.6 mm (24 in.) [Note (2)]
Bore diameter d 3.175 mm (0.125 in.) 20.955 mm (0.825 in.)

Tip diameter B 9.2 mm (0.36 in.) 46.5 mm (1.83 in.)
Taper ratio B/A 0.58 1

Bore ratio d/B 0.16 0.71

[Aspect ratio L/B 2

Wall thickness B-d/2 3.0 mm (0.12 in.)

Tip thickness t 3.0 mm (0.12 in.)

GENERALNOTE: Limits in this table apply to the nominal dimensions of the thermowell.

NOTES:

(1). Thermowells of length less than the minimum specified require design methods outside the scope of this Standard.

(2)(The equations in this Standard are valid for thermowells longer than the maximum indicated; however, only single-piece, drilled bgr-
stock shanks are covered by this Standard.
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Fig. 4-1-3 Examples of Step-Shank Thermowells

)

|

(a) Step-Shank Threaded Thermowell %

(b2) Step-Shank Socket Weld Thermowell
Installed in Sockolet Adapter

)

—

A
A

(b1) Step-Shank Socket Weld Thermowell L

Installed in Bored-Through Thermocouple Adapter

(c) Step-Shank Flanged Thermowell

Table 4-2-1 Dimensional Limits for Step-Shank Thermowells Within the Scope of This Standard

Description Symbol Minimum Maximum
Unsupported length L 127 mm (5 in.) 609.6 mm (24 in.)
Bore|diameter d 6.1 mm (0.24 in.) 6.7 mm (0.265 in.)
Step |diameter ratio, for B/A 0.5 0.8

B [ 1.270 cm (0.5 in.)
Step |[diameter ratio, for B/A 0.583 0.875

B [ 2.223 cm (0.875/in))
Length ratio Ls/L 0 0.6
Wall thickness B-d/2 3.0 mm (0.12 in)
Tip thickness t 3.0 mm (0.12 in)

Allowable Dimensions [Note (1)]

Tip areter B +2 7 (65— —amd 23T (6875

GENERAL NOTE: Limits in this table apply to the nominal dimensions of the thermowell.

NOTE:

(1) For step-shank thermowells, the natural frequency correlation presented in this Standard applies for tip diameters (B dimensions) that
satisfy Table 4-2-1. The machining tolerance for B specified in subsection 4-2 may be applied in addition to the dimensional limits
specified in Table 4-2-1. The other methods in this Standard (not related to natural frequency) may be applied to tip diameters outside

those specified in Table 4-2-1.
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Fig. 4-1-4 Examples of Tapered Thermowells

[ ]

(a) Tapered-Shank Threaded Thermowell

(c) Tapered-Shank Flanged Thermowell

il

A
R

(b) Tapered-Shank Socket Weld Thermowell
Installed inBored-Through Thermocouple Adapter

(d) Tapered-Shank Weld-In Thermowell
Installed Directly Into Pipe Wall
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Section 5
Materials

5-1
T1

chaffacteristics of the following to determine the proper material for the thermowell:
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GENERAL CONSIDERATIONS

e system designer (see subsection 3-2) shall carefully consider, among other environmental conditionis, the

e process fluid

* pressure

¢ temperature

o fluid velocity

* application

 weldability

general, the choice of material shall be governed mainly by strength requirements and possible corrosion that
thermowell will encounter. Thermowells are subjected to sustained stress.reversals with a very high number
ycles (see subsection 6-3), so the materials of construction shall be selécted on the basis of resistance td
bsion and corrosion fatigue. Of particular concern is use of materials susceptible to stress corrosion cracking
mbrittlement at the service conditions.

te thermowell material used should be forged or bar stock afidvshall conform to the requirements of the
brning code.

the absence of a governing code, other materials, which may_or may not be ASTM, ANSI, or ASME approved
be used when necessary, subject to the following requiréments:

The specific materials shall be agreed to by the designer and supplier of the thermowell.

Unlisted materials may be used provided they conférm to a published specification covering chemical, physical
mechanical properties; method and process of mantifacture; heat treatment; and quality control, and otherwisd
t the requirements of this Standard.

Allowable stresses shall be determined in aceordance with the applicable allowable stress basis of this Standard
more conservative basis.

10
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Section 6
Stress Equations

6-1 GENERAL CONSIDERATIONS

6-1.1 Overview of Design Criteria

Thermowells shall be designed to withstand static pressure, steady-state fluid impingement,\turbulence,
dynamic excitation due to von Karman vortices. Excitation by structure-born vibration is a possibility and shi
also be considered, but is not addressed by this Standard, since this type of excitation is determined by the dd
and support of the entire piping system. Consideration of these loads on a mechanical' model of the thermg
results in pressure and velocity limits due to the combination of steady-state and oscilldtory forces acting or
thermowell. In evaluating an existing design or in designing a thermowell for given applications, the comj
range of operating conditions for the thermowell, from start-up to emergencyconditions, shall be considg
Factors that reduce the thermal mass of the thermowell and measurement errors‘are those that tend to reduce strer
Thermowell design consists of achieving accurate and reliable temperature -measurement without comprom
mechanical integrity or fluid containment. In all cases, the mechanical $trength requirements shall control.

6-1.2 Optimization of Thermowell Design

Proper design of a thermowell requires that the sensor mounted inside the thermowell attain thermal equilibj
with the process fluid. Thermal modeling of the sensor respense is outside the scope of this Standard (refer t
latest version of PTC 19.3 for guidance). This Section briefly’ summarizes general design rules that will optij
the sensor performance within the constraints of the mec¢Hanical strength requirements.

A high fluid-velocity rating for the thermowell requires a sufficiently high natural frequency for the thermq
(subsection 6-8) and sulfficiently low oscillatory, stiesses (subsection 6-10). Higher natural frequencies result
decreasing the unsupported length, L, increasing‘the support-plane diameter, A, and decreasing the tip diam
B. Lower oscillatory stresses result from decfeasing length L and increasing diameter A. A higher static pres
rating (subsection 6-13) requires increasing the value of tip diameter B.

In contrast, good thermal performarice-favors increasing length L and decreasing diameters A and B.

6-1.2.1 Factors Improving Mechanical Strength. Factors thatimprove mechanical strength with minimal degf
tion of thermal performance include the following:

(a) locating a larger fillet fadius at the support plane

(b) locating the support ‘plane away from a weld or heat-affected zone of a weld

(c) avoiding threaded\inistallations

6-1.2.2 Factors‘Improving Thermal Performance. Factors that improve thermal performance with min|
degradation of sfiechanical strength include the following:
(a) use of the smallest practical bore size
(b) insulation of the outside of the pipe to reduce heat flux along the sensor axis

6-2--CORROSION AND EROSION
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For applications where corrosion or erosion of the outer thermowell surface cannot be avoided, the designer shall
establish a corrosion allowance, c. It is emphasized that the use of a corrosion allowance alone is insufficient at

ensuring structural integrity of the thermowell in cases when stress corrosion is present.

When a corrosion allowance is included, thermowell ratings for maximum allowable pressure and maximum

allowable fluid velocity shall be calculated for three cases:
(a) initial thermowell dimensions

(b) a thermowell design with tip thickness t and outer diameter at the support plane, A, reduced by c; all other

dimensions as in (a)

11
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Fig. 6-3.1-1 Fluid-Induced Forces and Assignment of
Axes for Calculation of Thermowell Stresses

L >
I~
<

~

In-line
forces

Transverse
Fluid vortices forces
downstream

(c) a thermowell design with tip thickness t and outer diameter at the tipk B, reduced by c; all other dimensions
as i (a)

Chses described in (b) and (c) are intended to approximate two extreme cases of corrosion and erosion: case (b)
whgre the thermowell loses material at the root; and case (c), whete the thermowell loses material at the tip. It
finitle element calculations are performed to determine this effect,;assume that the value of ¢ varies linearly along
the Jength of the thermowell, from zero at the tip to c at the root'for case (b), and from c at the tip to zero at the
support plane for case (c).
The maximum allowable pressure and maximum allowable fluid velocity shall be the minimum of the values
obtdined for the three cases above.

6-3| FLOW-INDUCED THERMOWELL STRESSES

6-3.J1 Overview of Flow-Induced Stresses

The flow-induced stresses are modeled-as a distributed force acting on a flexible beam. The total force on the
beain is proportional to the projected area of the thermowell normal to the flow direction. While the hydrostatic
pregsure stresses control rupture stréngth of the thermowell, the bending stresses and the possibility of flow-induced
resonance dominate its velocity.rating. The pressure stresses are primarily circumferential, while the flow-induced
stregses are in the form of Iongitudinal bending stresses. These are greatest at the support plane of the thermowell
and|distributed about the.neutral axis as with any transversely loaded beam.

The fluid forces acting.on the thermowell are directed along the flow direction y (drag) and transverse direction
x (lift) [2—4] as shown'in Fig. 6-3.1-1. These can be represented as a vector acting on the centerline of the thermowell

F(t) = [Fp + F; sinQugt)]ly + F; cos(wst)x (6-3-1

where fs-=-0;/2m is the Strouhal frequency discussed in subsection 6-4. Forces acting along the flow direction are
ed, in-line;” forces acting along a direction normal to the flow are termed “transverse.” Approximating the

interaction and at the same time retains sufficient accuracy for the reliable calculation of velocity ratings of the
thermowell.

6-3.2 Force Amplitudes

The force amplitudes should be expressed as a force per unit area, Pg, acting on the projected area, Ay, of the
thermowell, for that portion of the thermowell that is exposed to the flow stream. There are three cases:

Fp = APp  Fi=AP; F =AP (6-3-2)

12
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where
subscript D conventional steady-drag forces
subscript d = oscillating-drag (in-line) forces
subscript | = oscillating-lift (transverse) forces

The symbol Pg is used below to denote any one of the three forces per unit area, Pp, Py, or P;. Each of the forces

should be interpreted as effective pressures, Pp, P;, and P;, having the form

1 1 1
PD = EpCDVZ Pd = EpCdVZ Pl = EpCZVZ (f

where

Cp, Cy, and C, constants (see para. 6-4.2)
V = velocity of the process fluid
p = density of the process fluid

Summing the forces per unit area of eq. (6-3-3) over the thermowell projected area,while invoking a cohg
vortex shedding process based on the vortex shedding rate at the tip, results insa conservative estimate o
excitation forces and resultant bending stresses. These assumptions result in a lowet,bound estimate of the condit
that lead to stress failure.

6-3.3 Choice of Maximum Velocity Value

In all cases, design calculations shall take into account the possibility)of flow increases above the design 14
of the mechanical equipment and for process upset conditions. Spécific flow maximums should be used w
such data are available. Examples include start-up, shutdown,/proecess upset, and pressure-relief conditions.
start-up conditions such as steam blows for pipe clean out shall also be considered. In the case of high preq
steam blows, the fluid velocities can greatly exceed 100 m/s(300 ft/sec), and thermowells shall be designeq
these conditions.

6-3.4 Flow-Induced Vibration of Thermowell Arrays

This Standard addresses the vibration of a single¢-thermowell in a fluid flow and does not address the interact
of multiple thermowells in close proximity. Flow-induced vibrations of arrays of tubes are discussed in A
BPVC Section III Appendices, Nonmandatory Appendix N, N-1300.

