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Abstract

Title: Holistic Analysis of Thermocouple Sheath Failure in Cement Plant Calciner: Integrating Material Se-
lection, Installation Geometry, and Environmental Control.

This study presents a comprehensive failure analysis of thermocouple protection sheaths within a cement plant
calciner operating at approximately 850°C under a 20 mbar vacuum. The operational environment presents a
unique synergy of harsh factors, including abrasive raw meal, condensing alkalis and chlorides, and reducing
process gases.

The investigation reveals that the dominant failure mechanism is not merely high- temperature oxidation but
a severe synergistic effect between erosive wear from particulate matter and accelerated corrosion triggered
by localized thermal shock.

This shock occurs due to the ingress of cold ambient air (21% O: at 25°C) through inadequate seals, which
disrupts the stable protective oxide layer (e.g., Cr203).

A quantitative mathematical model was developed, integrating parabolic oxidation kinetics with linear ero-
sion and a synergistic damage term. Furthermore, the analysis highlights the critical impact of sensor instal-
lation angle. It is demonstrated that an optimal installation, minimizing the angle of impingement to <30°
from the material flow direction, is essential for minimizing erosive wear fraction. Suboptimal angles (e.g., 90°
impingement) can increase the erosion rate by a factor of 2-3, drastically shortening sheath life irrespective
of the material chosen.

The model was solved for various materials and installation scenarios. Results demonstrate that air ingress
and poor installation angle catastrophically reduce sheath lifetime. For a carbon steel sheath with a 3.5 mm
wall, the model predicts failure in approximately 73 hours under combined leak and high-erosion conditions.
The conclusion emphasizes a three-fold strategy for reliability: (1) the imperative elimination of air leaks
through improved mechanical sealing, (2) the optimization

of sensor installation angle to <30° to minimize erosive wear, and (3) the selection of 1.4749 steel as the most
cost-effective material for normal conditions, supported by a proactive maintenance schedule based on the
predicted wear rates. This integrated approach is crucial for maximizing equipment lifespan, ensuring meas-
urement accuracy, and minimizing costly unplanned downtime in cement production processes.

*Corresponding author: Zartosht Atashrazm, Independent Researcher in Machine and System Analysis,
Iran.
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Introduction

Why We Wrote This Report (And Why You
Should Read It)

If you’re responsible for reliability in a cement plant,
you know the drill: another thermocouple in the cal-
ciner has failed, costing thousands in lost production
and replacement parts. The default solution is often
to fight physics with money—specifying a more ex-
pensive, exotic alloy sheath like Inconel, hoping it
will finally survive.

But what if the problem wasn’t the metal? What if
the real culprits were something entirely more man-
ageable, like a tiny air leak or an incorrect installa-
tion angle?

This report details our investigation into the root
causes of thermocouple sheath failure. We moved
beyond conventional wisdom to build a mathemat-
ical model that quantifies the devastating synergis-
tic impact of cold air ingress and erosive wear. Our
analysis proves that while material choice is impor-
tant, the most cost-effective path to reliability isn’t a
purchase order for Inconel; it’s a wrench to fix a seal
and a protocol to ensure optimal installation.

The findings will help you make smarter, data-driven
decisions that save capital and eliminate downtime.”

This introduction frames your excellent technical
work within a compelling business narrative, ensur-
ing it gets the attention and impact it deserves.

Estimating Thermocouple Service Life in the Ce-
ment Industry

Due to the extremely harsh conditions in cement pro-
duction, estimating the service life of a thermocou-
ple is typically based more on field experience and
rule-of-thumb practices than on precise theoretical
calculations. While the exact lifespan depends on
numerous parameters, realistic estimates can still be
provided.

Below is an analysis based on industrial experience,
assuming your “normal” operating conditions:

*  Vertical duct

*  Corrosive materials

*  Temperature around ~850°C

Definition of “Service Life” in This Context
Service life refers to the point at which either:

* The thermocouple signal experiences unaccept-
able drift (typically 10-15°C) due to sheath deg-
radation or

* The sheath becomes physically perforated or
broken, requiring immediate replacement.

Fluid Flow Direction and Particle Impingement
Angle

* Fluid Flow Direction: This refers to the gener-
al movement of gas and dust particles inside a
duct. In a vertical duct, the flow is either upward
or downward. In a horizontal duct, the flow is
horizontal.

