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Analysis on the Influence of Stabilizer Content Change of
Single-base Propellant Stored in Military Ammunition Depot
on Storage Stability and Ballistic Performance

Tsung-Mao Yang'", Chiung-Hsing Wu?, Kai-Tai Lu'

I Master Program of Chemical Engineering, Chung Cheng Institute of Technology,
National Defense University
2 Department of Chemical and Materials Engineering, Chung Cheng Institute of Technology,
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ABSTRACT

This study mainly explored the influence of stabilizer (Diphenylamine, DPA) content change of
single-base propellant stored in military ammunition depot on the storage stability and ballistic
performance. First, the propellants of different storage times were collected and the high performance
liquid chromatography (HPLC) was used to measure the variation of stabilizer content. Then, the kinetic
parameters of decomposition reaction were analyzed by means of thermal analysis method to explore
the thermal stability of these propellants. Finally, the closed bomb (CB) test was used to study the
variation of the combustion characteristics of the propellant at different storage times. The relationship
between stabilizer content and ballistic performance was also analyzed in order to evaluate the effective
storage lifetime and use efficiency. The analysis results indicated that the ballistic performance of the
storage propellant whose stabilizer content was within the qualified range met the standards.
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#H %

AHTR KN Weng HLE7 2017 £33 451t (Optimal ) g E 21 FHE5 %
( Pixel-based Pixel Value Ordering, PPVO )& Wu % £ &7 2020 F32 4 &9 22 & X % 7£(Improved
PPVO) RE#ME -2 THAXETNER Y 5 ERRUFNLEHEE  TUREREREEY
1o KRFETHEANRBUAREZ a3 ILT > PR EAL P BARERE > L AKBRE E AT
RT AXRABEFLY BZEHEF AT LB BREZEUEEI B AR Y BEL&A
18 3L AT PPVO B % » BREB PPVO a5 R BRAMRE (CLFRE ) RBREMAES
@A o R ERE L - XA BOSSBase B ARG AHEFX REB G A0 EEEATE
BT 0 PR EAF X R A% o0 B L % E 7 Weng 4%‘&& 8 A1t PPVO kv Wu 5 2242
Bag B R X PPVO ik o Akt Taksu E#/45F & (Regular-Singular, RS) p#rfei F £ A
B o#r 0 BAERZEARA RIFAHEIR -

B4 ¢ EINSHE - TR B RS  BEEGEES S - PPVO

A Reversible Image Steganographic Scheme Based on Pixel
Value Ordering

Hsing-Han Liu, Chuan-Hao Yang", and Yung-Hsiang Lin

Department of Information Management, Management College, National Defense University

ABSTRACT

In this study, a reversible image steganographic scheme that is able to restore original cover images
after retrieving secret information is developed based on the optimal pixel-based pixel value ordering
(PPVO) by Weng et al. (2017) and the improved PPVO by Wu et al. (2020). By this method, secret
information is embedded in grayscale images and only causes minor changes imperceptible to human
vision. The quality of stego images is enhanced in the case that a certain low amount of information is
embedded. The cover image is split into two parts interleavedly in a checkerboard-like manner, and each
part performs the embedding process independently. With different pixel complexity, the size of context
pixels is adaptively modified. During experimental verification, the images in BOSSBase dataset are
adopted as the cover images. The quality of stego images is generally better by using this method,
compared with the one by Weng et al. (2017) and Wu et al. (2020). This method can also prevent the
stego images from being detected by the regular-singular (RS) analysis and the pixel difference
histogram (PDH) analysis, and performs well during generalized benchmarking.

Keywords: steganography, reversible image steganography, adaptive pixel-modification, PPVO
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Peppers 60.2 60.8 61.3 61.3 60.9
34 60.0 61.2 61.8 61.7 61.5
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% 4. ¥ P USC-SIPI B4 B4 & 6 5RAZE %7 10000 4 T % &2 PSNR (dB) & # ik

= - Qu #o Kim Weng % A Wu % A

A LAl [10] [12] [13] AR
Barbara N/A 60.0 61.1 60.5 60.7
Boat 58.0 58.2 59.0 58.8 61.7
Fl16 61.7 63.5 64.0 64.0 62.8
Lena 59.9 60.4 60.9 61.0 60.4
Mandrill 53.6 54.2 55.4 54.4 54.7
Peppers 58.5 59.0 59.5 59.5 59.4
P31y 58.3 59.2 60.0 59.7 60.0

# 5. ¥ A USC-SIPI 312 & HE 6 FRAZ B 35420 12500 4 708 % 2 PSNR (dB) &b

4 o u Fv Kim Weng % Wu %
B A S ICENC I ?10] [1g2]ék [j]j\ APTR
Barbara N/A 58.7 59.8 59.3 59.6
Boat 56.4 57.2 57.8 57.5 60.5
F16 60.8 62.7 63.0 63.2 61.8
Lena 58.6 59.4 59.9 60.1 59.4
Mandrill 51.8 52.3 54.0 Out of space 52.9
Peppers 57.4 57.8 58.3 58.3 58.4
£ 57.0 58.0 58.8 59.6 58.8

% 6. ¥ A USC-SIPI #1% E ok B 6 5RAZ & 257 15000 4 T8 % &2 PSNR (dB) & #H b

; (= Li % A[6] Qu Eﬁluoﬁ(lm Wer[llgz? A Wl[lli A R
Barbara N/A 57.7 58.6 58.5 58.6
Boat 55.4 56.0 56.5 56.2 59.5
F16 59.4 61.8 62.0 62.3 60.8
Lena 57.6 58.3 58.7 59.1 58.4
Mandrill Out of space 50.7 53.0 Out of space 51.0
Peppers 56.2 56.4 57.1 57.1 57.3
3y 57.1 56.8 57.7 58.6 57.6

% 7. USC-SIPI B} B 6 JRAZ B 25427 5000-15000 4 7T % €2 735 PSNR (dB) & # tb#

4 ok u Fv Kim Weng % A Wu & A
ing " Ligags | @ o [fj [lf] Fenes
5000 62.3 63.2 63.5 63.7 63.5
7500 60.0 61.2 61.8 61.7 61.5
10000 58.3 59.2 60.0 59.7 60.0
12500 57.0 58.0 58.8 59.6 58.8
15000 57.1 56.8 57.7 58.6 57.6
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| 3 —— LiFA (2013)
3
631ty <+ QuivKim (2015)
N3 —*- Weng A (2017)
62 R -0~ Wu# A (20200

k- kAR

PSNR (dB)
2

59 1

10000 12000 14000

AEE ()
19. # A USC-SIPL %1% 7 # & 6 5hARF 500
5000-15000 4z 7t % & 23 PSNR(dB)
ERLR

6000 8000

ARARABIHKA T RERG RETEZ
MR > R E AR 2 R RATHE
B oo AT R %1% 0 A4 4 4 ) BOSSBase A
R B MR o R R A 3850 7k 512x512
RIEFAR o AR R Ao B 20 Arow 0 4B Li
% A[6] ~ Qu fv Kim[10] ~ Weng % A[12] > 2A
B WuEA[BFkmAERZER L&A
BAFE) s H R o NARBREF > SR Wu
H A[13)42 Weng % A[12)RF&E 5 kb R 4642
RG> MR REEE R ATz 1
BRAWEEDNREXBRERTEBEZR &
FARHHERET R LR L HEKRAL
XKV AR E M AR RETLEE - MG
HARRARFHRBRZE R HEE S LREELE
R T AR TA R EATZ R IZER

PSNR

RFEHRXEREAZE BT ALEEHE-
HEpERZARZER BN REKERA D #E
R Z RELER > TREAMRMBHREZE
o RmAeE LT > AR ERIDAEER
A R Z HIE

B 9 AR ik B LIE A[6] & QuinKim
[10]F sk b8 46 R > ko B 21 ~ K8 R KIAF T °
WAEE IR AL (PSNR) W3 > ABFR Ty k7
5000-150004x 7L % & T ABRALIF A[6]Z
Fiko y AR 7 6.34%~6.09%6.05%~6.10%
~6.16% > 48 E A QuAvKim[10]2 F ik » Bl &
B T 7.12%6.40%~5.90%~5.51%5.16%-
wEs AL (SSIM) M3 48 A Li% A[6]
Z Fk o AR 70.0122% ~ 0.0135% -
0.0148% ~ 0.0158% ~ 0.0168% > i 48 E#Qufv
Kim[10] = 7 7% > Bl % %1 #& # T 0.0307% -
0.0321% ~ 0.0333% ~ 0.0339% -~ 0.0343% o

PSNR
A —— Li%¥A (2013) BOSSBase
66 1 S “++ QuiuKin (2015) BOSSBase
Sea ~%- Weng® A (2017)
i — 8- Yu$ A (2020)
641 S ~& k% BOSSase
~ .‘\'5. & -
& .
=
= h
= 62
E
Z
60 1
581 =

10000 12000 14000

HBES (2t)
20. # A BOSSBase #1% & # & 3850 Tk g4 %
&% 5000-15000 43 7T % & 2 F3 PSNR
(dB) & A b#x

5000 8000

66 -

60

58 1

—e— Li%¥ A (2013)
st QuAnKim (2015)
A5 R

- -

6000

8000

10000 12000 14000

#BEZ (L)
21. ¥ A BOSSBase 3850 7k [ 4% 25 1& 7 5000-15000 43 7T &k & & 2 F 3 PSNR #2 SSIM

SSIM
0.9998 { * —— Li%A (2013)
Me <+ QuidKim (2015)
0. 9997 - o S E
0. 9996
0. 9995 4+
—]
A 0.9994 -
2
0. 9993 -
0. 9992 -
0. 9991 -
0. 9990 o
6000 8000 10000 12000 14000
BEZE (L)
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% 8. ¥ F BOSSBase 3850 7E& [ 4 242 7 5000-15000 4 703 % 2 2 T34 PSNR (dB) % Eib#

(=

D AR Li £ A (2013) Qu #v Kim (2015)
BEE
5000 66.81 62.83 62.37
7500 65.02 61.28 61.11
10000 63.71 60.08 60.16
12500 62.67 59.07 59.40
15000 61.76 58.18 58.73

* 9. # A BOSSBase 3850 7k k& #% 85 1& % 5000-15000 43 7 % & 2 SSIM 4 £ b #

o U AR Li % A (2013) Qu #v Kim (2015)
B E
5000 0.9998 0.9997 0.9995
7500 0.9997 0.9996 0.9994
10000 0.9996 0.9995 0.9993
12500 0.9995 0.9993 0.9992
15000 0.9994 0.9992 0.9990
4+ # BOSSBase A % %1% & F &k #% 4.3 MW

3850 5k %1% ¢ USC-SIPI %1% B 4 & 6 kiR &
#% (B 18)» ER KB R Ty kPR AT Z
FBHRAG LT > S R4wB 22 A o BT A
R k4L 5000-15000 L uBEAET 0 &
2R e T3 R B AR E A STER P AT A B Bk
BHORBE (EEBERET  BE0E
SHHE 5.210% ~ 5.721% ~ 6.183% ~ 6.581% ~
7.227%9 3Tt ) o SR FARF LR R P A
R AR EABIRY 6 TRIZEZE YRR
ME > RMARBETRERGELZART 4
AERFBEGER -

PSNR

—o— BOSSBase

66 4 =+ USC-SIPI #%&

64 4

62 4

PSNR (dB)

60 4

58 4

10000 12000 14000

BEE ()
22. AHFR F k¥ BOSSBase & # & 3850 3RlE
#7515 # USC-SIPI & H & 6 TRi% £ H G
5000-15000 13z 7T % & F X 4 R b #

6000 8000
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R B BAT N FAEFZ S FE R
23 (a)Afo~ o 1248 > A4t EHE A 1-bit LSB B
Rk & 3-bit LSB Bk E 69 Lena #1hik
ATHH 0 RERWwE 23 (b)#(c)fix - &bk
SH KA KRB kAT E ¢ Boat 1%
(15,000 1 L% = ) #AT 04 HERwE
23 (d)FAro= - B RS mar & & 0 35 K & 15 80 &
%tk % (Embedding Rate ) % %] %(a)-0.03 ~ (b)
0.94 ~ (c) 1.1 A&(d) -0.03 » & st #] & (b)$2(c)8y
BEABRE > M@M(DGBIERBRE - db®
MM R 0 4340 RS 1H B 45 7T A 2048
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KARBEF ZELEOBRERSE RELAFR
BB R A IR RS R E o B 2 48]

— RIS 15 F A 8 B TR KR
{BIF RN 0 3] 255 4B AT R &8
RE o EEMEAKNE (PDH) » A R4%3T
BhaAMEE M S A AR R R — KR,
R %152 PDH €430 % B8 516 > ko B 24 (a)A7
T P irdh AR EE M A EEM
gt E (RE) > MB—F @ BhEELR
FHEEBES B oS E Rkt 4a A

Estimated embedding rate is -0.03

— ]
-

8, ——R_ 8

02 03 04 05 08

Flipping Rate
Estimated embedding rate is 0.94

o7 08 09 1

02 03 04 05 06 07 0B 09 1

Mo §4#£4FH PDH € 2R AEF a0 W (1)
do L FEARK ) MR BB E BN wE 24
(b)) AT » LB F T G R A BE 2
e 1R R B AR B R LR N E R[S A
FEME o AR H RS F LM (Pixel-
Value Differencing, PVD) j& % % ~ 3-bit LSB Hx
Rok%&4 PVD @B % ~ %4 KX PVD/LSB &
Fik o DBRAMAHREZBES & (BEZ
A5 2 5,000 £ 15,000 27T ) » 55 AT BB
#1% PDH 2 2547 o

@,

Estimated embedding rate is 1.1
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(d) Flipping Rate

Estimated embedding rate is -0.03
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Study on the Modified Single Base Gun Propellant with Low
Temperature Sensitivity

Yi-Hsien Lin'", Kai-Hsin Cheng?, Tsung-Mao Yang*", Tsao-Fa Yeh?

! School of Defense Science, Chung Cheng Institute of Technology,
National Defense University
2 Master Program of Chemical Engineering, Chung Cheng Institute of Technology,
National Defense University
3 Department of Chemical and Materials Engineering, Chung Cheng Institute of Technology,
National Defense University

ABSTRACT

The purpose of this study was to develop a modified single base gun propellant (SBP) with low
temperature sensitivity. M1 SBP formulation was used as the reference formulation.
Dimethyldiphenylurea (DMDPU) and diethyldiphenylurea (DEDPU) were added as coating agents, two
formulations were designed and test samples were prepared. First, bomb calorimeter (BC), differential
scanning calorimetry (DSC) and vacuum stability tester (VST) were used to measure and analyze the
explosion heat, thermal decomposition reaction activation energy, chemical stability and compatibility
of the samples, and then closed bomb (CB) was employed to measure the burning performance of
samples at different temperatures and their relative temperature sensitivity coefficients were analyzed.
The experiment and analysis results indicated that when a small amount of coating agent (DMDPU or
DEDPU) was coated to M1 SBP, there was no significant difference in the explosion heat value, but the
stability and compatibility were better. The relative temperature sensitivity coefficient of the sample
coated with the coating agent DMDPU was lower, and it was suitable as a coating agent for reducing
the temperature sensitivity of M1 SBP.