6-3.5 Turbulence-Induced Vibration‘of \-Thermowells

This Standard addresses the dynamic vibration caused by vortex shedding but does not address the incohg
excitation of structural vibrations by broad-band, high-frequency turbulence. This excitation mechanism ca;
important for short, slender [e:g., 6 cm (2.5 in.) long by 1 cm (0.4 in.) diameter] thermowells in high flows. T|

[Nonmandatory Appendix N, N-1340 provides guidance on turbulence-induced vibrations.

6-3.6 Low Fluid.Velocities

At very low~fluid velocities, the risk of thermowell failure is greatly reduced. The calculations of natural-frequ
and corresponding-frequency limits (subsections 6-5 to 6-8), steady-state stress (para. 6-12.2), and oscillating s
(para. 6¢¥2.3) do not need to be performed provided the following criteria are met:

(a)“TFhe process fluid has a maximum velocity less than 0.64 m/s (2.1 ft/sec).

(b)~The thermowell dimensions satisfy the limits
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(2) L<0.61 m (24 in.)
(3) A=2B2>127 mm (0.5 in.)
(c) The thermowell material satisfies S > 69 MPa (10 ksi) and S; > 21 MPa (3 ksi).
(d) The thermowell material is not subject to stress corrosion or embrittlement.
The calculation of the external pressure rating (subsection 6-13) shall still be performed.
Designers are cautioned that if the in-line resonance is excited at fluid velocities below 0.64 m/s (2.1 ft/

sec),

sustained operation on resonance may damage the temperature sensor even if the risk of mechanical thermowell

failure is very small.
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6-3.7 Pulsed Flow

The analysis of thermowell response to fluid flow in this document presumes a steady fluid velocity. Pulsating
flows where the fluid velocity varies at a frequency close to the natural frequency of the thermowell can also excite
thermowell vibrations. Thermowell failures have been attributed to the exposure of a thermowell to pulsating fluid
flow (e.g., thermowell failures have been seen for installations close to the discharge of a centrifugal pump). Designers
should consider possible sources of flow pulsations.

6-4| STROUHAL NUMBER, DRAG COEFFICIENTS, AND LIFT COEFFICIENT
6-4.J1 Strouhal Number

The shedding of vortexes by a thermowell subject to transverse fluid flow produces a periodic forece on the
thermmowell [4, 5]. The frequency of the vortex shedding, fs, is related to the fluid velocity by the dimensionless
Strophal number, Ng:

(6-4-1

whdre
B = tip diameter of the thermowell

Machined thermowells of dimensions within the scope of this Standard have Strouhal numbers characteristic of
rough-surfaced cylinders [6]. A correlation of available experimental data gives the Strouhal number as a function
of the Reynolds number [7]:

0.22(1 - 22/Re) for 22 < Re < 1,300
Ns = {0.213 - 0.0248 [Logio(Re/1,300)] + 0.0095 [Log;g(Ré/1, 300)] for 1,300 < Re < 5 x 10°
0.22 for 5 X 10° < Re < 5 x 107

(6-4-2
Ir] eq. (6-4-2), the Reynolds number is calculated using'the tip diameter:
Re = YBp or Re = vB (6-4-3
L v

whgre
u|= dynamic viscosity
v|= kinematic viscosity
p|= fluid density at flowing cenditions

F¢r thermowell design, the Strotthal number may also be calculated from a simplified, conservative approximation
of ef]. (6-4-2):

N, =022 (6-4-4

F¢r Reynolds nuthbers above approximately 100, the Strouhal number depends only weakly on the value of fluid
viscpsity. For a Reynolds number between 10° and 5 X 10°, the viscosity needs to be known only to within a factor
of 2| For Reymolds numbers greater than 5 X 10°, the viscosity needs to be known only well enough to confirm
that|Re > 5:X*10°. References [8, 9, and 17] should be consulted for typical viscosity values. If the viscosity is difficult
to determine, eq. (6-4-4) should be used for the Strouhal number.

6-4. 1.1 EXampte. Superheated steam at a temperature of 1,000°F and a pressure of 2,000 psig flows through
a pipe of 6-in. diameter at 100,000 Ib/hr, past a thermowell with a tip diameter of 0.625 in. What is the Reynolds
number?

(a) Calculation in SI Units.

From steam tables [8, 9], the dynamic fluid viscosity w = 3.079 X 107° Pa:s.

Input parameters for the Reynolds number calculation are

B = 0.625 in. x (0.0254 m/in.) = 0.015875 m
Pipe radius R, (6 in./2)(0.0254 m/in.)

0.0762 m

14
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Pipe area = wR; = 0.018241 m’
pV = (density) x (flow velocity)
= (mass flow rate) / (pipe area)
= (100,000 1b/hr)(0.454 kg/1b)(1 hr/3,600 sec)/(0.018241 m?)
= 691.36 kg/(m?*s)
Finally
Re = BVp/u

0.015875 m X 691.36 kg/
(m?%s/3.079 x 107°Pa-s)
= 3.56 x 10°

(b) Calculation in U.S. Customary Units
From steam tables [8, 9], the dynamic fluid viscosity 4 = 2.07 X 107° 1b/(ft-sec).
Input parameters for the Reynolds number calculation are
B = 0.625in. X (1 ft/12 in.) = 0.052083 ft

Pipe radius R = (6in./2)(1 ft/12 in.) = 0.25 ft

Pipe area = wR* = 0.19635 ft*

pV (density) x (flow velocity)

(mass flow rate)/(pipe area)
(100,000 Ib/hr)(1 hr/3,600 sec)/(0.19635 ft*)
141.47 1b/ (ft*-sec)

Finally
Re = BVp/u
0.052083 ft x 141.47 Ib/(ft*sec)/2.07 x 107 1) (ft-sec)

356 x 10°

6-4.2 Drag and Lift Coefficients

For design purposes, the eq. (6-3-3) coefficients for conventional-drag, oscillating-drag, and oscillating-lift presgures
shall be

Cp =14
Cy =01 (4-4-5)
C =10

6-5 NATURAL FREQUENCY OF. THERMOWELLS
6-5.1 Transverse Vibrations

The natural frequency of\ransverse vibrations of a thermowell mounted to a support is a function of
(a) elastic properties.ofthe thermowell
(b) mass per unitlength
(c) shear and rotational inertia at small values of L/A
(d) support<ompliance
(e) added'mass of the fluid
(f) added mass of the sensor
The formulas of subsection 6-5 establish a conservative estimate of the natural frequency of common indugtrial
thetmowells by applying a series of correction factors to an idealized beam having the mean dimensions of the
acttral thermowell. Nonuniform cross sections, shear, and rotational inertia are all accounted for using the frequency
factor, Hy, in para. 6-5.3, Step 3. Foundation compliance, accounted for with the compliance factor, H,, is treated in
subsection 6-6. The added mass of the fluid is accounted for with the factor H,;, and added sensor mass is accounted
for with H,,.

While there are an infinite number of vibrational modes for a thermowell, the lowest-order resonance (i.e., the
natural frequency including effects of support compliance), f;;, controls the onset of flow-induced resonance.

6-5.2 Finite Element Methods

The natural frequency of a thermowell may be calculated using finite element methods, provided the software
is validated by comparison of calculated frequencies with the results obtained in para. 6-5.3.

15
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6-5.3 Calculations and Correction Factors

Step|1:  Calculate an average outer diameter, D,, for the thermowell. For straight/thermowells, D, is the outeq

Step|

Step

ASME PTC 19.3 TW-2016

Table 6-5.3-1 Parameters for Natural Frequency
Calculation for Step-Shank Thermowells

B = 2.22 cm B = 1.27 cm
Parameters (0.875 in.) (0.50 in.)
(o 1.410 1.407
Cy -0.949 -0.839
C -0.091 -0.022
4 1.132 1.022
Cs -1.714 -2.228
Cs 0.865 1.594
c; 0.861 1.313
Cg 1.000 0.362
Co 9.275 8.299
C10 -7.466 -5.376

shank diameter. For tapered thermowells, set D, = (A + B)/2. For step-shank thermowells, set D, = A

2:  Calculate the approximate natural frequency of the thermowell as
1.875%(EI\'/*1
Jo="on (z) I (€51

E = elastic modulus at the operating temperature
I = w(D} - d*)/64, the second moment of inertia
L = unsupported length of the thermowell
m = p,m(D;/ - d*)/4, the mass per unit length of the thermowell

When performing calculations with U.S.\Ctstomary units, and when E is given in units of pounds per
square inch (equivalent to Ibf/in.2, or psi);the conversion factor 386.088 in.-Ib = 1 Ibf-sec? is used to convert
the units of E to pounds per inch per second squared. See para. 8-1.2 for an example.

3:  Calculate the correction factor, Hy,.for' deviations from a solid beam of uniform cross section. For straight
shank or tapered thermowells,(use the correlation

0991 + (1 - B/A) + (1 - B/A)]

=0 1.1(D,/L)*-086/ Pl (oo
where
A = thermowell diameter at the support plane
B = thermowell diameter at the tip
D, = ‘average thermowell diameter = (A + B)/2
d «=_bore diameter

Fof step-shank thermowells of nominal 0.66-cm (0.26-in.) bore, and tip diameters of either 1.27 cm
(05 in.) or 2.22 cm (0.875 in.), use the correlation

H="tr =7
v1 = [a1(A/B) + c)(Ly/L) + [c5(A/B) + ¢4 (6-5-3)
v = [cs(A/B) + cg)(Ls/L) + [c,(A/B) + cs]

B = [09(1‘\/3) + Clo]

where the parameters c; are given in Table 6-5.3-1, and Lg is the length of the reduced-diameter section
of the thermowell. Interpolation is not allowed between the entries for Table 6-5.3-1, although the designer
may use appropriate beam models or finite-element methods to determine the Hy for thermowells of other
dimensions.
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The value of Hy will be approximately 1 for slender thermowells with L/A > 10 and A = B. For short
thermowells or for those for which A # B, values of H will depend in detail on the taper ratio, bore

diameter, and existence of any step; values may vary from approximately 0.6 to 1.5.
Step 4:  Calculate the added mass correction factor for the fluid, H, ¢:

Hyp=1-72 (6-5-4)

20

or alternatively, set H, r = 1.0 exactly for steam service or similar low-density gas, or H, ; = 0;94 for

liquid water. For a highly dense liquid, H, s may be considerably lower (e.g., H, = 0.90 for a fluid\de
of 1 600 kg/m®and a thermowell density of 8 000 kg/m>
Step 5:  Calculate the sensor-mass correction factor H,
Ps 1
Ha s = - s q
’ 2P | (Dy/d)? - 1] (
where p, = average density of the temperature sensor to be inserted in the therthowell. For a sensor

compacted, mineral-insulated, metal-sheathed construction (either resistarice thermometer or thermoj
ple), a typical sensor density is p, = 2 700 kg/m? (169 Ib/ft*), and this vdlue'should be used in the abs|
of detailed information on the sensor design. Alternatively, set H, «=0.96 for a 0.25-in. nominal se
diameter, or H, ; = 0.93 for a 0.375-in. nominal sensor diameter.