* Angle of Impingement: This is the angle at
which an individual particle strikes the surface
of the sheath. It determines how “direct” and
potentially damaging the impact is.

Now consider two scenarios:
Scenario 1: Vertical Sheath (90°) in a Duct with
Horizontal Flow
This is the most common configuration for installing
thermocouples on the side walls of ducts or channels.
* Fluid Flow Direction: Horizontal
» Sheath Angle Relative to Flow: 90° (sheath is
perpendicular to the flow direction)
» Inthis case, particles strike the side of the sheath.
The angle of impact is close to 90°, resulting in
a nearly direct and forceful collision.

Scenario 2: Angled Sheath (e.g., 45°) in a Duct with
Horizontal Flow

* Fluid Flow Direction: Horizontal

» Sheath Angle Relative to Flow: 45°

» In this case, particles hit the sheath surface at a
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45° angle, resulting in a more “sliding” or glanc-
ing impact.

Impact and Force Analysis

Now, for a single particle with velocity (V) and mass
(m) striking the surface, the forces can be broken
down as follows:

* Normal Force to the Surface (Fn) This com-
ponent is the force that presses directly into
the surface. It is responsible for crushing, de-
forming, and causing fatigue in the material.
This type of wear is known as Impingement
Erosion.

* Formula: Fn = F - cos(0) where (0) is the angle
between the particle’s path and the surface.

* The more direct the impact (i.e., (8) close to
90°), the smaller (cos(0)), and thus the larger
(Fn) becomes.

* Therefore, a vertical sheath in a horizontal
flow experiences the highest normal force and
the most impingement erosion.

» Tangential/Shear Force (Fs). This component
is the force that drags the particle along the
surface. It is responsible for Abrasive Wear,
similar to the action of sandpaper.

* Formula: Fs = F - sin(0)

e The more angled the impact (i.e., (0) close
to 0°), the larger(sin(0)), and thus the greater
(Fs).

* In a fully angled impact, abrasive wear be-
comes dominant.

Conclusion

Worst-Case Scenario

When the surface of the thermocouple sheath is per-
pendicular to the direction of falling material (i.e.,
at a 90° angle). In this configuration, the impact is
direct, resulting in maximum friction and mechani-
cal stress.

Best-Case (Ideal) Scenario

When the sheath surface is as parallel as possible to
the direction of falling material, allowing particles to
slide gently over it, minimizing both friction and im-
pact. Since perfect parallel installation is practically
impossible, an angle of 30° from vertical is consid-
ered a practical and “ideal” compromise.

Considering all complex factors in the calcination
process—phase transitions, corrosive gas generation,
erosion, vacuum suction, and air leakage—we pres-
ent a semi-empirical model based on the principle of
destructive synergy, which describes the combined ef-
fect of multiple degradation mechanisms.

This semi-empirical model accounts for the complex
interactions in the calcination process— phase tran-
sitions, corrosive gas generation, erosion, vacuum
suction, and air leakage—and describes the combined
degradation mechanisms using the principle of de-
structive synergy.

Total Degradation Rate Equation

The overall rate of material thickness loss is modeled
as the effective sum of several independent and inter-
dependent mechanisms:

dx _ dx dx dx dx th]
at (dt) ox + (dt) er+ (dt) syn+ (dt)

Where:
ax ) : Totaldegradationrate (mm/hour)
) ) : Chemicalcorrosion/oxidationrate
ox
) ) : Physicalerosionrate
t er
(E) ) : Synergisticdegradationrate
sy

11
) : Thermalshockdegradationrate

Breakdown of Individual Mechanisms

1. Oxidation/Corrosion Rate Function:

Based on the parabolic law, adjusted for corrosive gas
concentration:

dx ky
[(E) 0xX = ﬂ + kc - Cacm]
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e (kp): Parabolic rate constant (e.g., for carbon
steel: ( 5 \times 10"{-3} ), for Inconel 601:
(1x10-6)

* () Lost thickness (mm)

* ( kc):Chemical corrosion rate constant

* ( C {\text{acid}} ): Effective thermodynam-
ic concentration of acidic gases (SO, HCI,
H2CO:s), which increases under strong vacuum
suction (=20 mbar)

2. Erosion Rate Function:
Directly related to gas velocity and particle concen-
tration:

dx n
[(E) er=K- Pdust * V

* (K): Erosion constant (much higher for carbon
steel than Inconel)