Keywords: Modified single base propellant, Low temperature sensitivity, Closed bomb, Burning performance

XAGH B A 111.07.24; XABHBEEH/ETBE 112,02, 15; *@ A4
Manuscript received Jul. 24, 2022; revised Feb. 15, 2023; *Corresponding author

31



HEES
BB B M R 41 B 25 K

— 3 =

R ERGERGESR(E)NIEE A&
B B ARSI AR A AT 0 IR E
BOAR R AE A REEBAARE[L] - £4
KB BEHEREEARARE, B EL
(SB) ~ # A (DB) & = A (TB) 4 4 4 - 3 2Am 4L
HBAENCOAARR Y LFF CHEL A
P2 HK B B YE 8 (40 RDX ~ HMX #v CL-20)8) %
AEfk p 18 (LOVA) ST 4 > ANERE
B B EME[2-4]

K254t B B AR L R BB ELR
EHESTERIERZHPE  THHKIEH
MEE A A A ARSI T2 B R
BRIER R FILTERY ER KNSR A
Fosn 0 A7k [5-7] 0 @ FEH B IRIEREE
FREBRENOF G MG R AR KRR
B PR M 3R R R PR 0 3348 4F 5k AR R o A7 3k
B BR8] c Bk BEKRRGEEESL
& KA R 77 69 S AL (APmay) B DABR 3508 B 8
GAL(AT) » .57 BAF #0147 3%k B9 S LR BA 3R
1508 F 04 % Atk % 5= [9] - Boulkadid % A 845t
R84 % 18 A 48 8 B B A TCp) &
TC(v) [(%/°C)] R3-MEH 4 B A & ~ KR
B RERRM K TC(p) &~ &k Rz /&
G RGN LEIE R E SLetbE > TCh)
AR Tk Ee)B m LSRR E e
LLfE o

2B ERME MIL-P-3984) KA R
RBENFERBELEA-S4CEHSITC > 4o
177 A 4B T AR 3R 3508 L B0 B M AR4F K e B %
& P9 T8 18 M HE A 4T B e AR A R [10] K %
78 7 R A TEARAS St % 00 08 R BURIE 0 4o
@ L E B RAL S A B PR a8
UK LGSt E Ty E (1] B4 BT
HARTDREARS LB E SR HAENS
Bl Fo B A3 A R &8 B 4 Bk LU R K
ik & o BT A A BROR UK (12, 13] -
M1 B A 2551 (M1 SBP) & 85%84 516 4k 4
(NC) ~ 10%#4 =55 £ ¥ % (DNT) ~ 5%84 #f % —
F 8% — T B5(DBP > 38 8 %)) B s o 1%89 — K
Biz(DPA » 4% & El) a4 M AR » =T A %> 105 mm

32

155 mm #v 8 inch #9483 s[14] - M1 # K 4%
4t % BA BUARAY KR B bR AR BN
Hopkokeik RT3y R B MRIR A B R H]
M B REM 0 RRA ey B R — 18 E B HR
2o st M1 BRI B TAEIRINIR A 8L
Bl Ny B B RS BRI RAEAR
BRE > BRI AE M1 B ERG Hiv
22 € | (stabilizer) ~ BBt & (gelatinizer) 2, &k 8
| (phlegmatizer) & s Ao 5] LA 2L & H WA R %
&) 7T AT HE[LS] -

AR Z B o B RR R R B E
et #E Ty A M1 BG4 EEey HRE
A A @ B OB = F K = X K
(Dimethyldiphenylurea) &% = Z 4 =— ¥ Bk
(Diethyldiphenylurea) 48 sy, 3 5 Bt 7 38 % 45 78]
HAR S A A BIE R H F 3 (Bomb
Calorimeter) & 8] 4 4% £ 4k 50 09 B 2l A7 £
B M 0 1% 8 A A £ AT R 2R 3 (Differential
Scanning Calorimetry) &) & 5 % %X > =
Kissinger /£ & Ozawa 7% 3F45 55 4 # 4 H 84
FREACRE ) AT S BAR S AR T BA
A A %% % MR R % # (Vacuum: Stability
Tester) ) T hnés R H 54 A B ayb$ 2
M Ao AR KM 0 Btk 4% B R 58 4R (Closed
Bomb) 2 R R 2] 158 B 25 41 % A% b e MR BEMEAE
SRR AU B £ R -

=K =

21 FEER

(DM1 B7lkeik B A48 (B3R A-1-96
A& 1 0.045 = ~ 748 1 0.016 v ~ R E
02vf) > Efa4t A HEF CF 205 B
o o l@ 1 AT e

(2) 7 1b4k 4 (Nitrocellulose, NC) : T ¥4 » 4
2 1335% > EfHaL &Rt F 205
R ARAR o

(3) =—# % ¥ ¥ (Dinitrotoluene, DNT): T ¥ 4% »
WRFGH > EmAHLEEREFCFE 205
R ARARE o

(4)#r K — ¥ B¢ — T B (Dibutyl phthalate,
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(5) = X #(Diphenylamine, DPA) : T ¥4 » &
TR Bt g Hied o F 205 Bagste

(6) T & (Ethanol) @ X% > &4 F 99% > FKid
wE B e

(7) Z &#(Diethyl ether) : 3X# 4% » 45 99% -
NS g e

&)= ¥ ¥ = X B (Dimethyldiphenylurea,
DMDPU) : 3R %4 - éhE 98% LA E » &
15 5] B R e
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DEDPU) : 3% 4 > 4hFE 98% » L& & » &
T8 8] B B o

A

II}”4llI’|4Ill’,lllI'llH‘l(I‘llllllll“:\\\\

B 1. M1 8 g %

2.2 Bt

(1) #4238 #h—F 3+ (Bomb Calorimeter, BC) : 4
o e A £ B Parr 3] 4 & &9 6200 AR
EALN  HEZEHEA—EREY
AT B RAEE 0 B RA 0.5 AT e S B
L EN G RN REEGREL
MmER BEARA 2 AFKREEA A
BANMERAAECH AL EEAE
REIR IR 0 &L A ERSKIIRE S
BAR SRR A -

Q) #4 £ 47 % # F 3t (Differential Scanning
Calorimetry, DSC) : A& 7242 A £ B TA
Sl A &) Q20 A EFMATFH > 2A
B BERD B RREGRE  BRAS
AR K4S RSB E 35 B
REREZEABEAZT®RE 350C > #iR
®EH1-~2-5%10C/min > 34 FB &
BHEALR > RBEERBEANRES
L ERIE

(3) & % 2 & M B 3K 2% #5 (Vacuum Stability
Tester, VST) : At 5045 F 69 B Bk 14 B
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ATRE S BREE - B BAR
BB RBIBMERA KB R T a0
AR REALOICE R R Aot Bk -
FErRYE MIL-STD-1751A # % 1061[16]
AT > BIERARREAEE 100C » fuik
40 NBE > ERIRE NS B R A A R
NI BAAEARBE Y 2K
SHEAAMARE  FEATHOREAR
-_;’% °
(4) ¥% 58 1% (Closed Bomb, CB) : A} 5045 F B
A HPI ) 3) 2% 3t 8 2k 04 B180 2! 57 B %3
BREREABRNBEEME - 4 - Lk
3% 4 0 T B A3 5000 bar 0 MR AR KB
FRMEA 25200700 BFF > THRAE G B
Bk AONER AR SRR 0 T BN
T o FRE ST AR R B AR P
R A1 e G40 A R IPAS 25 5T B e MRIE M BE

2.3 TERMAE

AFFR A M1 BFUArAk B A4 4 A K
RE > F e R B = F &= Xik(DMDPU)
® = T & = ¥ 9% (DEDPU) £ 2| /% 41 3% 5% B
Fo RS BB A AR
BHFFBOEREE T HHENREH - B
LA 2 47 4 2 31 (DSC) 42 R B & 78 4% 44
T o BRSBTS E 0 5 AR E R T
HALRE  RATH A 2w AR Em (VST &
BIEEFBEFEMSBELOREE  E
A5 BB A S e S e R AR A
R A% A A MR EAR(CB)E R & BL ) 45 41 4 £ R
Bl IR 3500 L MR A5 M 3 34538 s M AE » 5%
A St B IR BB R G BRE B A
& 1 Fiow o

1. B RER

B Ak (wt.%)

&Iy
% NC DNT DBP DPA* DMDPU* DEDPU*
M1 8 10 5 1
MIDM 85 10 5 1 0.3
MIDE &8 10 5 1 0.3

* 4K o
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RP Y108 BBEESR -

Q)# % RO T REEKZHILLELE o NEE
BEE (T BF 35% ~ ThE 65%) ~ —FH & F
RRME_FEE—THE > RO

o

G)R%E  REBENREHN - FEH R B
BAOZERBHEEBMK SR FERETE

(M) 1%y BaT db X3y BAkEL 0 B
PEIEANDI AR Y AT I 2 o

G) KA - BoF 2 S EREANE O > B
MG EANKISH > £60 £ 2CHyEmEK
E LR S ERIER -

(6) it 2 @ J& 25 4 B AR T4 N g £ > B0
FNEEBE S5°C 0 HERE 2 N
J:_ °

(Namrith KEFRIYLERESL
5] > B EAEB EEOmK > BROR
Bl E R DB

@) em  HTENEHERRLBRENE
FoBBHHABLRRTEBERRE
BAEBRAREAKSGH > £70 L 2CeRE
BATE @ ©

Q)2 BB BRI TN GELE BN
WA PR TR SSTC o HEE 2 g
J:_ °

232 BHBEGBRERTR

AR AR £ B Parr 2 3) & & 9 6200 A

WAL AR (BO) AT H S E )R E R

ERAEFwT !

(1) e g3k S B 60°C eyt 48 P 218 2 /)
B 0 BRALBESNAGETRER

(2) F BRI AR 5b 0.5 257, B % R 5 0 345
P o 4 H AR AE S AR o I AFERE K TR
B ERE > BEBEKEE -

Q) iTHBHBREE 2 2 M HARAFZ A
HEm s RAEAREL > 2L 450 psig 9B A
HERREANZREERN

DHFERFIHZEEITHAEATAERER Y
FET) % S R BN AR IEN 2 A
ok B FLEX —_ETRuZ R
B BERFILEE BB KA %

0
i3
¢

N

AR
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BRI SRR AR A -

O ER X T &: % e - W 7
BRI 2 TR B & B A
N KFRR - B o B2 JUR 3T BB
AR ITH S REFR BB ZAKG &
JREE 2 KE BRI X AR i — R
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233 H5t B BALRHERR
AARAERER TA 235 & &6 Q20 A

W E R A 3H(DSC) » B Al 4t B4 S By

R R E 8 0 B AR b R AR A MR K48 Ak

wARE 35 B REBEERAKEAZT

M2 350°CHmik & A 1-2~5 & 10C/min>

PEFBABHEEALR > ABEEAPE

Bl EILERIE > BRERCBELSZ

o RAF o AR R E B EACHE 0 3R DATRAB B 4T B

B PR TN o

234 H4 B EEREHERR
ABFRAE R BAT K o B 2 2B

% 5 (VST) » 4k 45 MIL-STD-1751A 7 %

1061[16] » 42 100°C &4 RI3RIZ BT Aok 40 /)

B EEBREF LT ¢

(D F 5T B ERAE B4 - UL 65Cryis B
$CIR 2 INEF o

Q) BRERER S AUREL > BAWBRRKE
%o BaBREREMNLEE Y FIAA
%2 R A BGRE 69 F J7 48 £ SmmHg A
MR AIERRE > #HE 4R EALA
BRARL

BB 248 RARL > RHBLEITEERE
MR BAFAEE R AN BREE
100°C » 3% € FE 5 & 40 /) 85 > B 6F
BB BAR #AR A 4030638 79 09 ) [ 05 1
B BRI

(4) 2| :E T BRX T FR] 40 /R 1R 0 AR E S H
WEIR g 0 AP E F R FEHR
TN e R GACER -

G)ERTmIE > HRE ARSI Z BT
DAFIR GREIBAEE -

B WARRAIF R GACTRE B2

BHRETEARBOBMEE » THUAFEE
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ABFRAE i R sbA] HPL ) 3) 3% 3t 8 i e
B180 A M3 4K (CB) » £ /A 200 £ 2 58 >
AT ST By RIS M RE R BB 4o F !
(1) R34 AR 45 £ E M 86 MIL-P-3984] > 3]

AT L BB Z B4R RS RAR S XTI
B2 51°C ~21°C B-54°C A5 3 w48/ 85 > 34
AR L IRERE o

(2) #FBUES S 2R3 5 30 5 EABRBAZ
BE KT -

B)FeE X ERTHEZHBREAKTFE > &
R4 B R RS BRAB A ST B 3G G B
TR Z IR RS 0 B K IE L A
25K o

()B4 8B K3 R% > BRBNRICHEE
BHBEATRARBERBRELZE
FIRRE > BETESHE RS TR
TR A BNERELERE > BPT/524
Gt K v AE B F R IR o

HBR AR AL A £ FE MIL-STD-286C
method 801.1.2[17]2 .56 » FF45E -85 1 oh
4 (P-tcurve) > =T FJ LA 3t B R A 4% B (dP/dt) ~ $)
71 7% B (Vivacity, L) ~ 48 % K % /) (RF)#v 48 4
B I#MA(RQ) °

=~ REH 2583

162 R ES) J1 2 4 i H B3R BB i %
T LA B ST 4 A 4 o ok (T) Ao f (@) A4 i
o 7 12 K (1) o=

= = k(Df (@) (1)

H b do/dt = RERFE > o BAEFTE R RIEY
By Ab % o k(T)R) A #2178 FE A8 B 93k R F 0
F(@)7T %57 Baty & #he F £2 X (2)H7 T

fl@=0-a)" )

He n RREKE > RIEFHEF I8 E A8
B =T A Arrhenius 77 #2 X R4 3 > 4o 7 £2 X (3)
P 7~

k(T) = Aexp(=2) (3)

Hb E, AREERSE 4 RAARTF R AR
RAEFH - BoTRA(D-Q)TEF T EAA)
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da _ “Eay 1 — g
- = Aexp(—)(1 - )

4)
3.1 Kissinger 7%

BARAORERELRE dod’=0
B 0 ST A2 K(D o A3 7 -2 X (5)

Eap _ “Eay 1 _ )01
e = Anexp () (1~ a) 5)

H A Tr R A 61 o 2hik 2 B [ (dT/dl)ss DSC

wh 47 44 %08 18 0 Kissinger 7E[18B X R#IA

n(l-a)"" 5 &5 > Btk H 5 #2 K(6)
o)

) i Q)

Tp.