Step 6:  The lowest-order natural frequency of the thermowell with ideal(support is given by

fn = HfHu,/sz, sf;z (4

6-6 MOUNTING COMPLIANCE FACTOR

The natural frequency, f,, of a cantilever beam is calculated assuming an ideal, rigid base. In practice, how
this ideal is never achieved, and it is necessary to aceount for a significant reduction in natural frequency
results from flexibility of the thermowell mount ox\support [10]. The in situ natural frequency of the mou
thermowell is expressed in terms of a support fléXibility or compliance factor, H,, as

ffl = cfn (é

The foundation compliance is highly:sensitive to the radius of curvature b of the thermowell shank and sup
transition (see Fig. 4-1-1).

For cases where the support plane for the thermowell is at the thermowell root with fillet radius b [e.g.
Fig. 4-1-4, illustration (c) or (d)];-the general form of the mounting-compliance frequency factor is

1 w(A* - d%
H =1 G
(Km/E) 32L[1 + 1.5(b/A)
where
A = root'diameter of the thermowell
b = fillet’radius at the root of the thermowell
E = elastic modulus of the thermowell material

Ky rotational stiffness of the thermowell support (discussed below)
£)= unsupported length of the thermowell
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When the fillet radius at the root of the thermowell, b, is not known, it shall be set to zero. For weld-in installations
where the weld fillet is not located directly at the root of the thermowell, the fillet radius b is not equivalent to the
fillet radius of the weld. Instead, the value of b shall be determined from the fillet geometry at the root. For cases

in which the support plane of the thermowell has a geometry without a clear fillet at the support plane (e.g.
the indicated unsupported length in Fig. 6-6-1 for socket-weld or weld-in thermowells), set b equal to zero.

, see

The stiffness, Ky, relates the angular displacement, 66, of the thermowell at its support plane to a bending

moment, M, applied to the thermowell:

Ku- 80 =M (6-6-3)
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Fig. 6-6-1 Unsupported Length of Thermowells
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For a beam of uniform circular cross section with outside diameter D supported by a semi-infinite base of the
same modulus as the thermowell material, Ky, is given by

E (DY
Ku = 5787 (5) (6-6-4)

Since the base compliance depends predominantly on the root diameter, eq. (6-6-2) should be applied to ther-

mowells of opnpra] geametry by, rpn]ar'mo D with A An‘m‘nmmahno A% — 34 hv 09944 one obtains for a semi-

infinite base

(A/L)

H, =1-(061) ———
@61) [1+ 150/4)

(4-6-5)

The value of K, attained in practice may be significantly less than that of eq. (6-6-4), due either to the flexihility
of the supporting piping or to the flexibility of the thermowell attachment to the piping [11].Reference [11], mddels
of the piping system under static load, or literature results should be used to determine Ky, For thermowells
installed in thin-wall pipes with outer connection heads, the mass of the head will cause a significant perturbdtion
on the resonance frequency of the thermowell. The increased susceptibility of small-bere fittings to vibration fatigue
is well known, and practices designed to minimize the risk of cantilevered small-bore fittings also apply to thermdwell
connections and electrical-connection-head top works.

6-7 UNSUPPORTED LENGTH, DIAMETER, AND FILLET RADIUS

For the purpose of calculating the natural frequency of a thermatwell, the unsupported length L shall be taken
as the axial distance from the tip of the thermowell to the point{where the thermowell is rigidly supported.| The
effect of support compliance (flexibility) is included by a series\of correction factors applied to the ideal case

In some installations, or for some varieties of thermowells, the definition of the unsupported length and the
corresponding diameter A and fillet radius b is not obvious.”Guidance for a variety of thermowell types is given
below and illustrated in Fig. 6-6-1.

(a) Lap-Joint and Flanged Thermowells. For flanged thermowells, the unsupported length extends from the t{p of
the thermowell to the flanged face that is part of the machined thermowell.

(b) Threaded Thermowells. A threaded connection has greater compliance than a semi-infinite base. If the unsup-
ported length is taken as the distance between the tip of the thermowell and the first engagement of the thfead,
then the increased compliance of the threaded joint (not including any additional compliance of the piping beyond
the joint) should be accounted for by using

H.=1-09 (A/L) (@-7-1)

The support-point diametér, /A, shall be equal to the diameter of the thermowell shank at the beginning of the
transition to the threaded ‘section of the thermowell. Although there may be a fillet between the shank and the
threaded portion of the thérmowell, this fillet does not effectively reduce the bending compliance of the thermgwell
or reduce stress coneentration at the threads. Consequently, the fillet radius shall be taken as b = 0.

(c) Socket-Weld Tlermowells. The clearance between a socket adaptor and the thermowell wall is sufficiently Jarge
that the joint between the adaptor and thermowell wall cannot be treated as an interference fit. In this case| the
unsupported length extends from the tip of the thermowell to the point on the thermowell where the socket is
welded tosthe adaptor. For design purposes, this point shall be taken as the midpoint of the thermowell weld c¢llar,
as indicdted in Fig. 6-6-1. The base diameter, A, shall be taken as the diameter of the thermowell shank at the
transition to the weld collar, and the fillet radius shall be taken as b = 0.

(d)”Weld-In Thermowells. The unsupported length will depend on how far the thermowell is inserted intq the
pipe and on the degree of penetration of the weld. Veld Specitications and tolerances 101 those specitications shall
be taken into account when determining the unsupported length, which shall be taken as the longest length possible
within the weld and location tolerances. Equations (6-6-2) and (6-6-5) for thermowell bending compliance and
eq. (6-12-4) for stress-concentration factor apply only for weld fillets on the inside of the pipe. Consequently, the
fillet radius shall be taken as b = 0 even if there is a substantial fillet on the outside of the pipe.

(e) Thermowells With Support Collars. Support collars or other means of support are outside the scope of the
Standard. The use of support collars is not generally recommended, as rigid support can be obtained only with an
interference fit between the support collar and the installed piping. In special cases, small support-collar gaps
filled with a viscous process fluid may add significant damping, thereby suppressing thermowell resonances, and
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Fig. 6-8.1-1 Schematic Indicating Excitation of Resonances When Excitation
Frequency Coincides With the Thermowell Natural Frequency
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GENERAL NOTE:  Lock-in between the fluid vortices and the thermowell mechanical reSefiances can cause
a resonance condition within the approximate boundaries indicated by the gray hoxes:

neering models that account for the degree of support and fluid damping may be useful. Such designs requirg
hods beyond the scope of this Standard. If a section of thermowell shank of increased diameter is used in thq
port-collar design, the added mass will shift the natural frequency of the thermowell, and the correlations for
ral frequency supplied in this Standard do not apply.

pote that for Fig. 6-6-1, illustrations (b) and (c), the support plane for the thermowell is located at the intersection|
e seal weld and the clearance gap between the thermowell shank and the adaptor. Such cases where thd
mowell root is geometrically similar to a crack have teduced fatigue strength and should be avoided when the
fing factor for the thermowell velocity rating is {fafigue strength.

FREQUENCY LIMIT

1 Overview

hen a thermowell is immersed in a flowing fluid, the shedding of vortices produces the following two typeq
rce on the thermowell (see Fige.6:3.1-1):

an oscillating-lift force, transverse to the fluid flow at frequency fs

an oscillating-drag force, ‘in-line with the fluid flow at frequency 2fs
5 the fluid velocity is increased, the rate of vortex shedding increases linearly while the magnitude of the forceq
pases with the square-of-the fluid velocity. The thermowell responds elastically according to the force distribution
its variation in timevShould the vortex shedding rate coincide with the natural frequency of the thermowell
nance occurs ahd'is attended with a dramatic increase in the dynamic bending stresses. The fluid velocity af
th this takes(place is referred to as a velocity critical. There are a minimum of two velocity criticals for each
ral frequéticy of the thermowell: one describing the lift and the other describing the inline response. These

sho

Sincecthe in-line force fluctuates at twice the frequency of the lift excitation, the corresponding velocity critical
is apptoximately one-half that required for lift resonance. For any given fluid velocity, both forces are acting on

1d nottbe/confused with the critical velocity marking the transition to turbulent boundary-layer flow.

the thermowell with the result that the tip of the thermowell sweeps out an orbital (Lissajous figure) that changes

shape as the fluid velocity is increased.

If

the natural frequency of the thermowell overlaps with either fs or 2f;, a large resonant buildup in vibration

amplitude can occur, resulting in failure of either the thermowell or the temperature sensor mounted in the
thermowell (see Fig. 6-8.1-1). Because fs is proportional to fluid velocity V, the in-line resonance occurs at half the
velocity of the transverse resonance. Although the in-line force is only weakly excited, large vibration amplitudes
may still be encountered due to the low damping of typical thermowells [3, 12-15]. The vibration amplitude is
proportional to the force per unit area exerted by the fluid (see para. 6-3.2 and subsection 6-10) and the magnification
factor (see subsection 6-9). Figure 6-8.1-2 illustrates the variation of vibration amplitude with fluid velocity.
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Fig. 6-8.1-2 Schematic Showing the Amplitude Response of a Thermowell
Subjected to Fluid-Induced Forces as Solid Lines, for In-Line and Transverse
Excitation Modes
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GENERAL NOTE: The frequency limits discussed in paras. 6-8.2 to 6-8.4 are shown as dotted lines. The
figure ignores lock-in effects, which can shift the locations of the resonances, as shown in Fig. 6-8.1-1.

Because the elastic response of the thermowell and the vortex shedding process are so closely coupled, the a
vortex shedding process is extremely nonlinear and can be expected toybe captured or locked onto the struc
resonance of the thermowell [2]. This capture takes place as the vortex’shedding rate approaches a natural frequ
of the thermowell. As the beam responds, the vortex shedding rate’ tends to settle onto the resonant frequen
the beam and remains locked in for a considerable range of:fltiid velocities (refer to paras. 6-8.4 and 6-8.5).
natural frequency of thermowells may be as high as several thousand hertz; together with the lock-in phenome
it is possible for a thermowell to encounter many thousands of fatigue cycles in a single start-up process, ev
the vortex shedding rate does not coincide with the natuiral frequency of the thermowell during steady-state prg
conditions.

To prevent the occurrence of lock-in phenomené’and to limit the buildup of vibration amplitudes to a safe v.
the resonant frequency of the installed thermowell shall be sufficiently higher than either the in-line or the transy
resonance condition. Operation of the thermowell through the in-line resonance is allowed only if the cyclic stre
at the resonance condition are acceptablytsmall (see paras. 6-8.4 and 6-8.5). The user is cautioned, however,
even if a thermowell is sufficiently strong to withstand in-line resonance, tip vibration at an in-line resonance
be extreme, leading to sensor degradation or destruction. In all cases, operation near the transverse reson|
condition shall be avoided completely, other than exceptions discussed in para. 6-12.5.