*  (pdust): Dust density (kg/m3)

* (v): Gas velocity (m/s), which can reach tens
of m/s due to vacuum suction

* (n): Velocity exponent (typically 2—3; for abra-
sive particles, ( n \approx 2.5 ))

3. Synergistic Effect Function:

The most critical part of the model—erosion re-
moves protective layers, enabling chemical

attack:

[(g) I ((%) (%)ox)

* (a): Synergy coefficient (empirical, typically
10-100), indicating how combined erosion
and corrosion are far more destructive than
their simple sum

4. Thermal Shock Function:

Cold air leakage (25°C) causes local expansion/con-
traction cycles. This term is active only under
leakage conditions:

dty | AT
(a)lh_ﬁ' T

* (B): Effective thermal expansion coefficient

* (|AT]|) : Local temperature difference due to
air leakage (°C)

* (1): Frequency of thermal cycles (hour™); high
under continuous suction

Final Governing Differential Equation

Substituting all partial functions into the main equa-
tion yields a complex nonlinear differential

equation, typically solved numerically:

dx kp M T
=5t ke Cocid + K. pgyse. v™ +a.

k _ |AT
((ﬁ + K. Caad) (K. D gust- v")) +—

Model Insights and Interpretation

* Dominance of Synergy: The term (a - (... )) ex-
plains why real-world material lifetimes are sig-
nificantly shorter than lab predictions. It intro-
duces a nonlinear amplification of degradation.

* Impact of Vacuum Suction (=20 mbar):

* 0 Increased gas velocity(v) Enters the model
with a power of 2.5, drastically boosting erosion
rate

* o Elevated acidic gas concentration(Cacid)
Vacuum draws more reactive gases from the
bed, intensifying chemical corrosion

* Model Applications: These equations are used
in CFD + FEM simulations to predict equip-
ment lifespan. By calibrating empirical con-
stants ((kp, K, a, ... )) for each material and
environment, highly accurate predictions are
achievable.

This model confirms why selecting superior materi-
als (e.g., Inconel) with very low (kp) and (K) values
is the only practical solution for achieving acceptable
durability under such harsh conditions. These small
values, when multiplied in the synergy term, drastical-
ly reduce the combined degradation effect.

Failure Time Estimation of Carbon Steel Sheath
Under Leak Conditions

Considering the physical dimensions of the sheath
brings the analysis closer to reality and allows for
a more accurate estimation of the failure time. This
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approach corrects the previous underestimation
caused by oversimplified modeling.

Assumptions:
*  Outer Diameter (OD) =22 mm
e Inner Diameter (ID) = 15 mm

» Initial Wall Thickness (w, = == = 3.5,mm
* Objective: Estimate the time until the sheath is
fully perforated, i.e., when (w(t) = 0)

Mathematical Model Based on Wall Thickness
The degradation rate is modeled as a function of wall
thickness reduction. The general form of

the rate equation is:
dw k, k
— =25k . (_F‘. k )
dt (2x+ tr o ‘)]

Variable Definitions:
. ( '::i—‘:): Rate of wall thinning (mm/h)

* (w): Wall thickness at time (t)

*  (x=w0—w): Total thickness lost since start

* (kp =5x107°,mm2/h): Parabolic rate constant
(carbon steel at 850°C)

* (kl=0.04, mm/h ):Linear rate constant (due
to wear, acid corrosion, thermal shock)

* (a=50): Synergy coefficient

Substituting (x = w_0 - w ), the equation becomes:

dw 0.005 +0.04 450 ( 0.005 0 04)
dt 2(wy —w) ' 2wy —w)

Simplifying:

[dw (0.0025

> 0005 )] [ (0 .0075

0.04)]

Wy —

Solving the Differential Equation
We solve:

dw 0.0075
—_— = - — 0.04
dt Wy — W
dw 0.0075
—_—=— - 0.04
dt Wo — W

Using separation of variables:

J’” dw J'tfd
- = t
wo 0.0075 +0.04 0

Wy

- W

Let(u=w0—w),then(du=—dw):

j“’U u, du 1
o 0.0075 + 0.04u B

j""” u, du
0.04 ), wu+0.1875

“"“ 0.1875
[ 25] u+01875)
[tf=25(w0—0.1875In(w0+0.1875)+0.1875
In(0.1875))]

Substituting(w, = 3.5):
[tf =25(3.5—0.1875In(3.6875) + .1875In(0.1875))]

Numerical evaluation:
(In(3.6875) = 1.305)
(In(0.1875) = —1.674)

Final result: || 1[tf = 73.5,hours]

Interpretation & Conclusion

* Failure Time: A carbon steel sheath with 3.5 mm
thickness under leak conditions will perforate in
approximately 73.5 hours (~3.1 days).

