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Abstract — In high-purity ammonia recovery, sight glass inspection makes it difficult to distinguish normal recovery
from the liquid—gas transition near end-of-recovery, and intermittent partial blockage at vent fittings cannot be identified
visually. This study proposes a real-time monitoring method using a non-invasive digital vibration sensor on the outer pipe
wall and a multi-stage rule-based state machine. A session-specific reference amplitude is set from the onset transient;
normalized block statistics, envelope-based activity, and long-term decay tracking then detect end-of-recovery transition
and abnormal recovery. A retrospective evaluation on 60 sessions (20 per state) showed 100% agreement for normal and
abnormal recovery, 85% (17/20) transition detection, and 95% (57/60) overall agreement. The system reduces operator
dependence on sight glass monitoring and improves end-of-recovery judgment consistency.

Key words: Non-invasive vibration sensor, Ammonia recovery, End-of-recovery transition, Abnormal recovery detec-
tion, Rule-based state machine
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(a) Physical layer : Recovery pipe
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tank

SUS316L ¢p6 mm

NH3 fiquid

V2S200D | Wall-mounted (epoxy)

(b) Signal processing layer : MCU Y
Heltec ESP32-S3 (MCU)

START 12 S — Rule-based
STOP PDM — PCM state decision
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PDM

Y

Operator
¢ Y ¢
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Pipe (NH3) =2 Digital signal (PDM)

—> Processing output —> Operator control input

Fig. 1. Configuration of the ammonia recovery-line status monitoring system. (a) Physical layer: the residual liquid in the NH; cylinder is
transferred to the recovery tank through a SUS316L ¢6 mm pipe, and a V2S200D vibration sensor is bonded to the outer wall of the
pipe with epoxy. (b) Signal-processing layer: the sensor's PDM signal is converted to 16 kHz, 16-bit PCM through the IS interface of
the MCU (Heltec ESP32-S3) and fed to the rule-based state-decision algorithm; the decision results are output simultaneously to the
LCD/LED display, the buzzer alarm, and SD-card logging. The operator controls each session with the START/STOP button.

Phase A : Recovery onset & baseline setup Phase B : Block & envelope decision (per-block loop) Phase C: Long-term decay tracking
START _)) Block (4s) (r,-(nl;,)(. rl()’;z)) 3| Decay (308)  (regression B)

IDLE (M tracking)

v

Onset search  (skip 0.55 +3'5)
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Fig. 2. Overall decision flowchart of the proposed multi-stage rule-based state machine. It is organized into three phases along the time scale
— Phase A (recovery onset and baseline setup, executed once): from START, through IDLE (M, tracking), the session-specific base-
line amplitude A4,, is set when an onset is detected. If no onset is detected, GAS_QUIET immediately recommends termination (only
this no-onset path is drawn in the diagram). Besides this path, GAS_QUIET is also assigned when every block after onset remains low-
activity (r) <05 r;;l < 0.15) according to the session-level final decision (Section 3.2.6). Phase B (per-block loop): the process proceeds as
Block (r,(nﬁl,r,‘,’;,}, 4 s) — Spike test — Envelope (z[#], 1s) — liquid-dominant test; an ABNORMAL alarm is raised on a detected spike, an
OFF_TANK alarm on abrupt envelope collapse, and the next block is processed when gas is dominant. Phase C (long-term decay
tracking): for the 1-s mean envelope of a signal confirmed as liquid-dominant, the 30 s regression slope {3 is tracked, and TRANSI-
TION (end-of-recovery transition) is declared when <(3, persists for at least 5 s. Black solid lines: normal transitions between stages;
blue solid line: per-block ABNORMAL branch; red solid line: auxiliary decision paths (GAS_QUIET-OFF_TANK); black dashed
line: the loop returning to the next block/window.
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Fig. 3. Distribution of the 4-s block statistics for each operating state (medians and IQRs, based on Table 1), plotted on the r,ﬁ’;&—r,ﬁ,’;l plane. Markers
denote the per-state medians, while error bars and shaded boxes denote the interquartile range (IQR); the gray lines are the decision
thresholds (low = 0.5, high = 2.0; spike criteria r,ﬁ’;(),<0.15 and r%)>2.0). Normal recovery lies in the 0.5-2.0 band, abnormal recovery in the
low-distribution/high-impact region (upper-left shading), and end-of-recovery transition in the gap between them, showing that com-
bining the two indices separates the three states. This figure visualizes the summary statistics (medians and IQRs) of Table 1 rather

than a scatter plot of individual block samples.

la}

Ut} o] 2 2E] A (7)] FA] F7lo] R ukd] E80] «7}E] ZA»
NaE A o e s,

By =—0.005/= F5 Mo e
5 MR _0.006/s)2F FA; 3]G Al Q] B3 (FAEE —0.0003/5)E
gah= ARl AAskaltt 2 A=

=
I e g
T AN FR o] AEES 80~90%, e 34 B A
2] bl
al

=
2
1o,
U\I
5
N
i
4
,PEI
ofy
o2
o
&
=
e

ol

B2 95~100%2 1A 5o, & A7dghko] 27 A7

ry
ol
2
X

4. Za} 3 ol

4-1. CIO[E{Al 1 3 2

A AEE FE Yot 3]5 @AM A58 F 60442 HE
o]l & ARg-ste] ARl W el fa/dE $EA 0 R ekt
AR & deEEE A4 315 (Liquid) 20414, o3 3]
(Abnormal) 20414, & Zo](Liquid-Gas) 20414 0.2 3 Q1A
TSR BE AL 50 kgg AT 9} FLE 3|4 v TH()H

6 mm, SUS316L)°IA S = 3o, 8]4= 7|A] A
2 oF 5 bar(gauge)= A EH T Al dol=
2} ©F 80-300 s 9] = Fx3F3T).