6-8.2 Frequency Limit for(Low-Density Gases

For fluids of sufficiently low density and with Re < 10°, the intrinsic damping of the thermowell sufficig
suppresses the in-linewvibrations due to vortex shedding. The intrinsic damping factor, ¢, of common thermoy
should be conservatively set at 0.0005 [2]. Values of { known from direct modal measurements should be U
although the désigner is cautioned that the damping factor is not highly reproducible among multiple thermoy

thermoweélls:
Calctilate the mass damping factor, or Scruton number, as

Ns. = w Z(Pm/P)[l - (d/B)Z] (4

tual
ural
bncy
y of
The
non,
bn if
cess

hlue,
erse
Isses
that
may
hnce

ntly
vells
sed,
vells

of similar design and may depend on details of the thermowell mounting, such as gasket choice for flanged

-8-1)

If Ns. > 2.5 and Re < 10°, in-line resonance is suppressed, and the following condition shall apply:

£, < 0.8f5 (6-8-2)

If Ng. > 64 and Re < 10°, both transverse and in-line resonances are suppressed. Designs for a fluid velocity
beyond the limit of eq. (6-8-2) are possible but shall consider the excitation of higher-order thermowell resonances.

These calculations are beyond the scope of this Standard.
If Ns. < 2.5 or Re > 10°, the limits of 6-8.3 shall apply.
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6-8.3 Frequency Limit for the General Case

If the conditions in para. 6-8.2 do not apply, establish the frequency limit of the thermowell as described in the
following four steps:

Step 1:

If the damping factor is known, set the magnification factor Fj, for in-line resonance to 1/(2¢). Otherwise,
set the amplification factor for in-line resonance to 1/(2¢) = 1,000, an upper limit for amplification exactly
on resonance. The requirement that the natural resonance coincides with the in-line resonance also fixes
the amplification factor for the transverse resonance to a value of 4/3 [obtained by evaluating eq. (6-9-1)

Step| 2:

Step| 3.

Step| 4:

With 7= 057
If the Strouhal number is calculated with the correlation of eq. (6-4-2), set the fluid velocity for the inY
line resonance to

Exceptiohs\to eq. (6-8-7) may be considered subject to the conditions established in para. 6-8.5.
Frequency Limit When the In-Line Resonance Does Not Limit Operatlon

.
Bf» 2u 22M
2N, BpV —— for 22 < Re < 1,300
Bf§ a(R) Bf 5
Vig = N, 1- N, Logi 5o INT for 1,300 < Re < 5 x 10
B for5 x 10° < Re <5 x 107
(2N
(6-8-3
where
a(R) = 0.0285R? — 0.0496R
R = Logyo (Re/Rep) (6-8-4
Rep = 1,300

and N is evaluated at the design velocity V, and not at thewalue Vg, [the factors to the right of (Bf,/)/ (2N
correct for the difference in Ng at V and at Vi |.

If the Strouhal number is calculated with the simplified relation of eq. (6-4-4), set the fluid velocity fox
the in-line resonance to

V[R = AxT (6-8—5

Evaluate the cyclic drag stress following subsection 6-12. The cyclic lift stress should be neglected in
evaluating the peak oscillatory beriding stress [see eq. (6-10-6) and paras. 6-10.2 to 6-10.5].
If the thermowell passes the cycli¢'stress condition [eq. (6-12-1)] for operation at the in-line resonance the
following condition shall apply.

fs<0.8f 5 (6-8-6
The conditions of para./6-8.4 shall also apply.
If the thermowell/fails the cyclic stress condition for operation at the in-line resonance condition, the

installed natural frequency, f;, shall be high enough to limit excitation of the in-line resonance, as shown
in Figs. 6£8.1-1 and 6-8.1-2. In this case, the following condition shall apply

f. < 04f¢ (6-8-7

care shall still be taken that in steady state the flow condition will not coincide with the thermowell resonance.
Dwelling within the inline resonance region may cause a severe vibration of the thermowell tip. This could result
in fatigue-related failure to the thermowell or unacceptable sensor damage or drift. To avoid this, the steady-state
fluid velocity should meet one of the following conditions:

or

fs (steady state) < 0.4f 7, (6-8-8)

0.6f;; < f; (steady state) < 0.8, (6-8-9)
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Graphically, these conditions are equivalent to operation at a fluid velocity intermediate between the two gray
boxes in Fig. 6-8.1-1.

6-8.5 Passing Through In-Line Resonance Where the Design Does Not Meet the Cyclic Stress Requirements for
Continuous Operation at Resonance

In cases where the thermowell design fails the cyclic stress condition for steady-state operation for the entire
lifetime of the installation, transient exposure to the in-line resonance condition may be allowable, provided that
certain criteria are met. A thermowell with a natural frequency between the steady-state Strouhal frequency (which
excites transverse vibrations) and twice the Strouhal frequency (which excites in-line vibrations) is subjectdd to
significant vibration only for limited periods on start-up or shutdown. This is because the in-line vibrationg are
excited only when twice the Strouhal frequency coincides with the natural frequency of the thermowell.'Since] this
condition is transitory, the design may be acceptable, provided that the peak stress does not exceed the fatigue
limit for the number of cycles encompassing the total lifetime that installation will be subjectéd to startup|and
shutdown cases. Because the specific conditions on startup and shutdown cases cannot always‘be predicted exactly
for the entire lifetime of the installation, additional precautions must be followed to ensure thé design is conservafive.

In summary, where a thermowell design does not meet the cyclic stress requirements.for‘in-line resonance pver
its lifetime, passage through the in-line resonance condition (as described above) shay be allowed if all of the
following conditions are met:

(a) The process fluid is a gas.

(b) The thermowell is exposed to the in-line resonance condition only on startsup, shutdown, or other infrequent
transient variations in fluid velocity, but does not dwell in the in-line resénance condition during steady-gtate
operation (see para. 6-8.4).

(c) The cumulative number of cycles incurred during passage through ‘in-line resonance lock-in region is b¢low
10" cycles.

(d) The process fluid is known to not cause metallurgical changes'to the thermowell material that would signifi-
cantly reduce the fatigue resistance.

(e) The potential consequences of thermowell failure tdcequipment or personnel are sufficiently limited tp be
acceptable.

(f) When the thermowell is excited at its naturalxin-line vibration frequency, the maximum stress (refgr to
subsection 6-12) shall be less than the fatigue limit\for the expected number of start-up and shutdown evients
encountered by the thermowell in its lifetime.

The number of cycles sustained for each flow velocity transient shall be calculated assuming that lock-in pherjom-
ena occurs between 0.4f,; and 0.6f,.

Note that the design rules of PTC 19:3"TW ensure only the mechanical integrity of the thermowell. Passage
through the in-line resonance may cause a severe vibration of the thermowell tip resulting in unacceptable sejnsor
damage or drift.

6-9 MAGNIFICATION FACTOR
6-9.1 Magnification Factor Away From Resonance

The magnification factor, Fy;, equals the ratio of thermowell deflection and stress at a given frequency tq the
deflection and stress-at-zero frequency. For frequencies outside the lock-in band of the vortex frequency [the Jock-
in band is equivalent to an r value in eqgs. (6-9-1) and (6-9-2) in the range 0.8 < r < 1.2] and at frequencies|low
enough that ornlythe natural frequency of the thermowell is appreciably excited, the simple expressions bg¢low
accurately niodel the magnification factor.

In the case of transverse lift resonance, the magnification factor is

1
1-7
p— f‘
fn
f being the natural frequency of the thermowell including the reduction in the thermowell vibration frequency
due to compliance of the foundation or support. For the case of in-line resonances, the magnification factor is

1
Fy= —— 6-9-2
M= e ( )
,_ %

r o=

Fu (4-9-1)

7

c
n
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6-9.2 Magnification Factor Near Resonance

When the natural frequency of the thermowell falls within the lock-in band of the vortex frequency, the thermowell
deflection is limited by the intrinsic damping factor, ¢, of the thermowell. At resonance, the maximum magnification
factor is

1 L .
Fum max = 5 for excitation of a transverse (lift) resonance

2{

1 L. o
FiM max = 5 for excitation of an in-line (drag) resonance

2/

(6-9-3

6-10 BENDING STRESSES

6-10.1 Point of Maximum Stress

The peak stresses occur on the outside surface of the thermowell at the support plane (for taper and straight-
shank thermowells, and at either the support plane or the base of the reduced-diameter-seetion of shank for step-
shak thermowells. Except in special cases where a thermowell is supported alongrits‘shank, the support plang
will|be at the thermowell root. As shown in Fig. 6-10.1-1, stresses for fluid-flow-indueed forces are obtained fromj
the felation between the second moment of the beam, M, the moment of inertianf; and the longitudinal stress in
the thermowell:

-yM/I for steady-state stresses
s2 = {-yMFy/I for lift resonance sttesses
—yMFy;/1 for drag resonance stresses

(6-10-1

Equation (6-10-1) is evaluated at x = 0, y = D(z;)/2 (steady-state and oscillating-drag stresses) or x = D(z;)/2
y =0 (oscillating-lift stresses), and z = z; where z, is-€qual to either zero for evaluation of stress at the support
plare, or to the distance from the support plane of‘the thermocouple to the cross section where the stress ig
evaluated. [For the common case of a thermowell supported at its root, eq. (6-10-1) is evaluated at z = 0 and eithe
x =0,y = A/2,orx = A/2,y = 0.] The general equation relating peak-second moment for each type of force
acting on the thermowell is

L
Mg = Pg| D(2)(z — z5)dz (6-10-2
Zz

s

whdre Pg denotes either PpjPj, or P; and is equal to the force per unit area applied transverse to the beam. For a
thermowell shielded from.fluid flow for a distance L, from the thermowell root, L, replaces z; as the lower limit
of the integration in eq.\(6-10-2), and the result for Mg is used in eq. (6-10-1) to obtain the value of S,.
For calculation plirposes, it is convenient to define G as

L

MgD(z)  32D(z) f D)z - 2)dz (6-10-3

Gs= =
2Pplz) - w{DE)* - a'] ]

T < diull:uciuu}cca quau'ti't_y G dClJClldD Ulll.y UIlT 'l}lc 'Lllcuuuvvcﬂ BCUIIIC.LI)/. A'l 'lllC illcllllUWCII bufll.}Ul'l PUilli., G iD
evaluated with the lower limit of integration z, = max (0, Ly) and shall be denoted Ggp. For step-shank thermowells,
peak stress amplitudes need to be evaluated at the base of the reduced-diameter shank, of diameter B, as well as
at the support point. In this case, G is evaluated with the lower limit of integration z; = max (L — Lg, L) and shall
be denoted Ggp.

At the thermowell support point, the steady-state drag stress on the downstream side of the thermowell is

G4Cp pV?

SD:G,BPD: 2

(6-10-4)
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Fig. 6-10.1-1 Bending Moment, Stress at the Support Plane, and Locations of Maximum Steady-State or
Oscillating In-Line Stress

Fluid velocity
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Maximum longitudinal bending stress

(a) For a Tapered Thermowell

Fluid velocity

|
]
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Maximum longitudinal bending
stress at step-shank base

=

Maximum longitudinal bending
stress at support plane

(b) For a Step-Shank Thermowell Subject to Fluid-Flow

GENERAL NOTE: Locations for maximum oscillating transverse stress are located in the same plane, but at points rotated 90 deg abo{it the
thermowell axis.

where. the¢ equation uses the convention that compressive stresses have a positive sign and Gg is a placeholdey for
either) Ggp for stress evaluated at the support point or Ggp for stress evaluated at the reduced-diameter shank|(see
[paras. 6-10.2 to 6-10.5). The amplitudes for oscillating-lift and oscillating-drag stresses are

GCEmpV?