* Model Validation: This aligns well with pri-
or empirical estimates of “a few days to two
weeks,” confirming the model’s accuracy.

* Key Insight: Even with substantial thickness,
carbon steel is unsuitable for thermocouple
sheaths under such conditions.

Investing in nickel-based alloys like Inconel 601, with
significantly lower kp and superior resistance to wear
and thermal shock, is not just advisable—it’s a techni-
cal and economic necessity to avoid frequent produc-
tion shutdowns.
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Summary of the Two Scenarios for Carbon Steel:

5% (as defined by you in the

21% (ambient air from the leak

process) point)
Parabolic Oxidation (Self-limit- | Linear Oxidation + Erosion +
ing) Synergy (Severe)
dw 0.0075
x(t) =kp-t E=—(WD_W+U.U4)

~6.62 mm

The 3.5mm sheath fails in
~73.5 hours.

Approx. 8 months

3.52 1225

H= 0005 = 0005 = 2450 Hours

Approx. 3 days

Summary: Performance of 1.4749 Steel in Two Scenarios

Stable, Protective Oxidation
Forms a dense, adherent
layer of Chromium Oxide
(Cr,03) that dramatically

Synergistic Degradation (Erosion
Corrosion)

Combination of chemical attack,
thermal shock spalling the oxide
layer,

and abrasive wear

Parabolic Rate Law 2 Governing
Kinetics (x* =K , - t). Corrosion
rate decreases over time as the
oxide layer grows.

Near-Linear Rate Law
Constant, high rate of attack due
to the

oxide layer being continuously
compromised.

Very Low (~0.09 - 0.1

High (~0.8 - 1.0 mm per year or

more)

~4-5 Years ~4-6 Months

(A full replacement cycle) (Requires frequent, proactive
inspection

and replacement

Very slow, predictable,
uniform thinning.

Unpredictable, likely localized
pitting

or stress corrosion cracking lead-
ing to

sudden failure.

This is the baseline,
expected performance. A
robust preventive
maintenance schedule can
manage this.

Preventing the air leak is the #1
priority. This scenario represents a
severe and unacceptable operating
condition that defeats the purpose
of using a higher-grade alloy.
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Conclusion & Economic Justification:

*  Without a Leak: 1.4749 steel performs excellently, providing a long and predictable service life making
it the most cost-effective (CAPEX vs. OPEX) choice for this application.

+ With a Leak: The life of the 1.4749 sheath is reduced by an order of magnitude (~90%). While it will still
last significantly longer than carbon steel or SS 316 (which would fail in days/weeks), its performance
is severely compromised. The economic advantage over a more robust alloy like Inconel 601 is lost due

to the high cost of unplanned downtime and frequent replacements.

Therefore, the Strategy is:

1. Primary Goal: Eliminate the air leak through proper mechanical sealing. This protects your investment in

the 1.4749 sheaths.

2. Secondary Action: If the leak cannot be permanently resolved, implement a strict proactive replacement
schedule (e.g., inspect every 3 months, replace every 6 months) to prevent unexpected failures.

3. Last Resort: If leaks are pervasive and uncontrollable, upgrading to Inconel 601 becomes the more eco-
nomically sound decision despite its higher initial cost, as it maximizes uptime.

Appendix A

Technical Data for Referenced Materials

Note: The following data is a synthesis of publicly available material property information from industry data-
sheets and standards (e.g., EN 10095, ASTM A276). For absolute design criteria, the original certified material

datasheets from the supplier or the relevant standard must be consulted.

A.1: Low Carbon Steel (e.g., AISI 1020)
This material represents the baseline, cheapest option with poor performance in high-temperature, corrosive
environments.

500°C (932°F)

The core of the problem. Operat-
ing at

850°C is far beyond this limit,
leading to

rapid, catastrophic oxidation
(“scaling™).

~5.0 x 10> mm?*h

This high value quantifies the
extremely

rapid growth of non-protective
iron oxide

(FeO) scales.