GWIn(B/TH)$1/Tp B =T FAF 1A H G 4
% > EACKE E BT 3% A+ F{E 3 H A7 -

3.2 Ozawa £
JE M o R R B=dT/dt W54 TF > I A2

RATHE BT 2K
a da _ AT —Eq
o F@ ﬁfTo exp(—) dT (7

Ozawa j%[19)& % A~ flo) R E, 18 T % B>
nARES#ibE a b #Hr2X(7)%E%
o #ELAE N TATE 7 A2 K(B)

log f(a) = log (%) —log B —2315— 0.4567}%

(8)
&8 log fH1/Tp B T AT UL AL B 4269 B 4%
EALRE E LT # At R a3t B4 -

W~ SR

4.1 BB BHRFIHRIRE RN

1% # (Heat of explosion) & & & & 4 8
ESBSRTHRE»MRIEZXE#HE
HARTHEH BN ERLYE > KAARA
P % H 5% Ak 3T i AT B 4 55 M1-MIDM &
MIDE =4t &4k ey g - F350%
HAE B B 2911 ~ 2883 & 2883 J/g 0 BEris
REa~ Ml EABHFE I EOREB=F
AR R =A=KWk > R AAE(E 40k
D 1%kEAE > BEENER S TR¥EF L2
BT 7R ©
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By A F{E
EE (J/g) (J/g)

2915
2910
2909

2895
2881
2874

2894
2880
2872

4.2 MEFRRFHRRER>HM

A PR A A A 2 47 B 2R 3 (DSC) 4 3
By 4% M1 ~ MIDM & MIDE = 48 % 4 %
B mkE 125 & 10°C/min 84454
T oo #ATHALRZS MR B 2 8o Ml @
B4t B AR SRR ARk R o) DSC B 3#% > &
B L3 BT B — M AWE o H AR 4 5 o B
o AR R L7 A8 8 [ 3 FHIR R R 0438 Ao @)
Bhoo BRa TREFELAAR S §
ERBAR S ETIN K3 -

M1 2911

M1DM 2883

MI1DE 2882

m 209.4°C
ML

_np — 1°C/min
E‘ 1wk e 2°C /min
—‘-_j 2018°C ——  5°C/min
£ 8f —— 10°C/min
: o
=
= o4t
]
U
z Ll

0

2

50 100 150 200 250 300 350
Temperature "C)

2. M1 % 4t 4% 56 R B FH sk % DSC R 3%
& 3. AR AT B AR S B R E B ALRE 2 AT R

RS % 1EAE[Ea]
LUV S (kJ/mol)
KoL [B] [Tp] o . .
(°C/min)  (°C) Kissingerix Ozawa j%
1 187.0
2 193.7
Mil 5 201.8 184.0 182.4
10 209.4
1 187.2
2 193.4
MIDM 5 201.7 192.6 190.6
10 208.4
1 187.8
2 194.0
MIDE 5 201.8 198.8 196.5
10 208.5
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Z WA B AR oL AR R 6 B AL RS T #
9 Kissinger 7 & Ozawa ik 4| F 7B ik R 8 &
A8 E oY K Bl T B AT 3 #BawA
A Kissinger ;x4 # e4In(B/T2)¥1/Tp M 1%
B - T4t R GBE R RIF 6 EILRE A 184.0
kJ/mol - [ 4 #8-~#|FA Ozawa /14 # tylog B
H1/TpB 4B > R4t R @ BEE RIFE
fb4e 2 182.4 kl/mol » /53482 XUk 185.8
kJ/mol A483£[20] » M1 3 J 55 44 %5 Ao 60 & B
—FA-_EBRMDM A =T A = %R
(MIDE) 4 & 8 5 A2 7E AL fe A A £ i 5 47
FIETEAF PR O BAREE N R 3 B
Ml BEXBHER MmO BB = F K=Kk
(MIDM) & = 2 % = (B (M1DE) <] 4% 5 #& &
JEEACRE IS hu > BT Ao 6L B B A B A3 Ao
M1 B34 & ey 22 1 o

-9.5
M1
-10.0 4% 38 R*2
-22.126 35836 0.999
-10.5 FEALHE 184.0 kT / mol (Kissinger)
o
£
<
E 11.5
-12.0
-12.5

130 L N L L L L L
204 206 2.08 210 212 214 216 218 220
1000/ T},

3. M1 341 845 S 7Him ik % $10808 8 R Kissinger
HAEH 2 5 FHE

1.2

M1
10 #E  fiE  RM2
40018 21778 0999

08F AL 45 182.4 kT / mol (Ozawa)
- 06f
g
= oaf

02}

0o

02 . " " n L L "
204 206 208 210 212 214 216 218 220
1000 / Tp

M1 2 4% 4 % 7HB ik & 8088 4k Ozawa
BXeH 2 EEFE

43 AZREMARERSH

AR AR A %5 MR R &M (VST)
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4 EAE S 100°C 89 B3R IE 35 T Aok 40 85 >
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AT 4T B oy L2 22 T Ao da AR 0 K
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R BIRATAF AR /) AR A2 B S AT
BERERBT_OEFERSHBFLAEER
TPERRAZE S £ Ml @84S REE
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12
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= §F -
= 100°C =
z 6 N
2 25°C
Z
g oat
[
2
25°C
oll 5 10 15 20 25 30 35 40 45 S0
Time (h)
_ % N 3 > =
5. S EARSR ARRRMRRR N LEAZE

4.4 BBHEARE R

AR AR R EARS HE S % M1~
MIDM % MIDE = %% 4t # 4% B L %08
21°C ~ %78 51°C BRAKE-54°C oy &4+ F » AT
WRIEPERE R > BB AT & BLH #k db S0 AR 2
A  BEH 30 LT AR - M1 @
St H AR SRR R AT R A $ 85 R 2 B 1A
4o 6 FFT 0 BRERBTRAREN P
ERRRAE LB E Mmoo MBERA
JE 71 P % B B B IR 2% 03K Ak o L 4 3 o
BP0 SRR 69 R AR A R R B A2 R R
W % e shg o B FERIRIE MRS > 7 el
BRERELA AR A H - st - M1 B A4
HEAMIPEOEBN _FA_FHA=_CTE
Z R E B R KR S K o

200

M1

L (4)51°C Py 16295

2
3

(B)21°C Ppyay: 16170

=]
2

L et I
(€)-54°C Py 157.97

=
S

Pressure (MPa)

s
S

o

0 2 4 6 8 i 12 14
Time (ms)

6. M1 38 8 3 46 5 81 3060 JE ) 9205 B 1 44
B 7-9 Baom = g gt AR S 51~ 21 R
SACCHE T o B 7 # A (dP/dY) 2R ) i %
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(P/Prmax) Z Bl 14 0 5 KB /146 FE[(dP/dt)max] 34
g 2% )3 o 08 69 38 w38 Jw o gbSb 0 M1
BRESRER MWV EZORB —FA KRR
SR R R KR AR TR
HBRRAE —FRA_RKBRA KR RKREAIF
SREMmE o AR Ml BERBEHENERRE R
bR PR R 0 AR AT S AR S 0 R AR [F
1B Ty B8 KR ) A 0l PRI -

80
M1
(A)51°C (dPIt)yy: 6744 @ )
601 'S .
g (B) 21°C (dP/t) 0 6240 ©
3 O S4C (P 5347
&
Z 40t
g
£
=
W0
0 ) ) ) L
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Ratio of P/Pmax
_ k) . B 3% =F 2
7. M1 g 845 50 AR ) 46 B 9L R 71 55 % B
14
80
MIDM
(4) 51°C (dP/dt)yqy: 65.07 @
] —— )
2 @) 21°C (@Pdn, g 6008 o
=
F [0) 54°C (dP/dt) g 51.61
Z w}
g
s
b1 3
0 ) ) ) .
0.0 0.2 0.4 0.6 0.8 L0
Ratio of P/Pmax
- 2 1 . s ER 3 g 2
8. MIDM 4 & % 4% su R ) #6  LR ) o5 %
2, =2
iR
80
MIDE
(A) 51°C (dP/dt)yyy: 64.79 )
= SOFm) 21°C (@PA0),c 59.33 =
£ .
F [O-S4EC @Py,: 46.66 (©)
Z o}
5
a~
=
w0t
0 N A ; A
0.0 0.2 0.4 0.6 0.8 1.0

Ratio of P/Pmax
9. MIDE % 4% 2 4% st RI3RB /) A% B 9L R 1 55 %
RENE
Z S RS 5121 R-54°CH ik
T > ) 717E B (Vivacity) #2 & 77 4 5 (P/Piay)
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0.35 85898 /775 (Loss) » TR LB R AR
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THRB LR AR > Z A4 B LR R

R BT IR ARE R B AniR ¥ 2 AR ARS B
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n
2
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2

=
T

©
M1

(A)517C Ly 35=434.77; Ly 75=347.55

2

S

=
T

Vivacity [100/(MPa*s)|

(8) 21°C Ly 35=424.15; Ly 75=328.35

2
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=
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Ratio of P/Pmax

e
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— 500
z B)
=
£ o (©
g
S 30}
z MIDE
g2001 (4) 51°C Lo 35=430.15; Ly 75=332.28
> 0 (B) 21°C L 357422.54; Ly 75=313.26
(C) 54°C L 35=409.30; Ly 75=277.59
0 R ) . A
0.0 0.2 04 0.6 0.8 10
Ratio of P/Pmax
B 12. MIDE %4t %tk 50 23R %) /1 78 9L R ) o
b %, 12
A E

oMl ERABHERI WV ELRH —
FR_ABA LA RRETRE KRR
Bk e AR o Z a4t Bk sh 2 5121 &
SACHtE T o R R AR BRI AT A8 B B

awyn%%%ﬁ&maﬁﬁﬁaﬁ@ﬁﬁﬁﬁ P+ (AP/dt)men ~ Loss & Lo s 424335 530 £ 40
%8 At BHE S1C RAKE-54°C 48 #n %
- B 2ICHAHRARER MR > ML &
/s REHER WD FAEM=F A= R0 &
St/ fo %8 51°C RAKE-54°CH S 4a 7 %78 21°C
2wl Hbuhia H R AR R R H ik ey 8 BB
Tl ot 1y seons toscons MI 5 R A 4 518 - 7 o = 2 = X ARAI A
G NPT TREE BHGEE -
(€)-54°C L 3541748; Ly 75729639
'iLl) 0.2 lg:ﬂo . ;]':ax 0.8 1.0
Bl 11. MIDM %4 % 4t & 813K ) /1 75 5 808 7 5
£ 148
&4, BEHERDRBEARER
By RIS B Pinax (dP/dt)max  Loss(3x 1) AB¥RABEE  Lons(:2) a¥ténk
Yo (C) (MPa) (MPa/ms)  (100/MPa.s) (%) (100/MPa.s) (%)
51 162.95 67.44 434,77 102.50 347.55 105.85
Ml 21 161.70 62.40 42415 100.00 328.35 100.00
-54 157.97 53.47 411.04 96.91 307.63 93.69
51 161.40 65.07 432.98 101.97 331.82 105.43
M1DM 21 160.31 60.08 424.63 100.00 314.73 100.00
-54 157.07 51.61 417.48 98.32 296.39 94.17
51 161.08 64.79 430.15 101.80 332.28 106.07
MI1DE 21 159.74 59.33 422.54 100.00 313.26 100.00
-54 153.44 46.66 409.3 96.87 277.59 88.61

1 ABRADFR O3S BHEHAFE  THBILBRRARRE
2 AR SFR 0TS BB AFE  THEBEILRME -

38



BEHBERGBEMERERENEILE
BB EMAENYE AR HERSES
B 51°C BAKBE-54°C 69 48 ¥ 78 B 80 A4 o
& 5P s ML BB SEARe T(p) (B4t
RARE B IR I BURE) AR T(v) (B#t4nik
HEEOMRE)EZHER SICE 55 &
0.083%/°C B 0.20%/°C » £ A& % -54°CHE B 5 31
2 0.041%/°C & 0.084%/°C ; M1 B R 24t
Ao 6B B = F A& = X AR (MIDM) £k ot 89
T(p) B T(v)F &8 51°Co% %] % 0.066%/°C B
0.18%/°C > f2 4% 3 -54°C 85 B 5 %] & 0.022%/°C
A 0.078%/°C > i@ AR oA B M1 £ K
BHERDIK B Ml BRABEHER R
B =T A= RXBEMIDE)k b8y T(p) &R T4
B 51°CEE %1 % 0.060%/°C % 0.21%/°C »
5 A& B -54°C 8% B 4 %] & 0.042%/°C &
0.15%/°C> A8 B LR M A 503 51°CaF g M1
B R A5 K 0 24 1RIB-54°CRT B %
M o ARIFEE FEM L MIL-P-3984) » M1 B &
BHBEEBFBEORARRGES S
+3% > B 458 51°C RARB-54°C ey a8
FERUR AL B 3 B 0.1%/°C & 0.04%/°C > 40
RGEFARATD B 3FE—F A=K
MR8 A 1E A M1 B3 4t 2 MR8 8L
RS A B -

F S, A4 AR S AR HHB R 1R S
A8 $HB B SUR R 3 (%/°C)"

B2y &m51°C 1&B-54°C
%k
TC(p)™ TCH»™  TCp) TC(v)

M1 0.083 0.20 0.041  0.084
MIDM  0.066 0.18 0.022  0.078
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GNSS Kinematic Positioning Test Using Modified Signals
Received by Smartphones

Chia-Chyang Chang”

Department of Applied Geomatics, Chien Hsin University of Science and Technology

ABSTRACT

Some mobile devices with an Android operating system have already acquired and recorded the
GNSS satellite’s dual-frequency carrier phase. If this type of smartphone can achieve high-precision
GNSS kinematic positioning, the cost of devices will be effectively reduced. It is, then, expected to meet
the standard of 20 cm positioning error required in pipeline surveying works. A smartphone of Mi8 was
used in this study as a front-end data receiving tool, and the PPK positioning was carried out for a
complete check on its operability, accuracy, and modification. The study found that the Mi8 smartphone
could not effectively conduct moving observation, the broadcast ephemeris was not useful in data
processing, and the positioning performance was unstable during different periods in a day. Importantly,
the GNSS modified signal produced by the geodetic antenna and re-radiating kit with sheltering
operation is proved to be effective. Its average positioning error could be better than 16 cm, through
which it could decrease the error by at least 30% compared to the original signal.

Keywords: Global Navigation Satellite System (GNSS), Post-Processing Kinematic (PPK), smartphone,
re-radiating kit, modified signal
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I. INTRODUCTION

Each modern smartphone has an embedded
GNSS receiver chip. However, the GNSS raw
data were not available to users at early beginning
because they were protected by the chip
manufacturers. This problem finally got a
breakthrough in May 2016, when Google
announced its Android Nougat (or version 7)
operating system at the annual developer
conference. This system can provide raw data of
GNSS through Apps.

Subsequently, through the application
programming interface (API) of the Android
operating system, smartphones with such mobile
platforms can directly acquire and store GNSS
raw data. This capability made it possible for
smartphones to conveniently carry out precise
positioning. In addition, smartphones can
combine accelerometers, gyroscopes, electronic
compasses, cameras, barometers, and other
sensors, allowing many application services in
the field of geolocation [1].

When using the mobile positioning services
of smartphones, the decimeter-level positioning
applications can involve parking, logistics,
shared transportation, emergency rescue,
automatic driving, and other operations in smart
cities. It is even more common in application
projects such as location-based services (LBS),
vehicle navigation, road monitoring, and mobile
mapping [2].

Furthermore, in the development history of
smartphones, early Android devices, such as
Google/hTC Nexus 9, had a duty cycle problem
as low power consumption GNSS chips were
used. This problem caused each GNSS phase
observables received by smartphones to have
cycle slips, making it difficult to solve high-
precision kinematic positioning [3].

During the 2016-2018 testing phase,
Banville & Van Diggelen [4] used the tool of
GNSS Logger released by the Android team to
collect three minutes of GPS single-frequency
data. They found that the carrier-to-noise density
ratio (C/No) of the signal received by the
smartphone antenna was easily affected by how
the smartphone was held. In addition, as the
smartphone antennas were mostly designed with
linear polarization, the smartphone easily
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received the GNSS signal reflected from the
ground or the adjacent surface. Hence, it was easy
to have the multipath effect. Moreover, it was
likely to cause high noise and possible bias
because the smartphone must be able to
distinguish between direct and reflected signals
during signal processing. At this time, the C/No of
the GNSS signal received by the smartphone
antenna may have been reduced by about 10 dB-
Hz compared with the geodetic antenna used for
observation.

In addition, Riley et al. [3] used two
smartphones, Nexus 9 and Samsung S7, for
testing. They found that the GPS satellite signal
may still fade in an open environment, and they
judged that it should be caused by the multipath
effect. In addition, the C/No of a certain
smartphone was low, which often stopped the
positioning. However, when the smartphone
received signals with an external GNSS geodetic
antenna, its positioning results could be improved.

Similarly, in Odolinski and Teunissen [5], it
was found that under the conditions of low
ionosphere activity, if a smartphone was
connected to a geodetic antenna for reception, the
ambiguity resolution of phase observables could
be successful in real-time. The position accuracy
could then be achieved at the centimeter level.