S, = GgFyP, = GeibupV” 2Mp (6-10-5)
GCyFpV?

Sy = GyFyPy = % (6-10-6)

Equation (6-4-5) gives coefficients Cp, C;, and C;; egs. (6-9-1) through (6-9-3) give magnification factors Fy; and Fj,.
The stress amplitudes are used in estimating the combined bending stress in subsection 6-12.
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For step-shank thermowells, peak stress amplitudes shall be evaluated at the base of the reduced-diameter shank,
of diameter B, as well as at the support point. In this case, evaluating G at D(z;) = B for use in egs. (6-10-4) through
(6-10-6) gives the stress amplitudes at the base of the reduced-diameter shank.

6-10.2 Maximum Stress for Tapered or Straight Thermowells, No Shielding From Flow

With no shielding for a tapered or straight thermowell subject to a constant force per unit area, eq. (6-10-2) is
integrated along the whole thermowell length. The result for the parameter G is

T
egs.

6-10.3 Maximum Stress for Tapered or Straight Thermowells, Shielded From Flow
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6-10.4 Maximum Stress for Step-Shank Thermowells;;No Shielding From Flow
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161>

= m [1+2(B/4)] (6-10-7

GSP

e steady-state drag stress and oscillating-lift and oscillating-drag stress amplitudes are evaltiated using
(6-10-4) through (6-10-6) and the value of Ggp from eq. (6-10-7).

the thermowell is shielded from fluid flow from the thermowell support plane to a distance L, along the shank
point of maximum stress shall be evaluated at the support plane for a straight ef)tapered thermowell. The
meter G is given as

Gsp
e steady-state drag stress and oscillating-lift and oscillating-drag stress amplitudes are evaluated using
(6-10-4) through (6-10-6) and the value of Ggp from eq. (6-10-8)¢
e majority of installed thermowells have some degree of shielding from fluid flow near the support point
Fever, the total second moment, and consequently the valueyof G, varies little from the shielded case when
L < 1. For typical thermowells, the values of Ggp evaluated using eqgs. (6-10-7) and (6-10-8) will differ by lesq
approximately 10% if Lo/L < 0.3.

r a step-shank thermowell, the peak stresses may occur either at the support plane of the thermowell or at the
of the reduced-diameter step shank. At.the'support plane, the parameter G is given as
1oL { 2}
Gsp = —=——"—1(B/A 1 - (B/A)|[1 - (Ls/L 6-10-9
= A - @AY (B/A) +[1 - (B/A)][1 ~ (Ls/L)] (

re the reduced-diameter step‘has length Ls and diameter B. At the reduced-diameter shank step, the parameter
given as

1612

Gop = —————
7 2B2[1 - (d/B)Y]

(6-10-10

L the suppott_plane of the thermowell, the steady-state drag stress and oscillating-lift and oscillating-drag]
ses are evaltiated using eqs. (6-10-4) through (6-10-6) and the value of Gsp from eq. (6-10-9). At the base of the
ced-diameéter step shank, stress amplitudes are evaluated using eqs. (6-10-4) through (6-10-6) and the value of
from~eq. (6-10-10).

6-10'5 Maximum Stress for Step-Shank Thermowells, Shielded From Fltow

If

the thermowell is shielded from fluid flow from the thermowell support plane to a distance L, along the shank,
the parameter G at the support plane for a step-shank thermowell is given as
Gsp = _ et {(B/A) +[1-B/8]1 - /L)]2— (LO/L)Z} for Ly <L — Lg (6-10-11)
mA2[1 - (d/A)Y] ’
16BL*

=———— [1-(Ly/L)*forLy=2L-L
1TA3[1—(d/A)4][ (Fo/LyJfor Loz L= L
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Fig. 6-10.7-1 Mounting of a Thermowell in an
Elbow, With the Tip Facing Downstream

-tV
-

e

Al

Fig. 6-10.7-2 Geometry to Be Used in Calculation of
Thermowell Ratings

i
i
L

At the reduced-diameter shank-step, eq. (6-10-10) applies for shielding from fluid flow with Ly < L — Lg
Lo > L — Lg, the parameter Glis)given as

1612

i [ /DR~ 1+ Lo/ (61

GRD =

At the support.plane of the thermowell, the steady-state drag stress and oscillating-lift and oscillating-
stresses are evaluated using egs. (6-10-4) through (6-10-6) and the appropriate value of Ggp from eq. (6-10-11
the base of-the reduced-diameter step shank, stress amplitudes are evaluated using eqs. (6-10-4) through (6-
and the’d@ppropriate value of Ggp from eq. (6-10-10) or (6-10-12).

6-10.6 Partial Exposure to Fluid Flow

For

0-12)

Hrag
. At
10-6)

Forthermowetts withronty partiatexposure to-the fiuid flow ot covered by paras-6-16-3or 6-16-5, the bem
moment should be calculated by integrating the moment created by the pressure acting on the projected
exposed to fluid flow.

6-10.7 Mounting of Thermowells in an Elbow

ding
area

For thermowells mounted in an elbow and pointing downstream, as shown in Fig. 6-10.7-1, the exact flow path
is difficult to model. Thus, the projected area shall be conservatively estimated as the projected area of the thermowell

if the flow were to be normal to the thermowell axis along the length of the thermowell exposed to fluid flow.
geometry to be used in the calculation of thermowell ratings is given in Fig. 6-10.7-2.
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Fig. 6-10.7-3 Mounting of a Thermowell in an Elbow, With the Tip Facing Upstream
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6-10.8 Mounting of Thermowells at an Angle to-Flow

M
fluid

6-1

In
(a
(b
(c
(dl

F

Shear stressessare small relative to the other stresses and should be neglected.

-V

lermowells mounted in an elbow with the tip pointing upstream, as shownyn Fig. 6-10.7-3, are often preferabld
mounting with the tip pointing downstream. For a conservative justification of a thermowell mounted in this
ion, the thermowell may be evaluated as though it were installed pérpendicular to the pipe. Provided that the
lines in the upstream pipe are closely approximated as lines paralleLto the pipe axis, there is minimal transverse
| flow near the tip of the thermowell, with a consequent reduction of the bending moment. Tip effects are
prtant, and the effective Strouhal number varies with the angle'of flow with respect to the thermowell axis [16]
such an installation, calculation of the bending moment s beyond the scope of this Standard. Predictions of
pbending moment and Strouhal number should be madeby using computational fluid dynamics or experimental
surements to determine the fluid flow pattern, including the perturbations of upstream piping elements, and|
ulting reference [16] to determine the forces on-thé thermowell.

ounting of thermowells at an angle, whéther the tip is oriented towards or away from the flow of the process
|, may be conservatively evaluated as though the thermowell were installed perpendicular to the pipe.

| PRESSURE AND SHEAR STRESSES

addition to the bending stresses, there are the following stresses:
radial pressure stress,)S,

tangential pressuyte stress, S;

axial pressure-stress, S,

shear stress due to flow impingement

r an extérnal operating pressure P, the radial and hoop stresses at the root are given by
S, =P (6-11-1
2
S = pw (6-11-2)
1 - (d/A)?

where d is the bore diameter of the thermowell and compressive stresses have a positive sign.
The axial pressure stress is given by

P

= _ 6-11-3
1 - (d/A)? ( )
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6-12 STEADY-STATE STATIC AND DYNAMIC STRESS LIMITS
6-12.1 Overview

In addition to the hydrostatic pressure limit of subsection 6-13, thermowells shall meet strength criteria to prevent
fatigue failure. For conditions of low fluid velocity, as described in para. 6-3.6, the fluid does not impart sufficient
momentum to the thermowell to cause fatigue failure and only the steady-state stress limit in para. 6-12.2 shall be
met. For higher fluid velocities, the thermowell shall meet the requirements described in para. 6-12.2 for steady-
state stresses and paras. 6-12.3 and 6-12.4 for dynamic stresses. Paragraph 6-12.5 describes the special case of
thermowells designed for operation at fluid velocities where the Strouhal frequency exceeds the natural frequency
of the mounted thermowell.

6-12.2 Steady-State Stress Limits

The steady-state loading from the combined effects of hydrostatic fluid pressure and nonoscillating\drag produces
a point of maximum stress, Spay, in the thermowell located on the outer surface of the thermowell, at'the downstjeam
side of the base of the thermowell, along the axial direction of the thermowell. For design, S is given by

Smax = Sp + S, (6412-1)

Using the von Mises criteria for failure, the applied stresses Smax, S;, and S; should ‘satisfy

\/(Smax - Sr)z + (Smax - St)2 + (St - Sv)z <1.58 (6-12-2)
2
where
S = maximum allowable stress of the material, as specified by the governing code

For combinations of materials and operating temperature not ¢overed by the governing code, stress limits ghall
be established by test. Note that for service at elevated tempetattires for extended periods, creep rate and dreep
rupture limit the allowable stress to values significantly below the stress limits obtained from short-term yjeld-
strength tests.

6-12.3 Dynamic Stress Limits

The dynamic stresses are the result of periodic drag forces that cause the thermowell to oscillate in the dire¢tion
of the stream and periodic lift forces that causelit to oscillate in the transverse direction. The dynamic sfress
amplitude shall not exceed the high-cycle maxinium allowable stress amplitude. The peak oscillatory bending sfress
amplitude, S, may is taken as the amplituderof the two components added in quadrature, amplified by a sfress
concentration factor, K;:

Su/ max — K; (Sd2 + SLZ)l/Z (6-12—3)

The thermowell design should\be evaluated for fatigue in accordance with ASME BPVC, Section VIII, Division
2, Part 5, independent of the requirements of para. 6-12.3. Alternatively, the thermowell design should be evaluated
for fatigue in accordance with the requirements of para. 6-12.3.
In the absence of mere directly applicable data, the following should be used:
(a) A stress concentration factor of K; = 2.2 should be used in the absence of specific dimensional details of the
fillet at the base of\the thermowell.
(b) Threaded/connections shall use a stress concentration factor of K; = 2.3 as a minimum.
(c) For kniown fillet radii b and root diameter A, K; shall be obtained from

Ky
Ky

1.1 + 0.033 (A/b) for A/b < 33 (6412-4)
2.2 for A/b >33

The peak oscillatory bending stress amplitude S, ..., shall not exceed the fatigue-endurance limit, adjusted for
temperature and environmental effects:

Sa/ max < FT . FE : Sf (6—12—5)

where S is the allowable fatigue-stress amplitude limit in air at room temperature. Fr is an environmental factor
(Fg < 1) allowing designers to adjust fatigue limits, when appropriate, for environmental effects such as corrosive
service. ASME B31.1, Power Piping, Appendices IV and V provide guidance on corrosion control and piping corrosion.
Fr is a temperature correction factor given by

Fr = E(T)/Ere (6-12-6)
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Table 6-12.3-1 Allowable Fatigue-Stress Amplitude Limits for Material Class A and Class B

Thermowell Material Class Metal State at Location of Maximum Stress Value of Sp, ksi/MPa
A As-welded [Note (1)] or threaded 3.0/20.7
A Welded, then machined [Note (2)] 4.7/32.4
A No welds [Note (3)] 7.0/48.3
B As-welded [Note (1)] or threaded 5.4/37.2
B Welded, then machined [Note (2)] 9.1/62.8
B No welds [Note (3)] 13.6/93.8

GENHRAL NOTES:

(@ dlass A is carbon, low-alloy, series 4XX, and high-alloy steels not covered in class B.