Zy A2 ground truth 2PEL- (i) A7 (sight glass)S
A S 72 71F (i) A AV 3] ghm E o)
(iii) 3 BA = $%F W 715E TEste] Tl
oA 27 AEPE Al g2l o) 2k 0% 3l Al
T AR N A WY fewt A%H 0w PEkEa 7
Z8 Mo)7} E3hE]X| 9k liquid-only A4S 2u|dit}, o
W 2 7] AR E QTR 2]n) 7} ohy
A3l W -9 71F AdEIE Ee gk Aot
B} 3|57 ML R dAdo] AxlE|o] AlFelA
7 EE SR A TS e Aol Al
A A% 3 - TR Hol F A B #S5Hh
APALE AR 2= v ET - 2o EjlEo] 24

T A 2215 F g Adolth, whekA] Fig. 40] Ko
T D Bgelr] T8 ol o]of A= oA = FH Ao] Al
A 1719] AlzE A Thel] whE e Wsto)n], AZ OE A 271S

B
~
Iz
oo

2
£

o
2l
BN

f
ot
e
2

£
olo
e
A

o rig

2
AR

.

T e
U o ol rlor 12
2

= R

¢

o,
o f
I
N

F

AC)
N
i
_(

ofN

o
oo
Mo

N

2L

SR
o2 v 12 » N
o o rlo

=

>
)
ofy
i



Jun, S. et al. Korean Chemical Engineering Research 64(3) (2026) 105173

. . . Liquid_gas detected
(a) Raw vibration signal Transition onset

20000 A

10000 A

Amplitude
[ADC counts]

-10000 -

-20000

(b) Normalized envelope

—— Normalized envelope
--- Reference median

o
®
1

]
SO SO W S———

Normalized
envelope
o
D
1

=
N
1

0.0 T T
(c) 1-s mean envelope decay trend

—— Decay ratio
— = LG threshold

Py o = S s

80 90 0 110 120

-

Time [s]

Fig. 4. Representative example of a single end-of-recovery transition session progressing from normal recovery to a liquid—gas transition state
(total session time about 180 s). (a) Raw vibration waveform (x-axis: time [s], y-axis: amplitude [ADC counts|), (b) normalized enve-
lope z|[n] (dimensionless, relative to the reference value Ey), (c) 1-s mean-envelope decay trend (dimensionless). The gray dashed line
marks the operator-referenced start of the end-of-recovery transition, the red dotted line the algorithm's detection of the liquid—gas
state, and the purple dash-dotted line the LG decision threshold.

Table 2. Summary of per-session decision results by operating state

Operating state N Activity ratio Decision agreement
Normal recovery (Liquid) 20 0.72 £ 0.09 20/20 (100%)
Abnormal recovery (Abnormal) 20 021 £0.07 20/20 (100%)
End-of-recovery transition (Liquid-Gas) 20 0.38+0.12 17/20 (85%)
Overall 60 — 57/60 (95%)
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Table 3. Quantitative comparison of detected (17) and undetected (3)
end-of-recovery transition sessions

Metric Detected (N=17) Undetected (N=3)
Mean recovery flow-rate ratio® 0.35+0.05
Decay slope B (/s) —0.012£0.004  —0.0028+0.0003
End-of-recovery transition activity ratio ~ 0.34+0.10 0.48+0.06

Transition-interval length (s) 42+14 110£22
“Normalized so that the mean flow rate of detected sessions equals 1.00.
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Nomenclature

Aon 1 99th-percentile absolute amplitude over the 0.25 s window
immediately after onset (session-specific baseline amplitude),
ADC counts

b : Intercept of the 1-s mean-envelope regression

B : Set of absolute-amplitude samples of the k-th block

Ey  :Envelope ¢[n] median over the 157 s reference window after
onset, ADC counts

e[n] :Envelope value at sample » (exponential moving average)

fs : Sampling frequency, 16 kHz
K : Onset-decision multiplier (recovery starts when K-M; is
exceeded), K =8
k : Block index (4 s block)
:Block length (number of samples, corresponding to 4 s,

L=4f)

My  : Median absolute amplitude over the IDLE interval (background-
noise baseline), ADC counts

m : 1-s window index (1 s)

No2s : Number of samples corresponding to 0.25 s, [0.25 £]

n : Sample index (f;= 16 kHz)
non  : Sample index at onset

O,(*) : The p-th percentile operator of a set
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raer - Activity ratio, Eq. (10) (dimensionless)

r®. :Normalized maximum amplitude of the 4-th block (dimen-
sionless)

rlslé)o : Normalized 90th-percentile amplitude of the A-th block
(dimensionless)

s[n] :Input vibration signal at sample »

W : Activity-ratio evaluation window (1 s)

x[n] :Instantaneous absolute amplitude at sample n, x[n] = |s[n]|,
ADC counts

z[n] :Normalized envelope at sample n, Eq. (9) (dimensionless)

z [m] : Mean normalized envelope of the m-th 1-s window, Eq. (11)
(dimensionless)

Greek symbols

o : EMA weight, a = 1/(1 f))

B : Long-term decay slope of the 1-s mean envelope (1/s)

Bt : Decay-slope threshold for end-of-recovery transition detec-
tion, —0.005/s

€ : Small positive constant to avoid division by zero

Nm  : Residual of the 1-s mean-envelope regression

T : Time constant of the envelope exponential moving average,
0.05 s

04 : Activity-ratio decision threshold, 0.3
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