During the evolution of smartphones,
Xiaomi Mi8, a product with a new specification,
was officially announced on May 31, 2018. It was
the world’s first smartphone capable of providing
GNSS dual-frequency carrier phase. The
smartphone Mi8 was embedded with a Broadcom
BCM47755 chip, which can cooperate with the
smartphone’s receiving and processing software,
the GNSS API of the Android operating system,
and the installed GNSS data logging Apps, to
form the GNSS dual-frequency carrier phase
receiving system for the smartphone [3]. The
types of GNSS signals that this smartphone can
receive include GPS L1/L5, GLONASS LI,
BeiDou B1, Galileo E1/E5a, and QZSS L1/L5 [6].

In his comment in the article written by
Haddrell et al. [7], Professor Langley mentioned
that the antenna is the most important factor for
good GNSS signal reception. Since GNSS signals
are right hand circularly polarized, the
corresponding polarization matched receiving
antenna can still transmit the maximum signal
power to the receiver, despite the satellite



direction changing during the signal transmission.

However, as the smartphone must not only
provide voice communication but also need to
connect with headphones, Wi-Fi, or Bluetooth,
and must be small and affordable, this limitation
will  move GNSS  antennas  towards
miniaturization and combination. Moreover, it
also leads to a significant reduction in the signal
gain, which is the inherent limitation to the
smartphone’s GNSS antenna.

With Android smartphones receiving GNSS
raw data, researchers can use the GNSS carrier
phase observables for related applications at a
precise positioning level. However, there is an
obvious limitation; that is, no smartphone
manufacturer has officially disclosed the position
of the antenna phase center embedded in its
smartphone. The phase center position of the
GNSS antenna required for high-precision
satellite positioning should be discussed as a
priority so that the GNSS receiving point of the
smartphone can precisely correspond to the
ground measuring point. In this regard,
Netthonglang et al. [8] established that the
antenna phase center of the Mi8 was at the upper
left of the front of the phone. In other words, it
was 2.8 cm to the left from the center of the upper
edge of the smartphone and 0.9 cm away from the
upper edge. This definition was applied to the
present study when performing the subsequent
centering of the smartphone.

In applying the precise positioning using the
GNSS phase observables received by
smartphones, the application object in this study
was based on the surveying works after the
underground pipeline was buried. Although the
GNSS real-time kinematic (RTK) positioning
was mainly used in the field operation, the quality
of the observation based on the smartphone has
not been clarified in the study. Hence, this study
adopted the Post-Processing Kinematic (PPK)
mode for smartphone-based GNSS positioning.
The target accuracy was based on the 20 cm
required for manhole cover and pipeline
positioning as the national standard.

Therefore, this study used a smartphone
capable of providing GNSS phase observables as
the front-end data receiving tool for PPK
positioning. In addition, a complete investigation
of the error of positioning results was conducted
through related test procedures, such as the signal
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quality inspection, zero-baseline calibration,
different ephemeris utilization, moving and fixed
observation, multi-session positioning, and
modified signal improvement. By doing so, the
operability, accuracy, and improvement of the
application ability of smartphones in GNSS high-
precision positioning could be clearly understood.
The research architecture is shown in Fig. 1.
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Fig.1. The operational architecture of this study

II. TESTS OF ORIGINAL SIGNAL

According to the literature, difficulties in
GNSS observation for Mi8-type smartphones
may occur because of the unstable signal
reception and multipath effect mainly related to
poor antenna quality [9-10]. To fully understand
the performance of smartphone-based GNSS
phase observables for precise positioning, a short
baseline of about 55 m in length was used in this
study. A NovAtel ProPak6 (PP6) geodetic GNSS
receiver was used for the base station of the
baseline, while a smartphone receiver was used
for the rover.

The baseline observation was recorded with
one epoch per second. Then, the positioning was
solved by the Waypoint GrafNav 8.90 in PPK
mode [11]. The dual-frequency observations
provided by smartphone receivers were
LI1/L5(E5) and the number of modernized
satellites that can transmit the L5(ES) was still
uncommon, so only single-frequency of L1
observables were used for the PPK solution in
this study, which is believed to affect the short
baseline positioning not significantly.

2.1 Evaluation Indicators

In this study, the internal precision and
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external accuracy of the positioning results were
discussed in terms of the assessment of
smartphone GNSS positioning solution obtained
by the PPK mode. The use of each type of
evaluation indicator is defined as follows:

(1) The standard deviation of the solution set

)

In Eq. (1), o is defined as the standard
deviation obtained after subtracting n epochs of
PPK solutions (Xppk) from the mean of the
solutions (Xmean); the smaller the value of o, the
smaller the dispersion of the PPK results. In this
study, this indicator was mostly used when the
smartphone was observed at a fixed point, but not
centering to the ground point so that there was no
known coordinate for checking.

o= Z?:1(XPPK_Xmean)iZ
n-1

(2) The average standard deviation of the epoch
solution

n
Zi:l Oi

n

o=

2

In Eq. (2), the calculation of @ isto average
the standard deviation of each epoch solution (o;)
with the solution number in the group (n); the
smaller the value of G, the smaller the solving
error. This indicator was mostly used in this study
when the smartphone was used for moving
observation. The value in Eq. (1) could not be
obtained because the observation was not
repeated at the same point, and there were no
known coordinates at each moving point for
checking.

(3) The root mean square error of the solution set

RMSE = \[Z{Ll(XPPK—Xstatic)iz

n

3

In Eq. (3), RMSE is the root mean square
error obtained by subtracting the n epochs of PPK
solution (Xppk) from the known coordinates (e.g.
Kistatic from GNSS static solutions); the smaller the
RMSE value is, the smaller the difference
between the PPK solution and the known value.
This indicator was mostly used in this study when
the smartphone was observed at a fixed point, and
the point has higher accuracy of coordinate for
checking.

2.2 Signal Quality Comparison
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In this study, a PP6 geodetic receiver and a
Mi8 smartphone were set up at 12:00 local time
on January 12, 2021 on the university building
roof in Taoyuan, adjacent to each other, for 15
minutes (see Fig. 2). A comparison of the signal
quality-related indicators of their performances is
shown in Fig. 3.

Fig. 2. Simultaneous GNSS observations collected by
PP6 and Mi8
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in height. For GPS L1 cycle slips, PP6 is almost
absent, while Mi8 is frequent. In terms of L1
carrier/noise ratio (C/Ny), PP6 locates at 40-50
dB-Hz, while Mi8 is about 30-45 dB-Hz.

Ultimately, similar to the study of Robustelli
etal. [2], the findings of the present study indicate
that the GNSS signal quality of the smartphone
receiver (Mi8) is indeed worse than that of the
geodetic receiver (PP6).

2.3 Ephemeris Testing

In understanding the difference in the
performance of the PPK solution of smartphone
observables with different levels of ephemeris,
this study used broadcast ephemeris (BE) and
precise ephemeris (PE) with two sets of Mi§ data
collected at the same site in 2021 and 2022,
respectively. Eq. (1) was used to compare the
standard deviations of two solution sets (see
Table 1), and the distribution of the plane
coordinates of the second data set is shown in
Figure 4.

Table 1. Positioning errors of PPK solutions using BE
and PE

2D (cm)
BE PE

Data set H (cm)

(Date)

BE PE

Mi8

Fig. 3. Comparison of GNSS signal quality received
by PP6 and Mi8 for: (a) number of satellites, (b)
estimated position accuracy, (¢c) GPS L1 cycle
slips, (d) L1 C/NO for GPS and GLONASS

From the above-mentioned  quality
indicators reflected by the observations of the
geodetic GNSS receiver (PP6) and the
smartphone receiver (Mi8), it can be seen that the
number of satellites received at the same time is
about 24 for PP6 and about 16 for Mi8. In terms
of PPK estimated positioning accuracy, PP6 is
about 0.5 cm in the plane and 1.2 cm in height,
while Mi8 is about 2.5 c¢cm in the plane and 3 cm
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Fig. 4. Distribution of PPK plane coordinates for the
second set of smartphone observations by

using: (a) BE, (b) PE
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As shown in Table 1, the positioning
performance of PE is better than that of BE, and
the average difference is about 20 cm in the plane
component and 12 c¢m in the vertical component.
In addition, the distribution of plane coordinates
in Fig. 4 showed that in addition to the scattered
differences, there were two concentrated blocks
in the BE solution, and their coordinates deviated
from the PE positioning results by up to 75 cm.
Obviously, the results of the PE solution show
much reliable performance.

2.4 Moving Testing

In an attempt to understand the positioning
performance of the smartphone in a slow-moving
state, this study collected two data sets with
different moving routes (one straight line and one
elliptical) with Mi8 smartphones on January 15,
2022. They were combined with the base station
data of PP6 observations to perform a one-second
epoch of PPK positioning using the precise
ephemeris.

In exploring the performance, this study also
included the solutions of the fixed-point
observation and showed the comparisons in
Table 2. It used Eq. (2) to calculate the average
standard deviation of the epoch solution in each
set of positioning solutions. The distribution of
plane coordinates obtained by two sets of moving
reception data is drawn in Fig. 5.

From the test results, it can be found that the
positioning error of the Mi8 smartphone in the
slow-moving condition is much worse than that
of the fixed-point observation, and the difference
can be up to 20 times or more, consistent with the
findings of Dabove et al. [12], who suggested that
the success rate of fixed ambiguity resolution of
smartphone observables was significantly lower.

Table 2. Positioning errors of PPK solutions with
different observation types

Observation Route 2D H
(cm) (cm)
Stationary F1x'ed 1.3 2.2
point

) Straight line 359 41.6
Moving
slowly

Elliptical 40.8 92.1

75 GNSS Combined - Map —r

51102 503 04 565 =66 TV S S1. meven

(b)

Fig. 5. Distribution of PPK plane coordinates observed

by smartphone with: (a) straight line moving,

(b) elliptical moving

2.5 Multi-session Testing

In an attempt to understand the positioning
performance of smartphones during general
operating hours, this experiment was conducted
between 9:00 and 20:00 local time on March 27,
2021 using Mi8 smartphones to collect 15
minutes of fixed-point observations every hour.
Then, it was combined with the base station data
to perform a one-second PPK positioning
solution using a precise ephemeris.

Because the smartphone was placed on the
tablet, and the static observation was carried out
after centering and leveling, it is possible to
investigate the external accuracy of the PPK
positioning results, based on Eq. (3). To
determine the precise coordinates of the check
point, two PP6 receivers were used for static
observation and baseline solution. The root mean
square errors (RMSESs) of each solution set group
were obtained (see Table 3). The variation of the
errors during an operating day is shown in Fig. 6.

The external accuracy shown in Table 3
indicates that the Mi8 positioning results are not
good enough during the operating hours from
daytime to evening, with an average plane error



of 40 cm and a great variation between periods by
up to 75 cm. Meanwhile, the error variation trend
in Fig. 6 shows that there are two large peaks at
15:00 and 18:00, and 12:00, 16:00, and 19:00 are
relatively better.

Table 3. RMSE of PPK positioning of smartphone
observations at different time

Local time | N (cm) | E (cm) | 2D (cm) | H (cm)
9 30.7 43.0 52.9 95.9
10 29.5 9.5 31.0 15.1
11 259 14.9 29.9 26.3
12 21.0 5.4 21.7 9.7
13 43.0 21.4 48.1 19.1
14 46.0 15.1 48 4 13.7
15 60.1 76.1 97.0 252.2
16 19.5 9.0 21.5 12.8
17 30.8 3.9 31.0 6.3
18 25.4 45.6 52.2 154.5
19 16.0 17.7 239 4.4
20 23.2 11.5 25.9 16.1
Min. value 21.7 4.4
Max. value 97.0 252.2
Mean 40.3 52.2
300.0
— 1)) h
250.0
— 200.0
5
E 150.0
=
100.0

w
2
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Fig. 6. RMSE of PPK positioning for multi-session
observations

When further comparing the plane errors in
a better period at 19:00 and a worse period at
15:00, as drawn in Fig. 7, the positioning error of
the smartphone during the 15-minute observation
period around 15:00 is unstable and may occur
significant jumps during the observation period.

In the above-mentioned phenomenon, the
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external accuracy indicator (such as RMSE in
Table 3) of the PPK positioning results based on
smartphone observations showed a much larger
value than the internal precision indicator (such
as ¢ in Table 1). It may result from either the not-
well-defined Mi8 antenna phase center or the
ionospheric effect that causes abnormal satellite
signals received by the smartphones [5][8]. Thus,
in order to overcome the above dilemma of the
large error occurred, this study proposed using
the GNSS signal re-radiator to modify and
improve the signal reception quality, and the
details of which are as follows.

160.0
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7. Comparison of PPK plane errors observed at
15:00 and 19:00

Fig.

II1. TESTS OF MODIFIED
SIGNAL

In improving the positioning accuracy of
GNSS phase observables of smartphones, using
an external antenna can be considered to enhance
the quality of the received signals. Blot et al. [13]
showed that the L1 code range could be improved,
but the L1 carrier phase was not effectively
improved, in which the signal noise was still three
times higher than that of a typical geodetic
receiver.

Since the above-mentioned improvement
method has not been fully confirmed, and the
PPK positioning mode has not been tested, this
study proposed a combined device to provide the
modified signal for smartphones’ poor reception.
Furthermore, this study further tested and
discussed its operational effectiveness.

This modified GNSS signal transmission
and receiving operation for smartphones was
developed, as shown in Fig. 8. The modified
signal generation device used a better quality and
easy centering of GNSS geodetic antenna
mounted on a pole for receiving the original
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satellite signal at the positioning point, and was
equipped with a signal re-radiating kit consisting
of AC power, filtering amplifier, and passive
transmission antenna for operation (see Fig. 9).

GNSS satellites

signal
re-radiator

' ' smartphone

rover

Fig. 8. Configuration and operation for smartphone
receiving modified GNSS signal

GNSS geodetic antenna

re-radiating amplifier with
external AC power supply

passive
re-radiating
antenna

Fig. 9. Modified GNSS signal re-radiating kit

Under the operation of this design device,
the GNSS observations can be recorded by a low-
cost and lightweight smartphone. The positioning
point was at the installation site of the geodetic
antenna with the pole, which can avoid the
centering problem caused by the uncertainty of
the antenna phase center of the smartphone. This
is because the GNSS signal has been filtered and
transmitted by the re-radiating antenna, the
observation quality and positioning performance
of'the modified signal received by the smartphone

within an appropriate distance might be improved.

These benefits will be practically tested and
discussed in the following sessions.

3.1 Quality of Modified Signal

During the period of 10:00-11:00 local time
on February 26, 2022, the Mi8 smartphone was
used to receive the original and modified GNSS

48

signals for 15 minutes on the top of a building on
university campus. The evaluations of the
received signal quality were compared and shown
in Fig. 10.
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Fig. 10. Comparison of the quality of the GNSS
original signals (OS) and modified signals
(MS) received by Mi8 for: (a) number of
satellites, (b) estimated position accuracy, (c)
GPS L1 cycle slips, (d) L1 C/NO for GPS
and GLONASS

As shown in the comparison in Fig. 10, it is
clear that the quality indicators reflected by the
original and modified GNSS signals received by
Mi8 smartphones are significantly different. In
terms of the number of satellites received in the
adjacent period, the original signal has about 8
satellites, while the modified signal can reach 18
satellites. In terms of the PPK positioning
accuracy, the original signal performs at the meter
level, while the modified signal is within 2 cm. In
the GPS L1 cycle slips occurrence, the original
signal frequently appears, while the modified
signal hardly appears. In the L1 carrier/noise ratio
(C/No), the original signal value falls at 18-30 dB-
Hz, while the modified signal is about 30-50 dB-
Hz. For this test data, the quality of the modified
signal received by Mi§ is indeed much better than
the original signal and is comparable to the PP6
reception quality shown in Fig. 3.