(b) (lass B is series 3XX high-alloy steels, nickel-chromium—iron alloy, nickel-iron—chromium alloy, and nickel-copper alloys.
NOTHS:

(1) Uocation of maximum stress coincides with either a welded joint or associated heat-affected zone [e.g., a weld-in therfowell, as shown
ip Fig. 4-1-4, illustration (d)].
(2) Uocation of maximum stress coincides with either a welded joint or associated heat-affected zone, which has.been machined to a
gmooth surface subsequent to welding [e.g., a flanged thermowell, as shown in Fig. 4-1-4, illustration (c)]¢ The' welded joint must be a
flll-penetration weld, and visual and magnetic-particle or liquid-dye-penetrant examination is required_ aftermachining. In the absence
df full-penetration welds and/or weld inspection, “as welded” values for S; should be used.

Location of maximum stress is a smooth, machined surface and does not coincide with either weldéd/joint or associated heat-affected
Zone (e.g., a lap-joint thermowell).

)

whdre E(T) is the elastic modulus at the operation temperature. For material class A (see Table 6-12.3-1), E,.¢ equals
202 [GPa (29.3 x 10° psi), except for the low-Cr alloys, for which E..s equals 213 GPa (30.9 X 10° psi). For material
clas$ B (see Table 6-12.3-1), E, equals 195 GPa (28.3 x 10° psi), except.for the nickel-copper alloys, for which E,.
equals 179 GPa (26.0 x 10° psi).

Bé¢cause the natural frequency of thermowells is typically hundreds of hertz, the total number of fatigue cycles
can freadily exceed 10'! during the thermowell lifetime and Sgshould be evaluated at the design-cycle limit. In the
absgnce of more dlrectly applicable data, the values of Spin‘the high-cycle limit in Table 6-12.3-1 should be used
for § design life of 10" cycles for typical hydrocarbon and steam environments. Use of the values in Table 6-12.3-1
for pther environments or at temperatures in excess 0f427°C (800°F) may require a reduction in the environmental
factpr Fr to account for corrosion or related effects.
When thermowells are welded into a pipe or adaptor of different composition than the thermowell, the value of
S¢ slI[all be the smaller of the values for the two metals. The designer shall consider the effects on fatigue strength
of the dissimilar weld and thermal-expansion mismatch between the materials.

F¢r materials not covered by Table 6-12:3-1 or ASME BPVC Section VIII, Division 2, fatigue-strength amplitude
limifs shall be established by test. Testing shall be in accordance with the provisions of ASME BPVC Section VIII
Division 2, Annex 5.F. A fatigue(analysis in accordance with ASME BPVC Section VIII, Division 2, Part 5 (latest
editjon) is required for conditions outside the scope of Table 6-12.3-1.

The values in Table 6-12.371;are evaluated for 10" fatigue cycles. For thermowells subject to a lower number of
cyclps over the design lifétime, the designer should use fatigue data for the appropriate number of cycles.

6-12.4 Maximum-Stress Locations for Step-Shank Thermowells

For step-shank thermowells, the stress criteria [eqs. (6-12-2) and (6-12-5)] shall be evaluated for the following
twollocations:

(a) at the.support plane of the thermowell

(b) atthe'root of the reduced-diameter portion of the shank

rst; evaluate the stress at the thermowell support plane usmg the procedures descrlbed in subsection 6-10

in eq. (6 12-4), where bs is the flllet radlus at this root.

6-12.5 Supercritical Operation

It is recognized that where the fluid density is low, namely low-pressure gases with densities less than 1 kg/m®
(0.06 Ib/ft}), it is possible to design a thermowell for supercritical operation, defined as an operation where the
Strouhal frequency exceeds the natural frequency of the mounted thermowell: fg > f,;. Finite-element and modal
analysis methods are generally required, but in principle, if the stresses of the lowest-order mode at the lift resonance
condition are well below both the maximum allowable stress (static loads) and the fatigue allowable stress (dynamic
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loads), then the second order mode should be considered as a basis for thermowell design and selection. The success
of such operation is dependent on many factors and shall be handled on a case-by-case basis. Supercritical operation
is discouraged in performance testing of rotating equipment.

6-13 PRESSURE LIMIT

The external pressure rating of the thermowell shall be determined as follows:

Step 2:

Step 3:

The design pressure shall be calculated at the temperature of the operating condition. More than one oper3
condition may/require calculations at multiple temperatures.

to calculate the allowable external pressure, P, (as defined in UG-28) for a cylinder of outer dia
B, inner diameter d, and length L for straight and tapered thermowells, or length Ls for Step-s
thermowells.

As a simplified alternative, and for materials not covered by UG-28, the allowable extérnal pres
should be calculated as

2.167
P, = 0.66S[m - 0.0833} (61
where
S = the maximum allowable stress of the governing code

The value of P, calculated by eq. (6-13-1) may be as much as 17%lower than the value calculate
UG-28 for some materials at some temperatures.

At temperatures beyond the limits established by UG-28, designers should use eq. (6-13-1). In deter
ing the appropriate value of S, designers should consider<he possibility of creep buckling, especiall
the larger values of d/B allowed by Tables 4-1-1 and 4-2:1.

For high-pressure [>103 MPa (15 ksi)] service, use ASME BPVC Section VIII, Division 3, or ASME B
Chapter IX.

Calculate the allowable pressure, Py, for the tip-thickness ¢ using

s (t\?
AE (3) ©
where
d = thermowell bore diametér
S = maximum allowable\stress

The external pressure rating, P,, of the thermowell is the minimum of P., P;, and P for flange thermow
or the minimum of Piand P; for other types of thermowells. The external pressure rating shall ex
the maximum operating pressure, P. For a flanged or a lap-joint (Van Stone) thermowell, determing
allowable pressure“of the flange, P, in accordance with ASME B16.5, Pipe Flanges and Flange Fitting
the governing.code. De-rate the flange to the minimum of P; and P, if P¢> P, or P.. The maximum allow

VC
eter

sure

13-1)

min-
y for

B1.3,

13-2)

rells,
ceed

the
5, Or
able

operating/pressure of the flange, Pf, shall be in accordance with ASME B16.5 or the governing code umless

P; < Ppor P < Py, in which case Py shall be reduced to the minimum of P; and P..

ting
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Section 7
Overview of Calculations

7-1

Tl
(a
osci
(b
(c
as d
(d

shanpk, and flange.

In

7-2
C
P
T
%4
v
M

v
P
A

the

condlitions (para. 6-3.3), valve operations, or.ether deviations from steady-state operation.

7-3
D

need to be performed (para-6-3:6).

QUANTITATIVE CRITERIA

nere are four quantitative criteria that the thermowell shall meet to be fit for service.

Frequency Limit. The resonance frequency of the thermowell shall be sufficiently high so that destructive
lations are not excited by the fluid flow.

Dynamic Stress Limit. The maximum primary dynamic stress shall not exceed the allowable fatigue stress limit

Static Stress Limit. The maximum steady-state stress on the thermowell shall not exceed the allowable stress
etermined by the von Mises criteria.

Hydrostatic Pressure Limit. The external pressure shall not exceed the pressure ratings of the thermowell tip

addition, the suitability of the thermowell material for the process environment(Seéction 5) shall be considered

FLUID PROPERTIES

bllect the following fluid properties:

= operating pressure, Pa (psi)

= operating temperature, °C (°F)

= process-fluid velocity, m/s (in./sec)

= specific volume (reciprocal of the fluid density p), m/ kg (in.3/1b)
= dynamic fluid viscosity, Pas (Ibf-sec/ft?), or

= kinematic fluid viscosity, m?/s (ft*/sec)

= fluid density, kg/m® (Ib/in.?)

5 noted in para. 6-4.1, viscosity is not needed.if eq. (6-4-4) is used to specify the Strouhal number. In determining
process-fluid velocity, the designer should.consider variations in the fluid velocity due to start-up or shutdowr

FLUID VELOCITY

ptermine whether the fluid velocity is sufficiently low that no calculations other than the external pressure limit

7-4| MATERIAL PROPERTIES AND DIMENSIONS
Cpllect thermowellmaterial properties and dimensions.
7-4.1 Necessary Dimensions
Necessary~dimensions include
A =Coytside diameter of thermowell at support plane or root, m (in.)
H = outside diameter at tip of thermowell, m (in.)
b = fillet radius at root base of thermowell, m (in.)
bs = fillet radius at the base of the reduced-diameter length of a step-shank thermowell, m (in.)
d = bore diameter of thermowell, m (in.)
L = unsupported length of thermowell, m (in.)
Ls = length of reduced-diameter shank for a step-shank thermowell, m (in.)
t = minimum tip thickness of the thermowell, m (in.)

Values of A, b, and L may depend on details of the installation (see subsection 6-7), such as the weld geometry
or the use of weld adaptors.
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7-4.2 Material Properties

Necessary material properties of the thermowell include
E = modulus of elasticity at service temperature, Pa (psi)
S maximum allowable working stress, Pa (psi)
Sy fatigue endurance limit, in the high-cycle limit, Pa (psi)
pn = mass density of the thermowell material, kg/m? (Ib/in.’)

Material Prr\pnrﬁnc donot need to be known to better than 1% of the Prnpnﬂ-y value for mass r‘]nﬂqil-y 59

for

elastic modulus, and 10% for stress and endurance limits. Any interpolation of values in tables or figures(shi
follow the methods recommended by the source of the tables.

Necessary properties of the temperature sensor installed in the thermowell include p; = density of the‘teniperd
sensor, kg/m?® (Ib/in.?)

The temperature-sensor density enters into the calculations only as a small correction, and thédefault valu
[para. 6-5.3 may be used.

7-4.3 Temperature Dependence of Properties

Evaluate the thermowell material density and all of the thermowell dimensions at ambient temperature. K

buld

ture

bs of

Tuid

[properties, the elastic modulus of the thermowell material, and the stress- and fatigie-amplitude limits shall 4l be

evaluated at the operating temperature.

7-4.4 Installation Details

Necessary details of the installation include
Ky = rotational stiffness of thermowell support, (N-m)/rad [(in.-Ib)/rad]

See subsection 6-6 for additional information on the factor Kj;. Subsection 6-7 discusses determination of va
of L, A, and b for various installation types.

7-5 REYNOLDS AND STROUHAL NUMBERS

Calculate the Reynolds number and Strouhal numiber” characterizing the fluid flow (para. 6-4.1). Obtain
coefficients of lift and drag characterizing fluid forcés on the thermowell (para. 6-4.2).