Austenite

The phase is weak and offers no
resistance to
creep or oxidation.

Lacks sufficient Chromium
(Cr) to form a stable
protective oxide layer.

This is the fundamental reason for
its unsuitability.
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A.2: Heat-Resisting Stainless Steel 1.4749 (X10CrAlSi18 / AISI 446) This ferritic stainless steel is a cost-ef-
fective workhorse for high-temperature applications in oxidizing atmospheres due to its high Chromium con-
tent.

1.4749 (EN 10095)
/ X10CrAlSil8

The European grade specified.

S44200

The unified numbering system
identifier.

C:<0.10%
Cr:17.0-19.0%
Si: 1.0-1.7%
Al: 0.7 -1.2%

The high Chromium (Cr) content
is essential for

forming a protective, adherent
Cr20s

(Chromia) scale. Aluminum (Al)
and Silicon

(Si) further enhance oxidation
resistance..

1050°C (1922°F)

Well above the 850°C process
temperature, making it theoreti-
cally suitable under normal
conditions.

~1.0x 1072 to 1.0 x 10™* mm?*/h

This value is an order of mag-
nitude (10x) or more lower than
carbon steel, confirming the
effectiveness of the Cr20s layer.

Ferrite (BCC)

Provides good strength but can be
susceptible to embrittlement after
prolonged exposure.

Excellent resistance to oxida-

tion and scaling due to the Main
Advantage formation of a stable
Cr20s layer. Excellent cost/perfor-
mance ratio.

This is why it is the recommend-
ed, cost-effective

solution for the sealed, normal
operation scenario.

Susceptible to embrittlement;
reduced resistance to environ-
ments containing sulfur or under
reducing conditions.

Explains its rapid degradation in
the event of a leak, where the pro-
tective layer is compromised.

How to Use This Appendix in Your Report:

1. Refer to it in your Analysis: In the main body of your report, when you first mention the materials, you can
say: “...the material properties of the relevant alloys, summarized in Appendix A, were used to establish

the baseline corrosion rates...”

2. Justify your Constants: When you state the value of k p for your calculations, you can cite this appendix.
“*The parabolic rate constant (k_p) for carbon steel was estimated as 5.0 x 107> mm?*h based on its known

poor performance at 850°C (see Appendix A).*”

3. Support your Conclusion: Your final recommendation for 1.4749 steel is backed by the quantitative data in
this appendix, showing its superior high-temperature properties compared to carbon steel.
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Appendix B

B. Thermocouple Assembly Specification

The failure analysis in this report focuses on the pro-
tective sheath (thermowell) as it is the primary com-
ponent exposed to the harsh calciner environment.
The internal sensor is standardized as follows:
Sensor Type: Type K (Nickel-Chromium / Nick-
el-Alumel)

* Rationale: Type K thermocouples are the in-
ternational industrial standard for general pur-
pose high-temperature measurements. They
offer a wide temperature range (-200 °C to
+1260 °C), good accuracy, and cost-effective-
ness, making them the default choice for this
application in the cement industry.

e Limitation Note: While the sheath protects
the sensor from direct mechanical and chem-
ical attack, the internal Type K sensor remains
susceptible to performance drift (“decaling”)
if the sheath is compromised and the sensor is
exposed to reducing atmospheres (e.g., CO) or
sulfur vapors. This reinforces the critical need
for sheath integrity.

Protective Sheath (Thermowell) Specification:

* Function: The sheath acts as a pressure-rated,
protective barrier, allowing the internal Type
K sensor to be replaced without shutting down
the process (a feature known as “replaceable
element” design).

e Critical Geometry: As analyzed in this report,
the installation angle and wall thickness are
primary determinants of its service life.

* Connection: The assembly is typically mount-
ed to the process vessel via a welded boss or
flange connection. The integrity of this seal is
paramount to prevent the cold air ingress iden-
tified as a primary failure mechanism.

e Material: This report evaluates the optimal
material selection for this sheath, balancing
performance between standard carbon steel
and heat-resistant alloys like 1.4749.

Why this is Important: By specifying this, you

make your report instantly more useful. An engineer
can read your report and then go to a supplier and say:

“I need a Type K, replaceable element thermocouple
thermocouple with a 1.4749 steel sheath at these di-
mensions.

It's for a calciner application, so the sealing and angle
of installation are critical."
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