3.2 Zero Baseline Testing

The zero baselines can be applied to
determine the hardware internal error of GNSS
receivers. This concept was also used in this study
to understand the effectiveness of Modified
GNSS signal received by smartphones. A GNSS
geodetic antenna was set up on the outdoor roof,
and the signal was transmitted to the indoor area
using the re-radiating kit as Fig. 9. Since the

49

FEASER FET=H F—H RE 112.05
JOURNAL OF C.C.LT, VOL.52, NO. 1, MAY, 2023

indoor GNSS signal was relayed and modified
from the original signal received by the roof
antenna, the coordinates obtained by the indoor
receivers should be the same. In terms of the
baseline solution, the length of each baseline
formed should be zero. However, a non-zero
magnitude can be regarded as the positioning
error caused by the GNSS receiver.

The test was conducted on December 6,
2021, at 11:00 am, using two PP6 geodetic
receivers and one Mi8 smartphone for 40 minutes
of data collection and performing a one-second
interval of PPK positioning with the precise
ephemeris. In this test, the Mi8 was not bothered
by instrument centering, so Eq. (3) could be used
to calculate the root-mean-square error of each
baseline solution with zero length as the standard
value. The comparison of the results is shown in
Table 4. The error of each epoch solution for the
PP6-PP6 baseline and the PP6-Mi8 baseline is
shown in Fig. 11.

Table 4. RMSE of PPK positioning for zero baseline

tests
Base | Rover N E 2D H
(cm) | (cm)| (cm) | (cm)
PP6 0.7 0.2 0.7 0.1
PP6 ,
Mi8 1.0 0.3 1.0 1.0
20 ——PP6-PPE PPE-Mi8
18
16
— 14 L il W0
512 i g LA R
§10 - | |
& o JNHER Lo (M e [ =
2 56 —TRTr R LT .

aaaaa

Fig. 11. Comparison of the zero baseline plane errors
between PP6-PP6 and PP6-Mi8

The results of the zero baseline test listed in
Table 4 were obtained under an observation
environment with the modified GNSS signal. As
expected, the better performance is found for the
PP6-PP6 baseline of using two geodetic receivers,
with a plane error of 0.7 cm. For the PP6-Mi8
baseline, which is the focus of this study, the
plane error increases slightly to 1.0 cm when
observed with one Mi8 smartphone. Compared to
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the internal precision and external accuracy
obtained from the previous tests with the original
GNSS signal, this level of Mi8 positioning error
is a promising result. It is basically believed that
the modified GNSS signal provided by this
study’s design device is capable of improving the
Mi8’s observation. However, when the
positioning errors are examined in Fig. 11, it can
be also seen that the stability of the Mi8’s
observation is still not as good as that of the PP6
geodetic receiver.

3.3 Outdoor Testing

In the previous zero baseline test, the
modified GNSS signal transmitted into the indoor
environment through the re-radiating kit was no
coexistence between original and modified
signals in the same space. To further check
whether the coexistence of original and modified
signals in the same open environment would have
a near-far effect similar to that of pseudolite [14],
the re-radiating kit was placed in the outdoor
space to produce the coexistence between the
original and modified GNSS signals in space.

This study was conducted at 12:30 local time
on January 26, 2022, with a PP6 as the base
station (receiving only the original signal) and a
Mi8 set up at 3 m, 5 m, and 10 m from the re-
radiating kit (see Fig. 12). The original and
modified GNSS signals were received for 15
minutes each by turning the re-radiating kit on
and off. The results are listed in Table 5.

As shown in Table 5, the Mi8 observations
were not successfully solved at the baseline
distance of 3 m and 5 m from the re-radiating
antenna when the kit was turned on. Meanwhile,
the standard deviation of the 2D solution set at a
10-m distance was much higher than that of the
original signal received by Mi8.

re-radiating
antenna

geodetic
antenna

L
i
receiver
| § 5|

——

Fig. 12. Original and modified GNSS signals

coexistence for outdoor testing
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Table 5. Positioning errors of PPK solutions with re-
radiating on or off

Turing off Turing on
Baseline | (original signal) | (coexisted signal)
distance 2D H oD H
(cm) (cm) (cm) (cm)
3m 1.5 6.1 N/A N/A
S5m 13.4 7.6 N/A N/A
10 m 15.6 35.0 58.9 24.0

In addition, when the modified GNSS signal
and the original signal coexist in the outdoor
environment, the L1 phase observable cannot be
effectively received at 3-m and 5-m distance from
the re-radiating antenna, whereas the L5 signal
which is believed to be more resistant to
interference can be received. However, the
satellites received in L5 is still insufficient and
can only be an auxiliary observation in the GNSS
processing software, thus, those solutions cannot
be completed. Although the L1 phase observable
can be received at a distance of 10 m from the re-
radiating antenna, the positioning error is found
to be large due to the possible interference effect
between the original and modified signals.

3.4 Multi-session Testing with Sheltering

The near-far effect may occur when the
original and modified GNSS signals coexist in the
same outdoor space. Thus, this study proposed an
operational improvement by placing the re-
radiating antenna and Mi8 receiver to a space
with sheltering (see Fig. 13). This shield is
expected to block the original GNSS signal
already existing in the open space. Meanwhile,
only the modified GNSS signal from a re-
radiating kit will be provided inside the shield.

(728 <

Fig. 13. Outdoor smartphone observation with a
shelter



Since the results of the previous multi-
session test in Section 2.5 showed that the
external accuracy of Mi8 observations was very
unstable, this study adopted a re-radiating kit with
a shelter to receive the modified signal only,
expected to avoid smartphone centering problem
and improve the stability of smartphone
positioning at different time.

To carry out a complete test for the above
purpose, a fixed point observation was made
between 9:00 and 19:00 local time on February
26, 2022. The Mi8 smartphone was used to
receive the original GNSS signal in the first 15
minutes of each hour and the modified GNSS

signal with sheltering in the following 15 minutes.

In addition, after combining with the base station
data of PP6 observation, a one-second rate of
PPK solution was performed using a precise
ephemeris. The RMSEs of the two sets of the
solution compared with the known coordinate of
the test point are listed in Table 6, in which the
improvement rates (IR) are also provided using
the calculation of (RMSEos-RMSEwms) / RMSEos
x 100%. The variations in the plane errors based
on the original and modified signals in each
session are plotted in Fig. 14.

Table 6. RMSE and improvement rate (IR) of PPK
positioning with original signal (OS) and
modified signal (MS) at different local time

(LT)
2D RMSE H RMSE

LT 1 os | Ms | IR | oS | MS | IR
(cm) | (em) | (%) | (em) | (em) | (%)
9 [5197] 38 | 99 | 10538 | 1.3 | 100
10 | 2639 | 08 | 100 | 6604 | 1.8 | 100
11 2819 | 222 | 92 | 7182 | 128 | 98
12 2893 | 203 | 93 | 2532 | 157 | 94
13 | 844 | 84 | 90 | 693 | 29 | 9%
14 | 521 | 348 | 33 | 137.8 | 67 | 95
15 | 247 | 95 | 62 | 442 | 50 | 89
16 | 1595 | 229 | 86 | 604 | 162 | 73
17 | 395 | 147 | 63 | 1029 | 51 | 95
18 | 637 | 193 | 70 | 1267 | 92 | 93
19 | 726 | 159 | 78 | 1092 | 150 | 86
Avg | 1683 | 157 | 91 | 3033 | 83 | 97
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Fig. 14. Comparison of multi-session PPK plane error
with different signals

From the external accuracy shown in Table
6 and Fig. 14, it can be seen that the results of
PPK positioning with Mi8 observations can
reduce the positioning errors by at least 30%
during the operation hours from daytime to
evening when the modified GNSS signal is
received with sheltering. Besides, for the average
improvement rate of more than 90%, the
modified GNSS signal obtained with sheltering
can reduce the average plane errors from 168 cm
to 16 cm, and it can also low down the average
vertical error from 303 cm to § cm.

Moreover, when looking at the detailed
performance, it could be seen that the error in
height could meet the requirement of 20 ¢cm for
pipeline positioning in all sessions when the
modified GNSS signal was used. However, the
plane error of larger than 20 cm still occurred in
four sessions, e.g. 11h, 12h, 14h, and 16h.

Furthermore, for the two representative
periods (15h and 19h) shown in Fig. 7, the
variations of the plane errors using different
signals in this test were also plotted in Fig. 15.

120

original (15hr) ——original (19hr) —— modified (15hr) modified (19hr)

2D Error (cm)
o
S

Fig. 15. Comparison of the plane error using different
signals at 15:00 and 19:00
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Compared with the original signal
positioning error jump in Fig. 7, it did not occur
in Fig. 15 of this test, and the modified signal
positioning results with the sheltering reception
were generally better and more stable than the
original signal positioning. Observing the test
results of near one year ago (March 2021 in Table
3), it can be seen that the average plane error has
increased significantly from 40 cm to 168 cm in
the test under the condition of using the original
GNSS signal. It is possibly explained to be
resulting from the influence of the ionospheric
error. To further understand, the ionosphere
vertical total electron content (TEC) maps,
provided by International GNSS Service [15],
were used to extract TEC information from the
vicinity of the station, i.e. latitude 25° N,
longitude 120° E, and altitude 450 m, and
compare the two test periods in Fig. 16.

600

2021/03/27 m2022/2/26

500

0 I I | | | I I
8 10 12 14 16 18 20

Local Time (hr)

Fig. 16. Comparison of the TECs for the two test
periods

TEC (TECU)
N ow &
o o o
=] [=] =]

=
o
S

From the figure, it can be seen that the TEC
values in the second group (February 2022) were
all higher in the same period, and the sessions
with TEC values above 300 units, e.g. 10-16h
local time, also correspond a higher level of
positioning errors. However, the exact correlation
is suggested to be further investigated.

IV. CONCLUSION AND
SUGGESTIONS

In this study, a short baseline PPK
positioning using the smartphone received LI
carrier phase observables can provide the
following findings:

1. Mi8 smartphone observations could
improve the positioning accuracy by 60-80%
when using precise ephemeris, instead of using
broadcast ephemeris, with an average difference
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of 10-20 cm. The use of broadcast ephemeris
could also lead to a bias of 75 cm in position.

2. The positioning error of the GNSS
observables collected by the Mi8 smartphone in
the slow-moving state was much larger than that
of the fixed-point observations, and the error of
moving test could be as high as 90 cm.

3. The external accuracy of smartphone
positioning was significantly worse than the
internal precision, which might be caused by the
smartphone antenna or the signal reception
anomaly. Thus, a GNSS signal re-radiator could
be used to improve the signal transmission quality.

4. Regarding the number of satellites,
estimated position accuracy, GPS L1 cycle slips,
and L1 carrier/noise ratio (C/Ny), the quality of
the original signal received by the Mi8§
smartphone was indeed obviously worse than that
of the geodetic receiver. However, the modified
GNSS signal obtained using the proposed re-
radiating kit could be much better than the
original GNSS signal and closer to the signal
quality of geodetic receiver.

5. Using the modified GNSS signal in the
indoor zero baseline calibration, the error showed
that the plane error of the geodetic receiver was
0.7 cm. The zero-baseline error of Mi8 slightly
increased to 1.0 cm, and the stability of the
performance was relatively poor.

6. In the outdoor environment where the
original and modified GNSS signals coexisted,
the L1 phase observed by smartphone near to the
re-radiating antenna with 3 m could not be
received effectively. Meanwhile, the L1 phase
could be received for a 10-m baseline, but the
positioning error would increase to 59 cm due to
the interference of signal coexistence.

7. When the modified GNSS signal was
provided in an open space, the re-radiating
antenna and smartphone could be blocked from
the original signal by sheltering so that the
modified signal could show a positioning error of
3-9 cm.

8. During the operating hours from daytime
to evening, the positioning error of the modified
GNSS signal received by Mi8 with the shelter
could be reduced by at least 30% compared with
the original signal. The average plane error could
be lowered down from 168 cm to 16 cm. However,
there were still some hours to see the error greater
than 20 cm.



From the test of using GNSS phase
observables for short baseline PPK positioning
with smartphones, the following suggestions for
future development are provided:

1. When the Mi8 smartphone uses the
Geo++ program to receive GNSS observations,
only the observation file in the RINEX format is
accessible. Thus, the satellite orbit information
used for positioning calculation must be provided
by other sources.

2. To make the GNSS observations received
by the smartphone carry on a centimeter-level
positioning, the antenna phase center, the
instrument centering and leveling, the signal
reception quality, and the influence of
ionospheric effect should be continuously studied
and overcome.

3. Precise Point Positioning (PPP) will be
one of the mainstream technologies. The amount
of observations provided by smartphone
receivers should be increased with the navigation
satellite modernization. Thus, it is worthwhile to
explore the topics of using smartphone receivers’
L1/L5 dual-frequency carrier phase observables
to effectively achieve a decimeter-level
positioning in both static and kinematic modes
[16].

4. The GNSS signal re-radiating kit can
provide the data with better quality, but the
positioning performance is still not steadily meet
a 20 cm requirement for underground pipeline
surveying. However, its equipment and operation
has potential to carry out some applications, such
as rapid map revision etc. [17].
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Study on Morphology Improvement of Green Primary
Explosive DBX-1
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ABSTRACT

Traditional primary explosives are usually heavy metal salts, especially lead salts, such as lead
azide (LA) and lead styphnate (LS), which can cause environmental pollution problems. Therefore,
green primary explosives have attracted more and more attention. Copper(I) S-nitrotetrazolate (DBX-1)
is considered as one of the most promising alternatives to LA. DBX-1 is generally synthesized from
sodium 5-nitrotetrazolate dihydrate (NaNT - 2H,0O) and copper(I) chloride (CuCl). However, most of the
synthesized products are irregular flakes with poor fluidity and dispersibility, which affects the filling.
Therefore, it is necessary to improve the morphology of the synthesized products. In this study, NaNT -
2H,0 was synthesized because it was not commercially available. Afterward, DBX-1 was synthesized
using NaNT - 2H,O and CuCl, and four kinds of crystal form modifiers including sodium
carboxymethylcellulose (NaCMC), polyvinyl alcohol (PVA), polysorbate 20 (Tween 20) and dextrin
were added respectively to improve the morphology of synthesized product. The experimental results
indicated that the spherical DBX-1 was successfully synthesized by adding Tween 20 with 0.5 wt.% of
concentration or dextrin with 3 wt.% of concentration, and the particle sizes of the synthesized products
were 39+5 and 83+10 pm, respectively.