7-6 NATURAL FREQUENCY AT OPERATION TEMPERATURE

Calculate the natural frequency of the, mounted thermowell at operation temperature (subsection 6-5).
calculation consists of the following steps:
Step 1. Calculate the approximate(natural frequency.
Step 2. Use the correlations of subsection 6-5 to correct for deviations from the approximate slender-beam th
Step 3. Correct for sensor and-fluid mass.
Step 4. Correct for foundation compliance.

7-7 NATURAL FREQUENCY AT EXPECTED MODE OF OPERATION

Determine if thé\natural frequency of the mounted thermowell is sufficiently high for the expected mod
operation (subsection 6-8). For the general case, this determination will require calculation of the maximum stre
as described in{subsection 7-8.

7-8 STEADY-STATE AND DYNAMIC STRESSES

Calculate the maximum steady-state and dynamic stresses at the support plane of the thermowell (subsect
6-10-and 6-11). For step-shank thermowells, repeat this calculation at the root of the reduced-diameter portig

lues

the

This

bory.

e of
Eses,

ions
n of

the shank.

7-9 ALLOWABLE FATIGUE LIMITS

Determine if the stresses exceed allowable fatigue limits (subsection 6-12).

7-10 PRESSURE RATING

Calculate the pressure rating of the thermowell, based on the pressure rating of the tip, thermowell shank,
any flange (subsection 6-13). Determine if the pressure rating exceeds the design pressure.
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Section 8
Examples

NO'IIE: In the following examples, intermediate results are given for the multistep calculations. Although intermediate resulfs, are

rouny
roun|

1072

8
the

weldl. The nominal insertion of the thermowell into theprocess stream is 4 in. The unsupported length, L, exceeds

this
(a
(M
(c
(d
(e
(f

8
proj

E

J1 Application, Properties, Dimensions, and Installation

Hed to four significant digits in the text for clarity, numerical calculations were performed for the full chain of calculations, withou
Hing.

TAPERED, WELDED THERMOWELL FOR A STEAM-HEADER APPLICATION (U.S. CUSTOMARY UNITS)

bnsider a thermowell for a steam bypass line, for use under ASME B31.1, Power Piping.

-1.1.1 Steam Properties

superheated steam pressure: P = 235 psig

operating temperature: T = 450°F

normal flow condition: V = 295 ft/sec

steam density: p = 0.499 lb/ft’

viscosity: u = 0.0171 cP, or using the conversion factor 1 ¢P = 6.7197 X 107 Ib/(ft-sec), u = 1.149 X
Ib/ (ft-sec)

+1.1.2 Thermowell Dimensions. The weld-in thermowell hias a tapered shank. For this high velocity application
hermowell is welded directly into the process piping, with the support plane in the heat-affected zone of the

nominal length due to the possible incomplete_penetration of the weld [see Fig. 6-6-1, illustration (f)].
root diameter: A = 1.5 in.
tip diameter: B = 1.0 in.
fillet radius at base: b = 0.0 in.
bore: d = 0.26 in.
unsupported length: L = 4.06 in.
minimum wall thickness: ¢ (=)0.188 in

-1.1.3 Materials Properties.” The material of construction is ASTM A105 carbon steel [18], with the following]
erties:

from ASME B311, JTable C-1 (interpolated in temperature), modulus of elasticity at service temperature
27.5 x 10° psi

from ASME-B31.1, Table A-1, maximum allowable working stress: S = 19,800 psi

thermowell construction is welded, then machined, so from Table 6-12.3-1 (Class A, welded), fatigue endurance
, in thelHigh-cycle limit: S, = 3,000 psi
frem:reference [19], mass density of carbon steel: p,, = 0.284 Ib/ in?

..... v

thermowell is mounted to a thick-wall pipe (subsection 6-6) and will use eq. (6-6-5) to calculate H..

For the average density of the temperature sensor, we will use the default value found in para. 6-5.3, Step 5,
ps = 169 Ib/ft’.

8-1.1.5 Reynolds and Strouhal Numbers. The Reynolds number is calculated [eq. (6-4-3)] as

. 3
Re = VBP _ (295 ft/sec) (1.0 in.) (0499 Ib/ft}) 1068 x 10°
M [1.149 x 107° Ib/(ft-sec)] (12 in./ft)
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For this example, Re > 5 X 10°, and either eq. (6-4-2) or (6-4-4) gives the Strouhal number Ng = 0.22.
The force coefficients using eq. (6-4-5) are

Cp =14
Cy = 0.1
C =10

Step 1.  Approximate natural frequency [eq. (6-5-1)]:

I = w(D?t - d*) /64 = w[(1.25 in.)* - (0.26 in.)*]/64 = 0.1196 in.*

m = pym(D2 - d?)/4 = (0.284 1b/in.3) w[(1.25 in.)? — (0.26 in.)*]/4 = 0.3334 Ib/in

where
D, = (15in. + 1.0in.)/2 = 1.25 in.
Calculate the approximate natural frequency of the thermowell as

12 27

_ 1875° (EIY? 1 1.8757 [(27.5 X 10° psi) [386.088 in-lb/(Ibfsec’)(0.1)96dn.)]"/* 1
fo= =%\ 0.3334 Ib/in. (406 in.)?

where
E = the elastic modulus at the operating temperatufe
I = w(D,* — d*)/64, which is the second moment 6f inertia
L = unsupported length of the thermowell
m

= p,m(D,> — d*)/4, which is the mass per-unit length of the thermowell
square inch (equivalent to Ibf/ in2). (Seé para. 6-5.3, Step 2, and Nonmandatory Appendix A.)

_099[1+(1-B/A)A - B/AP] 099 [1+ (1 - 0.6667) + (1 — 0.6667)°]

& 1+ 1.1 (DgLyH - 08@n)] 1+ 1.1(0.3079)°" - 0802080) -1
where
B/A = (1.0 in) /(15 in.) = 0.6667
D,/L = (1.25inJ/(4.06 in.) = 0.3079
d/D, = (0:264n.)/(1.25 in.) = 0.2080

Step 3. Correct.for’the fluid mass:

P4 (0.499 1b/ft%)

H,=1- —1-
2 2, 2(0.284 1b/in?)(1,728 in3/£)

= 0.9922

Step4”  Correct for the sensor mass:

= 2,095 Hz

The conversion factor 386.088 in.-lb = 1\lbf-sec? is necessary when E is given in units of pound per

Step 2. Use the correlations of subsection 6-5 te correct for deviations from the approximate slender-beam th¢ory:

3
Hy,=1-2 ! —1- (169 1b/1t) ( ! ):0.9922
2pm | (D,/d)* - 1 2(0.284 1b/in.%) (1,728 in3/ft%) \4.808 - 1

where
D,/d = (1.25in.)/(0.26 in.) = 4.808

Step 5. The lowest-order natural frequency of the thermowell with ideal support [eq. (6-5-6)] is given by

fu = HyHy s Ho s fo = (1.352)(0.9995)(0.9922)(2,095 Hz) = 2,809 Hz

35


https://asmenormdoc.com/api2/?name=ASME PTC 19.3 TW 2016.pdf

ASME PTC 19.3 TW-2016

Step 6.  Correct for foundation compliance [eq. (6-6-5)]:

(A/L) (0.3695)

H, =1-(0.61) s=1- (0.61) ————— = 0.7746
[1+1.5(b/4)] [1+15(0)]
where
A/L = (15 in.)/(4.06 in.) = 0.3695
b= \G.G iu.)/ \1.5 iu.) =00

The in situ natural frequency of the mounted thermowell [eq. (6-6-1)] is given as
fS = Hf, = (0.7746) (2,809 Hz) = 2,176 Hz

8-1.3 Scruton Number Calculation

B¢cause the Reynolds number exceeds 10°, the general frequency limits of para. 6-8.3 apply and-no calculation
of Sfruton number is needed. The calculation is included here as an example. We take a conservative value of
0.00p5 for the damping factor, ¢, used in eq. (6-8-1):

0.284 Ib/in3

Ns = wdlpn/p)[1 - (d/B)7] = =(0.0005) (0.499 Ib/£8)(5.787 x 10~* ££/in.%)

(1 ~,0:2600%) = 4.525

whdre
dB = (0.26 in.)/(1.0 in.) = 0.26

Although N, is greater than 2.5, the Reynolds number exceeds 10°, arid the in-line resonance cannot be assumed
to be suppressed.

8-1.4 Frequency Limit Calculation

Step|1. From eq. (6-4-1), the vortex shedding rate with a Strouhal number of Ng = 0.22 and at the normal flow]
condition is

NV (0.22)(295#t/sec)(12 in./ft)
== 10m)

= 778.8 Hz

Step|2.  Check that the natural frequency of\the mounted thermowell is sufficiently high. In the present example
the thermowell passes the most stringent frequency limit [eq. 6-8-7)]:

£ < 0.4f¢
778.8 Hz < 8702 Hz = 0.4(2,176 Hz)

In this case, no calctlation of cyclic stress at in-line resonance is needed, because the forced or Strouhal
frequency is less-than the in-line resonance frequency. However, for the sake of completeness, calculatior
of this quantity\is“included in para. 8-1.5.

8-15 Cyclic Stress)at the In-Line Resonance

Step|1.  Use eqs.(6-8-3) and (6-8-4) to establish the flow velocity corresponding to the in-line resonance:

¢ (1.0in.)(12 in./ft)}(2,176 Hz
Vi = % = ( )( 20 22)) ( ) = 412.0 ft/sec

Step 2. Evaluate cyclic drag stress at the root. The magnification factor, Fj;, for the drag or in-line resonance is
set at 1,000 [see paras. 6-8.3, Step 1; and 6-9.2]. Begin by evaluating the value of Ggp using eq. (6-10-7):

16L2 [+ 2(8/4)] = 16(4.06 in.)?

Gop = — O
7 3mAY1 - (4/A)Y] 3m(15 in.)A(1 - 0.1733%)

[1 +2(0.6667)] = 29.05

where
d/A = (026 in.)/(1.5 in.) = 0.1733
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From eq. (6-3-3), the force per unit area due to cyclic drag is

(0.499 1b/1t%)(5.787 x 107* ££3/in.%)(0.1)

1 1
2 [386.088 in.-Ib/(Ibf - sec?)]

2 . 2 .
Py =5 pCViR = [(412.0 ft/sec)(12 in./ft)] = 0.9143 psi

where the conversion factor 386.088 in.-Ib = 1 Ibf-sec? is included to give a final answer in units of pounds
per square inch (psi).

Step 3.

Step 4.

Step 5.

Step 6.

Step 1.

Step 2.

Step 3.

Step 4.

8-1.6 Steady-State Stress at the Design Velocity

The-eyelic-stresses-due-to-eyekic-dragfeg—6-10-6)-at-the-in-lineresonance-condition-are
Ss = GspFuPs = 29.05(1,000)(0.9143 psi) = 26,560 psi
Evaluate the stress concentration factor from eq. (6-12-4):
K, = 22
Evaluate combined drag and lift stresses, with lift stress set to zero [eq. (6-12-3)]:
So max = Ki(S2 + S12)V* = K,S; = 58,430 psi

Evaluate the temperature de-rating factor from eq. (6-12-6):

27.5 x 10° psi

Fr = E(T)/Ewt = —
29.3 x 10° psi

= 0.9386
The environmental de-rating factor, Fp, is taken as unityfor steam service.
Compare the predicted stress with the fatigue stress limif; given by the right-hand side of eq. (6-1215):
FrFeSy = (0.9386)(1.0)(3008psi) = 2,816 psi

The fatigue stress limit, 2,816 psi, is less than‘the combined stress, 58,430 psi. The thermowell wpuld
not pass the cyclic stress condition for steady-state operation at the in-line resonance, correspondirfg to
a fluid velocity of 412 ft/sec, if the vortex'shedding frequency, fs, had been greater than 0.4f,° (see para.
8-1.4, Step 2).

Evaluate the radial, tangentialy;ahd axial stresses due to the external pressure, at the location of maxithum
stress [eqs.(6-11-1) through\(6-11-3)]:

§,= P = 235 psi

1+ (d/A)? 2
S, =P M = (235 psi) M = 249.6 psi
1-(d/A)? 1 - (0.1733)%
P
Sy = —————— = (235 psi) —————— = 242.3 psi
1 - (d/A)? @5p )1 - (0.1733)2 P

Evaluate steady-state drag stress at the root. First, evaluate the steady-state drag force per unit aregq:

(0.499 Ib/£t%)(5.787 x 107* £t3/in.%)(1.4)
[386.088 in.-1b/(Ibf-sec?)]

2
Pp = =pCpV? = % [(295 ft/sec)(12 in./ft)] = 6.561 psi

per square inch (psi).
Evaluate the steady-state stress due to the drag force [eq. (6-10-4)]:
Sp = GspPp = 29.05(6.561 psi) = 190.6 psi

Before using the von Mises criterion to assess the stress limit at the root, compute the maximum stress
given by eq. (6-12-1):

Smax = Sp + S, = 432.9 psi
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Compute the left-hand side (LHS) of the von Mises criteria [eq. (6-12-2)]:

2 2 2
LHS = \/(Smax - Sr) + (Smazx - St) + (St - Sr) = 191.0 pSl

Compute the stress limit given by the right-hand side (RHS) of the von Mises criteria [eq. (6-12-2)]:

RHS = 1.5 = 1.5(19,800 psi) = 29,700 psi

8-1.7 Dynamic Stress at the Design Velocity
Step| 1.

Step| 2.

Step| 3.

Step| 4.

Step| 5.

The von Mises stress, 191 psi, does not exceed the stress limit, 29,700 psi, and the thermowell passe§
the steady-state stress criterion.

The magnification factors for the lift (transverse) and drag (in-line) resonances are giveryby eqs. (6-9-1
and (6-9-2), respectively:

. 7788 Hz
= =omens - 0.3580
By = — ! = 1.147

1-72  1-0.3580

2. 2(778.8 Hz)
ro= = e - 0.7159

, 1

S S—Y )
M1 2 (0.7159)

Evaluate the dynamic drag and lift stresses at the root. Using eq. (6-3-3), calculate the force per unit areq
due to cyclic drag and lift:

(0.499 1b/£t%)(5.787 x 107* £°4n.)(0.1)
[386.088 in.-1b/ (Ibf:sec?) ]

(0.499 1b/£t%)(5.787 x 10:* ft3/in.%)(0.1)
[386.088 in.W/A(Ibf - sec?)]

[(295 ft/sec)(12 in./ft)]2 = 0.4686 psi

1
—_ 2 = =
Py = 5pCiV 5

[(295 ft/sec)(12 in./ft)]2 = 0.4686 psi

1
= = 2 = =
Pl = pCIV 5

The cyclic stresses due to drag.and lift [egs. (6-10-5) and (6-10-6)] are

Ss =.GspFuPs = (29.05)(2.052)(0.4686 psi) = 27.93 psi
Sr="GspF\P; = (29.05)(1.147)(4.686 psi) = 156.1 psi

The concentration factor is identical to the value calculated in 8-1.5, Step 3, K; = 2.2.
Evaluate combined-drag and lift stresses [eq. (6-12-3)]:

1/2
So max = Ki(Si2 + 8.2)"? = 2.2[(27.93 psi)® + (156.1 psi)’] = 348.9 psi

The temperature de-rating factor is identical to the value calculated in para. 8-1.5, Step 5, Fr = 0.9386
Thé environmental de-rating factor, Fp, is taken as unity for steam service.
Compare the predicted stress with the fatigue stress limit, given by the right-hand side of eq. (6-12-5):

FrFeSe = (0.9386)(1.0)(3,000 psi) = 2,816 psi

The predicted stress of 348.9 psi is below the fatigue stress limit, and the thermowell passes the dynamic
stress criterion.

8-1.8 Pressure Stress

Step 1.

Compute the external pressure rating for the shank using eq. (6-13-1):

2.167
2(1.0 in.)/(L.0 in. — 0.26 in.)

2.167
2B/(B - d)

P. = 0.66S [ - 0.0833} = 0.66(19,800 psi) [ - 0.833] = 9,389 psi
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Step 2. Compute the external pressure rating for the tip using eq. (6-13-2):

Py

d

_ S ([t} _ 19,800 psi [0.188 in.
T013\d) T 013 (026in.

2
) = 79,630 psi

The pressure rating for the thermowell is the lesser of P; and P., which is 9,389 psi in the present case.
This rating exceeds the 235-psi operating pressure, and the thermowell passes the external pressure
criterion

8-2 STEP-SHANK, THREADED THERMOWELL FOR A HOT WATER APPLICATION (SI UNITS)
8-2.1 Application, Properties, Dimensions, and Installation
Consider a thermowell for a heated-water application, for use under ASME B31.1, Power Pipifig.

8-2.1.1 Fluid Properties

(a) operating pressure: P = 0.400 MPa (gauge pressure)

(b) operating temperature: T = 85°C

(c) normal flow condition: V = 10 m/s

(d) density: p = 968.8 kg/m®

(e) viscosity: u = 3.334 X 107* Pas = 3.334 x 107* kg/(m:s).
Density and viscosity values were obtained from reference [9], based on tHe-pperating pressure and temperature.
The Reynolds number is calculated [eq. (6-4-3)] as

1 0127 m) (968.8 kg/m’>
Re = VBe _ (10m/s) (00127 m) (968.8 kg’ _ ;o 105
Iz (3.334 x 107* Pa-g)

For this example, the Strouhal number is calculated using-eq. (6-4-2) as

2 3
Ns = 0.213 - 0.248 [Logyo (Re/1300)] + 0.0095Log;o (Re/1 300)]
2 3
= 0.213 - 0.248 [Logy, (3.690 x 10°/1800)] + 0.0095 [Logj (3.690 x 10°/1300)] = 0.2040

and the force coefficients using eq. (6-4-5) are

Cp = 14
Cy =01
C =10

8-2.1.2 Thermowell Dimensions. The thermowell has a step shank with a threaded base, as shown in Fig. 4
illustration (a).

(a) root diameter: A = 0:6222 m

(b) tip diameter: B /="0:0127 m

(c) fillet radius at sppport plane: b = 0 m

(d) fillet radius.at base of step: bs = 0.0032 m

(e) bore: d.={0:0066 m

(f) unsupported length: L = 0.19 m

(g) length of reduced-diameter shank: Lg = 0.0635 m

(h)sminimum wall thickness: t = 0.0048 m

1-3,

8:2.1.3 Materials Properties. The material of construction is ASTM A182 F316 stainless steel [20], with propefrties

dS I01IOWS.

(a) from ASME B31.1, Table C-1 (interpolated in temperature), modulus of elasticity at service temperature:
E =193 x 10° MPa = 1.93 x 10" Pa

(b) from ASME B31.1, Table C-1 (interpolated in temperature), modulus of elasticity at ambient temperature:
E = 1.95 x 10° MPa

(c) from ASME B31.1, Table A-3 (interpolated in temperature), maximum allowable working stress: S = 122 MPa

(d) thermowell construction is threaded base, so from Table 6-12.3-1 (Class B, threaded), fatigue stress amplitude
limit: Sf = 37.2 MPa

(e) from reference [19], mass density of F316 steel at ambient temperature: p,, = 8 000 kg/m?
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8-2.1.4 Installation Details. For the rotational stiffness of the thermowell support, Ky, we will assume the
thermowell is mounted to a rigid flange (see subsection 6-6) and will use eq. (6-7-1) to evaluate the correction factor
on the natural frequency.

For the average density of the temperature sensor, we will use the default value from para. 6-5.3, Step 5,
ps = 2 700 kg/m?.

8-2.2 Natural Frequency Calculation

Step[T. Approximate natural frequency [eq. (6-0-1)1:

I = w(D,* - d*) /64 = w[(0.0222 m)* - (0.0066 m)*]/64 = 1.183 x 10~*m*

pu(D,2 = d%)/4 = (8000 kg/m®) = [(0.0222 m)* - (0.0066 m)*]/4 = 2.823 kg/m

m
where
D,=A = 0022m

Calculate the approximate natural frequency of the thermowell as

1875 (EI)UZ 1 1875 [(1.91 x 10" Pa)(1.183 x 10°® m4)T/ S|

T 2m \m| 27 2m 2823 kg/m (@9my 438.5 Hz
where
E = the elastic modulus at the operating temperature
I = w(D,* — d*)/64, which is the second moment of ineftia
L = unsupported length of the thermowell
m = p,m (D> — d*)/4, which is the mass per unit length of the thermowell

Step|2.  Use the correlations of subsection 6-5 to correct for-deviations from the approximate slender-beam theory

y1 = [c1(A/B) + c)(Ly/L) + [cs(A/B) + c4] = [1.047(1.748) — 0.839] 0.3342 + [-0.022(1.748) + 1.022] = 1.525
Yo = [c5(A/B) + c6)(Ly/L) + [c,(A/B) + cs] = [<2:928(1.748) + 1.594] 0.3342 + [1.313(1.748) + 0.362] = 1.888
B = [co(A/B) + c10] = [8.299(1.748) — 5.376] = 9.131
(

Hy = (yi7? + o P)7VP = (152577191 + 1.8887913) /913 = 1503

where
A/B = (0.0222 m)/(0.012%7m) = 1.748
Ls/L = (0.0635 m)/(07190 m) = 0.3342

Step|3.  Correct for the fluid mdss:

3
p = 1 - M = 09395
2pm 2(8 000 kg/m®)

Hyp=1-

Step|4.  Correct for the sensor mass:

H, . = P ((;):1_(2700kg/m3)( 1

- = 0.9836
2pw\(D,/d)* - 1 2(8 000 kg/m?) \3.364% — 1)

where
D,/d = (0.0222 m)/(0.0066 m) = 3.364
Step 5. The lowest-order natural frequency of the thermowell with ideal support [eq. (6-5-6)] is given by

fo =H;H, s H, . f, = (1.503)(0.9395)(0.9836)(438.5 Hz) = 609.1 Hz
Step 6. Correct for foundation compliance [eq. (6-7-1)]:

H.=1-09(A/L) =1-0.9(0.1168) = 0.8948
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