Keywords: Green primary explosive, spherical DBX-1, crystal form modifier, particle size
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2R 1% 48 P43 8 NaNT «2H,0 Kisik A8 23/
F 7 BF) 3 B 4646 o Bottaro % A[21]% 2017 4
&0 3 F — A # 6y NaNT-2H,0 Ak £ 4] » £
ta4% B 5-AT ~ & (HNO; ~H,SO4~HCIO, 3%, HCI)
F2 NaNO; £ K F U &2 bk R JE R & 4
NaNT2H,O > A b2 F » TUUABR G
NaNT+2H,O &) & % -
ARBEOVRER Y E > BATH &
DBX-1 A& mE M5k k48 A% » Feng
% A[22]% 42 KDNBF &4 R R EBF2 » #d
o B A IH BB (PAM) ~ B LB (PVA) R T
W0y AL B A5 -20(Tween 20) % 3 #8 51 38 2 5 i 4T
KDNBF & & & M e e R > 3045 348 A 4%
b B IAREE] R E MRS
# Li £ A[23]4% #] B NaCMC ~ PVA ~ Tween



80 ~ #45 (Dextrin) & Triton X-100 % 575 37 %
%47 KDNBF &k 2 84 W I B R R ©

R REBE[24] AT G AR A o B Y
NaNT2H,O - it # & 8 0 F k3t i:[25, 26]
%4 DBX-1 X R E R RESRSE > HEE
PRE W 0T SR L F- R Rk [14-18] 89 BF 78 A R
AR R ARBRAG R K RRRERER
FINBEHEBEER - KRB LF SR
NaNT-2H,O FH i & =% iRiF > R4 A A
NaNT-2H,0 & CuCl 4 s, DBX-1 3t % 3] 7 Ao
# F AR 4 F4(NaCMO) ~ B LM EE(PVA)
L AL EEES-20 (Tween 20) B Big % 4 48 &1
FEB R ESRAEMAIR > A ey NaNT-
2H,O & DBX-1 A]#]A SEM - NMR - FTIR -
EA & STA DSC-TGA #4T m#74e % » 346 7T
B A pR R4k DBX-1 89 & 2R 28 ) o

=K B

2.1 TER¥ &

(1) 25 &% B% 48(Sodium nitrite, NaNO,) : 3% % 4% -

Be i &E 97%  AN4A R NaNT-

(H20), » AFw g 5 Rxto A IR/~ 3) 5 0E -

5-Bi #& vg 24 (5-Aminotetrazole, HN4CNH,) :

K@ Ge S8 4F 8% ANSE K

NaNT«(H:0), » x40 F 5 Bty A IR22 3 H

B o

25 5% &% 48 (Sodium nitrite, NaNO,) * 23X 2 4% >

BeE S 4 97% > A 4 NaNT-

(H20), » AFn g 5 Rt A R3] g -

¥ B (Nitric acid, HNOs) @ 3X# % » & &%

B EEEHEE 65% 0 ARA AR NaNT

*(Hx0)2 > AAu G 5 Batn A P 3) 75 B o

7 B (Acetone, CH;COCH:) @ X% 4% » & &,

ARBE L E 99.5% B 74 sk NaNT -« (H.0)»

gyt > KA Y 5 AR PR 8] T B e

5- 7 3 v o4 45 [Sodium 5-Nitrotetrazole,

NaNT+(H20).]: & &, & 88 > A #>4 sk DBX-

1 BATE R °

(7) &4t 4R (Copper(I) chloride, CuCl) @ X %
o Fe R shE 97% R4 R DBX-
1 ZA0 8 5 Bactn A R3] T 8k -

(8) 2-7 &% (2-propanol, (CH3):CHOH) : 3 % 4% >

2

(€))

“

(&)

(6)
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B0 REE > W 99.8% 0 A # 4 A DBX-1
Bk > K A0 G 5 R A PR 3 B o

(0) % FHEB4EFMNaCMO) : &R &
RIAK DBX-1 ¢4 & AEED 2 &2 P oo
i o

(10) % 1 EE[PVA, (C:HiO)] - G &K &
IR DBX-1 ¢4 S & A0 G 5 Bk
R OGRS

(ll)fﬁl.b ;’FM%EE-ZO (Tween 20, CstsoOlo) : xﬁ
B A > B 1.1g/mL > #2>100°C > &
K ey s A 100 mg/mL 0 A R IR AK
DBX-1 &4 & AEE > AF0 G 5 Bt A R
N E) B e

(12)#8# [Dextrin, (CeH1005)a] * % 5748 &4 K -
#E 0.8 g/mL > JZ B 53.75-54°C - b %
865.2°C » fe7k ¥ 8y M % 100 mg/mL >
A K DBX-1 ¢ SR A 8 F.o
B o

2.2 TEkta

(1) NaNT2H,0 & AR RE L BATHE -
B B $8 3 hu 2k % (CORNING PC-420D :
O FE /R E A 5-550C/60-1150
pm) ~ Ki54H ~ = 0 B RBEAR(EE 250
mL) ~ 78 & 3T (2 RIS B A-20-150C) ~ F#
SRR (% E 60 mL) - Ak o B B
(100W/1 wx1 R/3k 35 46 4 ) B B 3R 65 4
#] 25 (CT-801 : B S5 B & 0-400°C )4 A%,
DBX-1 &t RRIE S - BT % >
7 43 ju#h % (CORNING PC-420D : ;8 B
S E /3R E 4 5-550°C/60-1150 rpm) ~
M~ B RIEA(AR E 250mL) ~ ARt
B & % 7k 4% (UNISS Recirculating Chillers
RC6 : 7% §u [ #-20-100C )48 Ak, °
WIRMERE  BTEE > bk -
JEIEAR - BIR C B E A ABRE A
L EARA B %% #H (UNI-CROWN UN-
50V) faps > Fl 40 & M o R A8 o
FRFEREE © dw4n(EYELA OSB-
2100 B E L E A F R 5-90C) ~ B RIEAR
(Z&250mL) ~ 3EBE ~ ARE REBK
# (Deng Yng/D-610 : % & %t [E % -20-
100°C) 4 A%, °

2

&)

“



EXHE
AR % DBX-1 iRk B2 AR

(5) # # X & F B2 4 4% (Scanning electron
microscope, SEM) : 4 A B A& JEOL /3] #
EiT T FEME > ARG RE
o ST A -

(6) # =& # Ik & 3 48 (Nuclear Magnetic

Resonance, NMR): A&} %1% Fl & K F1& T

«2> BRUKER AVIII-500MHz FT-NMR #4 7%

FEAmE IR AR £ B R Ak sh ey 'H B

3%(500MHz) ~ °C B 3%(125MHz) & “N

3% (600MHz) - % & R & ¥ 24 St &A%

(Deuterated Chloroform, CDCls) % %] 7% #2

B o TR T AR XA M TR

18 3 3 8 o4 4 sk 3 4R (Fourier

Transform Infrared Spectroscopy, FTIR) @ &

7248 A Varian 640-IR 7 {% 37 3 #3040

IR AR EZRAUNEREREMAE

RER R UM ERERA 7

#4%.[F : 4000-450 cm! o

7UE »##&(Element Analyzer, EA) @ K&

ik A & KB 1% ¥ v Heracus CHN-O-

Rapid # 70 & o474k » M E B 950C »

BREBE 600C - ANERSRAENMZ

AE EUSHERZC-H-NEZE

th e AEREBEEREZRTERS P oK

BER -

E) % # % # 4& (Simultaneous thermal

analyzer, STA DSC-TGA) : At %18 A 1&

Netzsch 2> 3] A7 & & &9 STA 449 F3 A 4k

SR 0 Bt £ AT 4 2k 3 (Differential

scanning calorimetry, DSC) & # & % #7

(Thermogravimetric analysis, TGA) &) 2/ f€ >

P70 B ik B 4 69 AL 2245 M o

™)

(®)

©

23 EmHT B
2.3.1 NaNT2H, 08§ 4 .5 B

bR R JE AT NaNT «2H.0 ¢4 451, &
L R
(1) ABAERZR A LB 10.0mL X &F KA A 50
mL ¥R 0 BAhoA 2.0 mL 65%F5 8 > & 1%
Jon 2.0g 69 S-F A v ek (5-AT) > 4] A 5.5
WHA S XA 1150 rpm BB
65C » xR RAHE -
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(2) FEER B 1 45 20 mL &8 FKAvA 250
mL [B &L © BhuA 3.56 % 25 BN
AR s ¥ o 35 > T ik 1150 rpm
B 65C » Emikaeyy -
HE LA IR B oy B R ARR A F 0 R R
3o iR A B SUE A K A A B R HER
WAk R GE 20 H—F 0 FRAMMANE
RREHREFEFAF L FRAGCEL
B BBE BN AEERASTNERE K
JmiB A2 &) 50 4 o RARIRZ IR A
YhBEe  AHEBETK-
4) A RARBRGEEEBTREHA > ERS
TIRIBHEILE o SR B AR 55-60C ©
(5) PFW Bl B % G4 > ARERN A FEERKR
A&k REBCE LG £S50CHEER-A
b5 4B ST 43 4k 4b B9 NaNT «2H,0 -

)

2.3.2 DBX-1&54 &5 5

(1) AEER A # 1.0 gNaNT2H0 A é,
4F 8Tk 30 mL & 250 mL [E] KRR
BT 2EME -

(2) ABER B # 0.5 g CuCl w5 F 8k

F7k 5 mL &) 50 mL Jeik 0 #EHEHE T2

R o

FE AR C (a) 2wt.Y% e F AR gk 4

% 49(NaCMC)iik 5 (b) 2wt.% 4 B T 1 B2

(PVA)Z& 5 (c) 0.5wt.%u4 L) &L B2 £5-20

(Tween-20) &% ;5 (d) 3wt.Y% g ¥tk 50k

LAIEIRI AR BET K B A o

e sk A BRIEAR N S mL 69 &

TR E| (4 48 & B B AT ER)

BNHISBNBRZEN#ELEIES £ &

F 4k 1150 rpm Ak E 90°C > 44 45 4]

RARERERBEIZEMEERA B

RABR B EFIE(H 100°C) » F4EH

# 60 néEfE H e RIE  RABRE

W hire, o

FRABRBERETRG  KLdBEHKD

BB E LB AMEHSE 250 mL

GyEAR 0 AR EEEFK 100 mL Fk 0 &

HERRBERE 3R -

3

“

®)

(6) HasEmeyE A A HA A EITH
o R RIBAEE SOC REER 60 48 0 144



PAE] ) BT 4K ) B A8 & 4 BN R S
FRPFARE AT A

=~ ERANW

3.1 4 5% ZE % NaNT-2H,0 th4E %
3.1.1 SEME &

A & 4 NaNT «2H,0 697 e fe0 R <+ 35 &
SEM #:84E 1 Frw » ARAEDEAR RAR
R RE LA B RR L -

W N

w % ,:‘ 4
ST T it SR !{g
10Um  —

) :
NG NSO LD, T a2 2™ e T
SED 10.0kVWD11mmP.C.30 HV x1,000
CCIT

1. & Z 4 NaNT-2H,0 & SEM [ %

3.1.2 NMRg 3#

AR E M NaNT-2H0 8y 4453 & NMR
oA B 2-4 B8 B R E M 75 AR A2 DMSO-
d6 ;&% 85 SN-NMR -~ 'H-NMR % 3C-NMR
3 o 'N-NMR [ £ %8~ 316.615 ppm (N2, N5)
& 397.222 ppm (N3, N4) & A w1812 5504 4 e
Wevg ok 33 & 6 B F 0 357.477 ppm (N1) & &4
12 SR A $ B 7B 2K 7 09 8B F © 'TH-NMR
3 3.991 & 2.474 ppm KT & R X B2
e 5 5 B4 N 4 8K & DMSO-d6 & #
# 8B F 0 B —18 8.233 ppm &4 /M MZ ST
W& B A 5-75 % -1H-w % (HNT) »
HNT LEwydktt SRS 544 B %8k -F X
AEBR R EHFENE SRS E N
ol fo B F E[27] - PC-NMR [ 3 168.711 &
39.221 ppm & & 1B £ B2 5F4%& 5 5] H RN
g o 32(C6) & DMSO-d6 ;&% T 64 B F » &
7 149.408 ppm #4 7 — B /M3 5E4E &, 7T Sy B
& & & &b HNT> Eift NMR 547 =T B 77 3%
A 5% & 4 2 NaNT «2H,0 -
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General

DATE = 2020019
TIME = 1438
INSTRUM = spect
PULPROG = 1y

'NO;
sy

3 NI

® Ns:N-!H:O
na \a2//

3
N—N

1= 4858
SF=6615
SW_P = 60606061

00 w0 200 ° pom)

2. A E M NaNT-2H,0 44 "'N-NMR [ &

= I
=]
o

8233
399

"NO; =
0 ‘ u.. 2768
& Nst-ZH;O St |
NOY J
DMSO-d6
o ]
N\"J\fw By-product
Nt -
o L] ° (ppm]
3. 4 A& 4 NaNT+-2H,0 &5 'H-NMR [ 3%
4
E H General
H H DT e
DSTROM et |-
'NO, PULPROG = 7
pMsO-d6 | MO
. 1= 65536
@ stN « 2H,0 o L
Y
6
NO;
.
By-product |  /
-
250 20 19 100 0 ° oo

4. A k& 4 NaNT-2H,0 &5 *C-NMR [ 3%

3.1.3 FTIRE #

AR A4 NaNT«2H,0 o) B R ik &y
FTIR [ % » A48 5 Aror » 42 1447 ~ 1421 ~
1399~ 1272~ 1192~ 1172 ~ 1066 ~ 1041 ~ 842 ~
669 % 543 cm! B4 C=N & C=C th kb &
& BT wBEHNELE > B Tr-NO, 89 ¥
WBAREHBO B ES R B3R AL 1323 &
1546 cm'» 45 S 7k 69 O-H a4 i 4d & & B £2 3443
em’! AR 0 SR A Klapotke F A
(28189 X BhAR AL > E b o T i — B ERE A R A
4 & NaNT «2H,0 -



EXHE
AR % DBX-1 iRk B2 AR

NO,

40 | /k .
I O)
Na
30 - N—N *

= H:O (O-H): 3443 cm™’

Transmittance (%)

20 e Tr-NO:: 1546 and 1323 em™
«+ Tetrazole ring (C=N, N=N): 1447,
10 1421, 1399, 1272, 1192, 1172,
1066, 1041, 842, 669 and 543 cm™
0 L N L N N N
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

5. 4 m &4 NaNT-2H,0 &) FTIR [ %

314 FSH

A R E 4 NaNT < 2H0 # 7% 47 4 R 88
~aA 1.1 wt%u s B F(C) ~ 40.9 wt.%#) &
BF(N) ~ 2.3 wt%e) 58 F(H) ~ 36.7 wt.%#
£ F(0) & 13.0 wt.%4n 8 F(Na) » Ik % B
NaNT-2H,0 & #a (6.9 wt.%C ~ 40.5
wt.% N~ 23wt.%H -~ 37.0wt.% O & 13.3 wt.%
Na) » H ¥ &l E4F afuins E%IK 0 T4
LRy & HNT 8| 2 ey 548 ©

3.1.5 DSC-TGHE %

A R E 4 NaNT «2H,0 ¢y s b 245 Pk oy
DSC-TG [ 2% 544 [ 6 Frw > DSC ¢ 42 867
f£ 75°C MR — B/ ey B EE > e TG ¢
KA TEZBRETAH20%EEHE KL
% B O 67 B 4 B K B4 AR BR, © Marimuthu &
Talawar [29]69 3% & A 4B Bl 49 A7 & R - sk
g » DSC dh 8 f2 228°C [t 3T BA ™ 69 A B =T
A FEN NaNT ey R JE - B B TG dh 4
EHRETRTEENEERL -

3.0

228°C

DSC (mW/mg)

" L "
250 300 350

1
200

Temperature ("C)

6. 4 & 4 NaNT-2H,0 # DSC-TG B 3%
3.2 4 m A& 4 DBX-1 &Y 5088

DBX-1 A R i@ 42 K s Ao & T 38 58] & oy
B Ao # F A4k 4 F s9(NaCMC) ~ R T i B3

60

(PVA) ~ %\l AL B2 A5-20(Tween 20) R #1454 4

2B 6 A R AW 2T oo R
SEM #R8 » %4 % 534 448 B o K S is kT
WITZ R B BB R BRI -

321k B B AR NS RED

R B RAER S RAE YR E T FF
™ AR AEMHIERRR A KE R ey
E o HRMBRERAN GGG EEEA

l.v’.‘ s v‘

N
7

3

SED 10.0kVWD11mmP.C.30 HV x150
CCIT

7. DBX-1 A RiB# ki S LB 2 &by
SEM R 1%

100pm  —

3.2.25% m & T A EBINaCMCl &5t £ 41

I &b 7538 2B NaCMC &9 6 ik & 4o [B]
8 AT BRAMERAFHELHEAKE
TEE A S R Bk RO — B R AR

~

P i 2 s
SED 10.0kV WD17mmP.C.30 HV  x150
ccIT

100pm  —

8. DBX-1 A ki@ 427 hm 5 7 2 2 ) NaCMC =
A4 SEM Bl 1%

3235 &N AERPVAK S REY

T SR PVA thb R E M B 9
B &AM B R AR R
WAt > B ZHARAA K -



SED 10.0kVWD11mmP.C.30 HV  x150

9.DBX-1 4 @42 7o &a 3B B B PVA 2 £ 4
&) SEM B 1%

3.2.4%m B AL E Tween 2069 6 A

o @A B H] Tween 20 695 m & P4
10 Afow > A AW T ST B K ~ FA
RN BRSEp A8 0 BdRE o HF
¥R A% & 3945 um °

10. DBX-1 A p i 42 s o 5 75 38 2 %] Tween 20
Z & ey SEM Rl 1%

32.5% &M AE R MBS REN

Ao ST R B ) A A M B 11
FIT o B PR 40 09 9 R AL AL B 3K ~ FRKL 8
RERHoAT Y @dkiE oW L5k
1% % 83+10 um -

SED 10.0kVWD12mmP.C.30 HV
CCIT

11. DBX-1 & s i A2 7 Am & 715 38 55 Bk 2 &
¢ SEM B 1%

x150
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33 A A4 DBX-1 89X
3.3.1 FTIRE &

A A% DBX-1 9 Fhe s d FTIR
oM B 12 Ao 0 48 1488 ~ 1471 ~ 1452
1423 ~ 1122 ~ 1097 ~ 833 ~ 669 % 653 e’ & %
R, C=N B C=C tydify B E) > # T WL IR EH
#7748 Tr-NO, # #H 45 B R $H 45 ey S i E 8 B
SR A 1326 & 1548 cm' o b4k 0 ££ 3550-
3000 cm™ 2 B P9 A 3K o F o OH b E 8
Bao~ DBX-1 # @AV 0Ky By
AT & R LT 20 SRR [14-17] 69 5 2 A R AR >
3t FTIR #3797 sABR 354 & 4 & DBX-1 °

id

*

*

‘e

—Cu L]
"'§< “n—N = H,O (O-H): 3550-3000 em’!

3 i %No; o Tr-NO>: 1548 and 1326 cm™

r N

« Tetrazole ring (C=N, N=N):

Transmittance (%)

30l |
Cu

1488, 1471, 1452, 1423, 1122,
1097, 833, 669 and 653 cm”'

20 M " 1 L L "
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm’™)

12. & 5 Z 4 DBX-1 & FTIR [ 3%

332K A

A rk & 4 DBX-1 [Cua(NT),, NT=CNsO;]
L EaERBrEH 7.3 wthem BT
(C) ~ 425 wt.% 8y REF(N) ~ 11.5 wt.%8g 2R
F(0) ~ 0.2 wt.%#) &7 F(H) A 38.5 wt.% 4R
JBF(Cu)> JE ¥ 341 DBX-1 fam ey 32 414 ( 7.4
wt.%C ~ 434 wt.% N~ 9.9wt.% O & 39.3 wt.%
Cu) AV omAEAMTLEY ZHERTFRAEAR
FERSG > THeAGN DBX-1 @B E) €
Bk F » sb¥L FTIR B3E 474816 o

3.3.3 DSC-TGH #

4 A& 4 DBX-1 8 AL 4 45 e 4 & DSC-
TG B %5440 B 13 Aiow > DSC dh g 48 322°C
it 3L i 3 3% 9 A BhE ST 532 57 B % DBX-1 &9
SRRE B A TG dh 4 fe %08 B F Bom i 4
49 % §48 % - Fronabarger % A[18]& i & #] %
A[16]38 & o) SRR B B BB R
#b 0 DSC-TG 3% 7T i — H B354 A W 4
DBX-1 -



EXHE
AR % DBX-1 iRk B2 AR

DSC (mW/mg)

TG (%)

0 L N 1 1 N L 1 20
50 100 150 200 250 300 350 400 450

Temperature ("C)

13. 4 & 4 DBX-1 & DSC-TG [ 3t

& W

we

Eg\

AR B A A NaNT-2H0 B & &0k

BEHE/T > 35 d SEM » NMR ~ FTIR ~ EA &
STA DSC-TGA %1% 5 T Ao A 48 E >
4k 4% #] A NaNT+2H,0 & CuCl 4 5 DBX-1 it
%1 mA NaCMC ~ PVA ~ Tween 20 B g %
47 QLB A EERAEMAOLIR  TRE
R Baw v sm Tween 20 B0 =T sz A B K
DBX-1 » H 448 5% & 39+5 & 83+10 um >
DBX-1 44 5% & ¥ 5& 14 3 & FTIR-EA % STA
DSC-TGA %1% 54 27k -

=% #

AR RAFBRA G 111 £ By b @fH4

st E ) RS EHBIGTHE €95 NCSIST-
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ARHETFEHRZR T EFRRERE S
M TIEE -
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An Improved Smoothing Method for Black Powder Closed
Bomb Burning Rate Data Reduction
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ABSTRACT

Closed bomb data reduction programs traditionally use a fixed method, which means that a
smoothing interval of a fixed number of pressure points is chosen and used over the entire pressure
range. This paper describes a variable smoothing method which was developed to compute closed bomb
burning rates. For the variable smoothing method, the smoothing interval is gradually decreased as the
pressure increase. The data can be smoothed to within one point of the slivering pressure without any
inaccuracies resulting from using data in that region. The variable smoothing method was used for
computing burning rates for black powder and was found to be preferable over the fixed smoothing
method because accurate burning rates could be obtained to much higher pressures. Also in this paper,
a smoothing routine with a second-degree polynomial fit is compared to a routine with a third-degree
polynomial fit. The smoothing interval of the second-degree polynomial was smaller than that of the
third-degree polynomial for a smooth pressure-time curve.

Keywords: black powder, closed bomb, burning rate
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The Combustion of Black Powder in Closed Bomb
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! Department of Aeronautics and Astronautics, R. O. C. Air Force Academy
2 Department of Mechanical Engineering, R. O. C. Military Academy
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ABSTRACT

Analyzing combustion of black powder in closed bomb is available for the design of new high
altitude pyrotechnics, improving the performance of existing pyrotechnics, and solving problems in
existing pyrotechnics. An analytical model for the closed chamber combustion process is set up for the
derivation of explicit relationships for relative quickness and relative force in the future. The shaping of
characteristic dP/dt-P curve for a high altitude pyrotechnics system is dependent upon several grain
characteristics. Although, in the final design of a pyrotechnics system, all grain characteristics may act
simultaneously to determine the ballistic performance of the pyrotechnics, it becomes convenient to
categorize the independent effects of several grain characteristics on the dP/dt-P curve. The work shows
that the physical structure of black powder breaks up during combustion. Combustion proceeds on
fragment with a new surface to volume ratio. The size, shape, and number of fragments are determined
by the corning property permitted to development granulation procedure. The density is decided by press
operation. The instrinsic burning rate of black powder is very fast in relation to the rate of structural
dissociation. Moisture, the insensitivity volatile used with black powder in the pyrotechnic charge does
not interact with black powder to modify its burning behavior.

Keywords: black powder, closed bomb, combustion
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* 1. 128 SAMP 2 2 [bb 454

KNO; 75.07%
Ss 9.91%
C 15.02%
FE 1.9877g/cc
KA 0.53%
k2. 0= BB RAEZHEILESH
2t | mw | 2w | xm AR
KNO3 74.0£1.0% 74.0+2.0%
Ss 10.4+1.0% 10.44+1.5%
C 15.6+£1.0% 15.6+1.5%
ER 1.72-1.80 glce
KAy 0.6%(Max)
R 0.8%(Max)
4.1.2 B 5 H

1834 SAMP 2 # 2 RE Mo £ 30 Bk

B3 AE b ko e Ao AE AR B AR
H L8 EHASTMIL 354 (2.0mm) ~ 16 3% &
(1.18mm) ~ 20 3% & (0.85mm) ~ 24 3% &
(0.710mm) ~ 30 3% & (0.60mm) ~ 35 3% &
(0.50mm) ~ 40 %% # (0.425mm) ~ 50 3% £
(0.30mm) ~ 100 3 & (0.15mm) ~ 270 3% 4
(0.053mm)
% 3. 15 SAMP 2 #3425 H7
i 4 5% SAMP
1 45.6%
20 40.8%
24 9.6%
30 1.6%
35 1.6%
£ 4 0 BB B S E RS
st | m& | AR | A® | AR
16 | 3%%E |3%%G
20 3%35% 9
30 | 5%i@id
40 5% B
50 e
100 3% @
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Instrumentation 7 &) B173 Proputer 7 4% 58 1% >
B8 A 423% 0 8] B173-MA-01-06 F i #h4T
R RER R ARE— — T EET
R BARBIAMAE S Bk S BAFH AL

%o & BIALE KT MKEIAE > 2 KEFRIAR A
Ko B —ty AR ERF B ESL T ERBER
B 4o & 60 RIRBR A A EMER Sk E
15 KB 773k BB A1 (dp/dt — p) e &2 ) >
B BFA) AR BMR A4 & 4 2 E MBI 1F B 4F
EM-E S R (Vi-Z)dh 81 -
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s | weight o) | (=L M RIS LRSS G| ovbare) | ety
SAMP 9.681 0 199 4.36 217.39 117.59 20
V9 4R 9.762 0 197 4.26 215.86 126.02 20
EN 9.528 0 174 7.5 190.85 75.73 20
N 9.585 0 185 5.3 202.78 101.96 20
N 9.621 0 193 3.74 211.05 182.67 20

& 6. MR BB IBRARAM AL S H

oA Weight I.gn. Delay | Max. pressure | Rise time Florce Vivacity Sampling

(2) time (ms) (bar) (ms) G/9) (100/bar.s) | rate(us)
SAMP 9.672 0 191 4.82 208.85 110.94 20
ualk’ 8 9.743 0 186 4.84 203.61 113.03 20
EN 9.512 0 163 7.61 181.17 70.14 20
N 9.503 0 176 4.08 192.91 143.68 20
NER 9.518 0 170 5.67 186.13 147.54 20
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Closed Bomb dp/dt-P Diagram, Black Powder, 203rd Arsenal
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Closed Bomb Yi-Z Diagram, Black Powder, 203rd Arsenal
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Closed Bomb Vi-Z Diagram, Black Powder
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Closed Bomb dp/dt-P Diagram, Black Powder, 203rd Arsenal
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Closed Bomb dp/dt-P Diagram, Black Powder, 203rd Arsenal
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Closed Bomb dp/dt-P Diagram, Black Powder, 203rd Arsenal
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Closed Bomb dp/dt-P Diagram, Black Powder, Germany SAMP
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Closed Bomb Vi-Z Diagram, Black Powder, 203rd Arsenal
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#H 2

K b ¥ A A el 1R e X fa b e 4 % (BPN) ~ 48908 (LSTM) %78 B 2 H A AV s 4705 B
TaA > BABEAEIEATRR k> RAMEAE A TR TR EEEZME 0 2R L - AARRE
— @R X LSTM & A > 3t 91/%4 BPN A& LSTM #4TFARIEAEE L - U B SR8 4%
A I A BRI B A2 0 452887 LSTM = RMSE ~ MAPE & MAE #18 % BPN %! - &
X, LSTM 531412 387K E 99% ~ 95%8 68% B3R A% A3 B (A vy EAETE R R 4 %)3E 100% ~
99.33%%1 94% > BT RARELEHEANEFHBARZETRAMN > REHESERANER E£SE
%&ﬁw’ﬁﬁﬁﬁwﬁﬁﬁﬁmzﬁx C UREHERE R R B RALAINE

M4 D kabelE ~ AREX B ER - REWiIEEE - RESE

Application of Big Data Analysis Combined with Time Series
Prediction-Using Interval Improved Neural Networks

Hsio-Yi Lin! and Bin-Wei Hsu?"

'Department of Finance, Chien Hsin University of Science and Technology
*Department of Business Administration, Chien Hsin University of Science and Technology

ABSTRACT

In the literatures, deep learning models such as backpropagation neural network (BPN) and long
short-term memory (LSTM) are often used for time series prediction, and point estimation is used as
prediction method. However, point estimation often causes the phenomenon of prediction accuracy to
approach 0. This study proposed an interval-type LSTM model, and compared the prediction accuracy
with traditional BPN and LSTM models. Taking the daily closing index of Taiwan's listed biotechnology
and medical index after the outbreak of the new crown pneumonia as the target, the results show that
the RMSE, MAPE and MAE of LSTM are all better than the BPN model. Interval-based LSTM has an
accurate prediction rate of 100%, 99.33% and 94% respectively at the confidence level of 99%, 95%
and 68% of the test sample index values, which can really improve the practicability of deep learning
models in time series prediction. During the epidemic, if it was applied to the prediction of the number
of confirmed cases in the national army, it would improve the effectiveness of the epidemic prevention
and control strategies and measures, so as to provide the follow-up medical resources for the advance
deployment of the national army.

Keywords: LSTM, BPN, epidemic prevention and control strategies and measures, deep learning
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it=ag(xtwi + hy_1Ur + by) ®)
Cr=0p (xeWe + he—qUc + be) ©)
C=fe X coq + i X G (10)
hy=0; X oy (ct) (11)
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he 2 85 Fa) t B[S 88 2 &
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04 % sigmoid & ¥ ~ 0, % tanh &
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HZEA A B & 5555 -F 3448 A (Autoregressive
Integrated Moving Average model, ARIMA) #f 7%,
EBBATIRRD LR £ FARME B8R &R0k
FRAF TR AMA AT o TTAF & TFRBIGE R - 8
2 ¥ TR &S ARIMA A7 & £ 2 124
EREmEREEREAZERER - &4
A&[21]17F & 24 ARIMA #58) BPN £ /71 #8 & R
2B RGBT I EMBIEBNTAR A
Bpds o &R BT 90%K 95%FRaRME B E R 0 T
MR LT PR H) R E# o Chen & Lin
(18] & M e &Rk E& BPN
B 25 TR 64 B AR - M B R AR A 5 0 A
J& % % (membership function) 2 4% #L (2 # &
{col Rbch@mbis e i okt
BB E) BT

_1x=¢cy2
e 2(0)

f(x¢,0)= (12)
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BPN %) f& FRRAIB A - i 2 69 17 @ AP S 8 2
G PETARS M  TRERET WEMAH
A4S S RE A B JE R A B A /B A IRBN 69 B
RER A 3P > 3b B R AR A JAAY S 3 2 Bh
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3. fZ 4R E R E A 7 BPN £ A & Bl [18]

25 BASAEISAE

AARINREA R ZERGFREAR S
B B F 3 3% £ F & & RMSE (Root Mean
Squared Error) ~ “F34 @24 B »tbi% £ MAPE
(Mean absolute percentage error) ~ <34 48 ¥ 3%
% MAE (Mean Absolute Error) » 4u(13)~(15) °
AR

94

RMﬂ?=J§x2£ﬂ2—nV (13)
100% 7-Y;

MAPE = n ‘::l:lly_ll (14)

MAE = Zl?ln—yd (15)
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o —fx R MAPE%AE<10 o] 32 4 B & 5k
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BlLEFE > AKX 4a(16) o
Acc =%

n
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N & i
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F 3. ARFE TR AR $615) £ ) 3K 86,450 4 3(7:3)
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Zhang[23]45 & & F & A &Y 4P L 48 R B
B1BR2E MmBF 1 BEBRE T AEE
% B A 2 FAAE > Yoon etal.[24]F 3541 T4 B
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b KRR B2 RIS ER A 430
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B % LA Matlab 2021 BR 2 B #3047 2088 > 48
BPN £ #3% 29 kwk 4

% 4. A#% BPN L33 24

FEASER FET=H F—H RE 112.05
JOURNAL OF C.C.LT, VOL.52, NO. 1, MAY, 2023

% 5.BPN F 334742

Fi@f # A& | RMSE MAE MAPE
7 ek | 1.5897 | 1.1950 | 1.3756%
AR | 1.2894 | 0.9495 | 1.4010%

10 sk | 1.6292 | 1.1643 | 1.3060%
Al | 1.1983 | 0.8613 | 1.2709%

1 ek | 1.4818 | 1.0725 | 1.3371%
AR | 11131 | 0.8303 | 1.2252%

747 IsR | 1.6219 | 1.1939 | 1.3753%
B3R | 1.2765 | 0.9636 | 1.4219%

7410 ek | 1.7902 | 1.4344 | 1.4509%
AR | 14707 | 1.2094 | 1.7845%

7412 &k | 1.7450 | 1.2701 1.3992%
AR | 1.3223 | 1.0784 | 1.5912%

10*10 ek | 1.6006 | 1.1983 | 1.3767%
AR | 1.2500 | 0.9607 | 1.4176%

10*12 IN&k | 1.6787 | 1.2231 1.3844%
A3 | 1.3392 | 1.0107 | 1.4914%
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e 10%12 (S8 8 & ¥ 2 %% 3RAR
18 160 % 256 AR
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TS XA AR AR T 2 1%k | 1.9659 | 1.6023 | 2.4702%
% 32z p a0 : LSTM3
S AR EAR R [29](30](31][32] Al | 23904 | 1.8512 | 2.9331%
7. 72 LSTM 3R %7E 4 # %
BT AR % H7I% ek | 45501 | 3.2104 | 4.9538%
KA o #E | BR| 2 LSTM4
%A E % FhE |h#| % B2k | 48382 | 3.4790 | 5.5118%
LSTMI | 60%180%60 |0.2/0.3/0.2| 300 |0.005 34k | 0.6200 | 0.4804 | 0.7268%
LSTMS5
LSTM2 |[128%128*1280.2/0.2/0.2| 100 | 0.001 RISK | 0.7646 | 0.5811 | 0.8989%
LSTM3 | 128%256%64 |0.3/0.3/0.3| 300 | 0.005 LSTM6 JIeR | 2.2968 | 1.7034 | 2.6558%
LSTM4 | 256*256%64 | 0.5/0.5/0.5 | 1000 | 0.01 Bl 27422 | 19105 | 3.0798%
3 ) . 4637°
LSTM5 | 128%128 | 02/02 | 300 | 0.005 LSTM? Bk | 0.4009 | 0.3088 | 0.4637%
A3 | 0.6486 | 0.4880 | 0.7603%
LSTM6 |  60%180 02/02 | 100 | 0.001
34k | 12653 | 09750 | 1.5053%
LSTM7 | 128%256 | 0.3/0.3 | 1000 | 0.005 LSTMS
B2 | 1.5645 | 1.1268 | 1.7844%
LSTMS | 180%180 | 0.5/0.5 | 100 | 0.01 — -
BRHITE Rk 8 Ao TIF 2 R R

4 & MATLAB B 3347 A5 % LSTM 4
B Tk FIEER

# 8. LSTM &4 F & AT 42k
FeA RMSE | MAE MAPE
34k | 0.6889 | 0.5315 0.8023%
LSTM1
Ak | 1.5719 | 1.2889 1.9601%
34k | 4.1600 | 3.0730 4.7603%
LSTM2
B | 47713 | 3.4633 5.5231%
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Acc 14
99% 95% 68%
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BATAHROAEERARME HNREREREWILI X £B LA THF ¥ TEKKR
TEEHERLEXBALR T ARSAEERBRE R FELBIRA - BT AT R
FlA > KA RRE — M AGBEERG  RABRBRATE AT EERX > Z88ERR T
PR R ER > B LR AL RMAE  £3 TH ), 288  AARTHE
B4 (1oT) e94%dE 41 % (microcontrollers ) Fv Internet R B HEE A XM TR > £
Tid Wi-Fi 24G BERBHEFPEFRE TN MBEKER IR B X EZEHRARETH LEEE
Ty B HAMRBRITEIRER > THZAZARUGBAE—BEEYBERE > RHR
BANGH ——FRGRE - A—HRITETRHAB > EHEAUARABERLRERRES 0 LR
HEANER 00 H T EERRNMIKER > CBARRZTE > HEEFLER 7475% -

MGEsR C EiAE c ERA  BIE - MBE FERRE

An Expandable Modular Internet of Things (IoT)-Based
Temperature Control Power Extender

Che Jen Hsieh !, Chun-Te Lee!”, Huan-Mei Chu?, and Wei-Chieh Liang?

! Department of E-Sport Management, Cheng-Shiu University
’Department of Mechanical Engineering, Cheng-Shiu University
3Department of Business Administration, Cheng-Shiu University

ABSTRACT

Today, the world’s electricity consumption is growing rapidly, and therefore energy demand is also
increasing. In the past few decades, various measures have been taken to improve equipment and
system design to increase production and transmission efficiency and reduce power consumption. This
article proposes a novel Internet of Things (IoT)-based temperature control power extender with two
working modes of cooling and heating to solve power shortage. The power is turned on or off
accurately and timely through the temperature sensing element, thereby avoiding unnecessary power
consumption to achieve the purpose of energy-saving This work can directly power on or off the
power extender through the Internet. It can also use a 2.4G Wi-Fi wireless transmission to transmit
real-time temperature information, switch status and master-slave mode, etc. Related data can be
controlled, collected, and uploaded to the cloud. Each proposed power extender's temperature setting
in a large-scale field can be set uniformly, and no staffing is wasted to set the temperature separately.

SASHCE B A 111 11.22; XASt5E44 4% A # 112. 04. 06; *@AAE#
Manuscript received Nov. 22, 2022; revised Apr. 6, 2023; *Corresponding author
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Taking a general industrial electric fan as an example, if it is changed to this temperature control
extension cable to drive, and assuming that the industrial electric fan is activated for 900 seconds per

hour, its power-saving rate is 74.75%.

Keywords: Energy Saving; Power Extender; Temperature Control; Internet of Things (IoT); Smart

Home.
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Thongkhao %518 E 7T —BIGFGEMEEFT EZ ¥
AR WiFi fAE812 - X FF ENIEE
FmAR Rt BARE T AR REE -
Patil %[6]F 4 T Android J& A #2 A 4% 4|
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REER—EES R @ES % EEEHGIE
JE 0 353 R T UAAE %S AE F A 8 WI-Fi R B
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Intel Edison B %4k R AT H 69 B oF €812
B.(Realtime pricing information) A 2k Bx A 245
36 JE 04 B R RS BARGY BN B R B
kit GEFRANS AR BB ER
HERE B RAZB N o FRR[10]F AR EIE
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TRAEZEIIEENEREHE (wERE )
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BB B 0 SRR3R 3G B 6 IR/ TR AR X
5% 18 ( High Temperature Value )~ ;% 18 ( Low
Temperature Value ) K% > 2 iR B2 HE X
Hg > BEREEBE - AHEEBWE 3

Master

BSR4
gy @ .

aaE NINEE
(18] e
G
v —
S|ave @ L
; SRiRiE

3. ABRAEE

By kT d WIi-Fi 24G & 4155
HE Bp BEIR E B AR BABAAK R R E AL K F e 4]
BRRETHERE Ty &k mEiTT
B FEHREE B SHERT 0 LR T A
A F M AR R ABERGER T XL 0 F Master §&
JE A BB EM EdeaL EiREL 0 gILRp
#id Wi-Fi 24G g fnkardiiz 4w
slave #F f2

3.2 kRN 88
B a2 AREwE 4 AT

1l !

ot Wit |-t 8
EP NCY J—ﬁ: i
, 5] % o i
pal ] % !
1 fﬁ o :
! i o w [ ]

JLAfR
ERAR

i

SHPEE RAR
4. B—JEEZITRE



TR EH AR 110220V @A EE » F
% 32 % (Microcontroller Unit, MCU ) 4k 3 A7
RENBEBNARL B AR FAE 844
T REHEATEHEEZ WL L HE
%@4%2@%%%10%L&ﬁ@EVhE
24G Eu R T A AR EwmayE AR

By LA R AR sb ey 1R iy o
# 1. LED 23t ey Fasx A i 5 E
¥ ik A
< WEKE Bk
LT e K,

B AT B E SN B AT R E &N
Max & B8 8 % | Min /&R AE 55 > sk
B Emas (o | BARAERBERT
TEE )

B AT B OE &R
hdhlﬂ&&nﬁiﬂT ﬁ
B g% (Jo
EER)

v}'— /m*? EK‘

B AT B E &N
Max %818 85 > b

A R % B IS T

JE AR KT A By 8 R A f;ﬁﬂ’%ﬂﬂﬁﬁg%
Max > &% E4% & Min > Eré/mﬁ’:ik‘ ¥
fg§+r7§qi‘l.ﬁﬁ ﬁiéﬁ Am{ﬁﬂj"£$#m
12 gt e BRI ZDERE G E
1% & BAR M B BATIRER & B ARN AT
TORR AR BIERLRZEGHFLEERET
B AR EFHBAARX T 0 TR EFIKBK
PR RBRAE R B R R e R E
TRESIE BB R G TR SLAHE e H B AR
#hﬁ’ﬁ%ﬁ’?i‘ﬂ_/w’?/ﬁxmy\ﬁﬁ /':‘:élJr‘J/m{E.
B BIEE KRR TFERETR - TR
Yol 5 AR

aa A
R4
A

R

FERB e

ik TR

RN ERM R

FHRBLUR
5. THR A E# K 10T BiF A KK T RE
LB F o R @AR T R R G HR/ E

ﬁ@i A RBREF AN XA R
w s PEElR) & e SR B - B

105

FEASER FET=H F—H RE 112.05
JOURNAL OF C.C.LT, VOL.52, NO. 1, MAY, 2023

6 Al HBAT%RA "THEEX > FBMAE
2@cw&mam% B AT 20.6°C > 28
EHA&E20C 85> ERGOIGEEEGHTL
B (WETRG ) gBERE24CH - £k
BoiEEEEFLEEE (BE)-

{3

ESES THREER ) ZRE

mE 7 BT A TR HEE
24°C » &84 21°C > BAT®E 20.7°C > %3
FEARK 21°C BF (B ATfE AR 21°C) &
BROBEEGHRELEAR (wERS ) £

& I
B d E 24°C o > 2 KR 6935 B AR G145 L 42

E (EBE)-
-1
fiE3841
PpLies
B 7. e k&nA TIHBEBR ) ZKE

BRTEBBIEIEERYEZTTIRRLEL
Ih o b TiHBF AL APP RE IR LA S
o hoE 8 FAE

Temperature Control
10T Extension Gord
FHRELL e B E AR
Current Temperature :  20.7
\ . [#]neatup [ coot bown
wasRAT — |
“MAX - .
(High Temperature Value)
-
IR - Low Temperature Value) .I
chanel : 000 SUBMIT
| — S B
——
B
< O o
B 8. APP X £ &



HYAE
T EH X IOT B 4

LB P R T T RTEER ER A
R BB ARBAES 0 BE B R GOIAE
(Channel)f > i & & T KA A5 MR &I
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— R EC RS BITHIMEE T %
BORHME S B ey sk TR AR R BTy
mA TFIHeE !

LA RHRABRAFTREEETLL > §
false data injection 85 3% 5 & B &) 2 w8 i8¢ %, 45
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Epn=(f, P(t)dt + [*"P(t)dt )]
= (] Wy + Wyt + [ Wt )]
= (T x (Wy +W,) + (3600 —T) x W,)]
= (Tx W5 + 3600 x W,) / 3.6x108 kw-h--—-
B BERABRAS T TETREXR
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HBIETRABRMAEF AR RE S LG
EERBEEPEAZERS Fy = (W/1000)x
8,760 = 8.76xWrkw-h» 3 4544 & &K 58 35 7 64 —
T ITETR B ATEREEERGZTE
& B, Bl H & s % (ESR, Energy-Saving
Rate) - BE TR —F/AH L9 A EEH Dy~
—FHEBEOER My (B%XBETE 4
NTS) ~ — Fp ik b 9 B PR F Coy 2 3131 B 4o
T(E&E—EEXwWhOTZEA 0.623 kgCOse 952
PR E) !

ESR = ((W#1000) - Epn)/(W#1000) x100%

(W - 1000xE,)/ Wi 3)
Dpy: pr - Epy = 8.76X(Wf- 1OOOXEph) kw-h ------ (4)
Mpy= (pr - Epy) kW'h x 4 dollar / kW'h """"" (5)

pr: (pr - Epy) kw+h x 0.623 kgCOze / kw-h -—-—(6)

4.2 HREREH

HNMERBRIEERSAXZITET RO
% (ESR, Energy-Saving Rate)3k -F35 5/ 8 T
¥EREMBESHZHUT ik KG@L
ZHFTHARRESR BT FHEINBIETS
BRAMEBEZ BT, —H2 Mt E3EH
AE R B I RME SR ME -

Yo ARG TR THEE, &
A B R e TR TR A AT A
THE Epny R IE > WA 7 A2 K (1) T 440 » Epn
AT RiEk  ®dEkTs 0 ESR T R K
PO R4 o BREh B Rl AR R B B AE R AR E o

BTR ABTERELGEE Wiz Wr
LB NTE B 0 We BRSBIEZh %
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150W~400W =z H » % EBREFREKRY S
280W 3stBE XD KT # AR THA
TNEn ART U EE AR THEEE T ¥
T (FERBITEERSE)H Epy > ESR ~ Dyy ~
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HYAE
T EH X IOT B 4

T Eph Epy
(Sec)|(kw-h)| (kw-h)

0 [0.0007| 6.132
180 |0.0147 | 128.772
360 |0.0287 | 251.412
540 |0.0427 | 374.052
720 |0.0567 | 496.692
900 |0.0707 | 619.332
1080 |0.0847 | 741.972
1260 | 0.0987 | 864.612
1440 |0.1127 | 987.252
1620 |0.1267 |1109.892
1800 | 0.1407 |1232.532
1980 |0.1547 |1355.172
2160 |0.1687 (1477.812
2340 {0.1827 |1600.452
2520 {0.1967 (1723.092
2700 (0.2107 |1845.732
2880 | 0.2247 |1968.372
3060 | 0.2387 {2091.012
3240 | 0.2527 |2213.652
3420 | 0.2667 |2336.292
3600 | 0.2807 |2458.932

Epy » ESR ~ Dpy ~ My ~ Cpy &
ESR
(%)

99.75%

94.75%

89.75%

84.75%

79.75%

74.75%

69.75%

64.75%

59.75%

54.75%

49.75%

44.75%

39.75%

34.75%

29.75%

24.75%

19.75%

14.75%
9.75%
4.75%

-0.25%

Dypy
(kw+h)

2446.668
2324.028
2201.388
2078.748
1956.108
1833.468
1710.828
1588.188
1465.548
1342.908
1220.268
1097.628
974.988
852.348
729.708
607.068
484.428
361.788
239.148
116.508
-6.132

Mpy
(NT$)

9786.672
9296.112
8805.552
8314.992
7824432
7333.872
6843.312
6352.752
5862.192
5371.632
4881.072
4390.512
3899.952
3409.392
2918.832
2428.272
1937.712
1447.152
956.592
466.032
-24.528

Cpy
(kgCO2e)

1524.274
1447.869
1371.465
1295.060
1218.655
1142.251
1065.846
989.441
913.036
836.632
760.227
683.822
607.418
531.013
454.608
378.203
301.799
225.394
148.989
72.584
-3.820
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