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ABSTRACT

Among the various types of loading to which
foundations are subject, one can single out
transversal (horizontal) forces. In general terms,
we notice a lack of knowledge on the parameters
used to design pile foundations with this type of
load which will stress surface soil, considering
that tropical soils are very often collapsible.

Aiming to furnish input for future geotechnical
projects, transversal loading tests were
performed on a bored pile and a continuous
flight auger (CFA) pile, both 12.0 m in length,
and 0.40 m in diameter. The loading tests were
performed with the soil in its natural condition
and by pre-flooding the area, at the UNICAMP
(Universidade Estadual de Campinas)
Experimental Soil Mechanics and Foundations
Field I in Campinas/SP, Brazil, where the
unsaturated soil is porous and classified as
silty-sandy clay. The edometric tests indicated
that is a collapsible soil in the surface bed up to
6.5m, and that the reduction in pre-collapse
stress in the flooded condition is of the order of
three times that of the natural condition. The
load tests indicated that the maximum load in the
natural condition is five times higher than in the
flooded condition and that the value of n,
(horizontal  reaction  coefficient)  reduces
substantially with the effect of increasing soil
moisture content.

Author a: PhD, Full Professor, Universidade Estadual
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o: PhD, Associate Professor, Universidade Estadual de
Campinas - UNICAMP, Feagri, Campinas/ SP.

| INTRODUCTION

Horizontal load situations are frequent in
foundations, but the technical community is
largely unaware of the properties of collapsible
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tropical soils when it comes to designing piles
subjected to this effort (Albuquerque et al., 2019).
This paper aims to fill part of the existing gap on
this subject by obtaining valid parameters for the
tropical collapsible soil common to the city of
Campinas and other regions of Brazil, by carrying
out horizontal load tests on drilled piles in the soil
in the natural and flooded condition. This type of
loading, in which the loading are often variable
and cyclical, is also combined in some situations
with tensile and compressive stresses.

Simplified mathematical models (Miche, 1930;
Matlock and Reese, 1961; Broms, 1964; Poulos,
1971; Poulos and Davis 1980;) were created for
analysis of transversal loads, since the modeling
problems is three-dimensional and conventional
solutions for project developers are extremely
complex. The best-known and most widely used
theory for evaluating these effects is the
"horizontal reaction theory of soil", where the n,
factor represents the ratio between the reaction
and displacement acting on the soil mass
(Terzaghi, 1955; Palmer and Thompson, 1948;
Davidson and Gill, 1963; Matlock and Reese,
1960, 1961; Davidson, 1970, Rosendo and
Albuquerque, 2021; Garcia et al, 2023). However,
it is theoretically difficult to estimate this factor.
However, it can be determined by load testing to
obtain a reliable value for the transversal
resistance of the construction soil.

The presence of collapsible soils is common in
many regions of Brazil. Considering that these
layers of collapsible soils can reach a depth of
several meters and that the topsoil performs an
important role in the behavior of transversely
loaded piles, it is important to analyze the effect of
this characteristic on the behavior of deep
foundations. Analysis of the collapse potential is a
very important factor to verify, as it most often
dictates the behavior of wunsaturated soils.
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Collapsible soils are characterized by their high
porosity and low degree of saturation and,
through a process of increasing moisture content,
suffer sudden and large additional deformations
under constant total stresses.

Jennings and Knight (1957) provide a hypothesis
for the phenomenon of collapse: the structure of a
collapsible soil, when loaded at its natural
moisture content, compresses smoothly, with no
appreciable change in volume, resisting the
compressive stresses between the grains, with no
large relative movements between them.
However, when this loaded soil gains moisture
and reaches a critical moisture content, the bonds
of resistance weaken and the structure collapses.

The grains or micro-aggregations are kept stable
by the presence of suction (capillary and
adsorption forces) and/or cementing agents
(oxides, iron and/or aluminum hydroxides and
carbonates). When these soils are moistened,
these structure-stabilizing forces lose their
intensity, allowing relative displacement between
the particles, so that they begin to occupy the
empty spaces in the soil structure (Dudley, 1970).

Thus, in order to provide parameters for the
geotechnical environment, horizontal load tests
were carried out at UNICAMP's Experimental
Field of Soil Mechanics and Foundations I with
natural and pre-flooded soil, with the aim of
verifying the effect of collapsibility on the
behavior of drilled piles (bored and CFA).

ll.  GEOTECHICAL AND GEOLOGICAL
CHARACTERISTICS

This research was carried out at the Experimental
Field for Soil Mechanics and Foundations I,
located on the UNICAMP Campus (coordinates:
-22.81937, -47.06047). Various in-situ and
laboratory tests were carried out on disturbed and
undisturbed samples. According to Carvalho et. al.
(2000), the region's subsoil is formed by basic
magmatites, with basic intrusive rocks from the
Serra Geral Formation (diabase). They make up
98 km? of the Campinas region, occupying 14% of
the total area. The profile of the Experimental
Field is made up of diabase soil, with a surface

layer 6.5 m thick made up of high-porosity
sandy-silty clay followed by a layer of sandy-clay
silt up to 17 m. The water table level is found
between 13 m and 16 m, depending on the time of
year. It can be said that the first layer is made up
of mature soil which has undergone an intense
weathering process. The phenomenon of leaching
may explain the porosity, due to the transport of
fines to the deeper horizon. The second layer is
formed by a young residual soil, which retains
characteristics inherited from the original rock.
Figure 1 shows the geotechnical profile obtained
from the SPT and CPT tests and Table 2 shows the
average parameters obtained from the laboratory
tests.

Behavior of Laterally Top-Loaded Drilled Piles in Collapsible Tropical Soil

Volume 23 | Issue 5 | Compilation 1.0

(© 2023 Great Britain Journals Press



Figure 1: SPT-T and CPT (Electrical) Tests Results (Albuquerque et al, 2011)

Table 1. Average Physical Index Values

Layer w (%) e n (%) S, (%)
0 — 6.5m 23.8 1.72 63.1 41.4
6.5 — 14m 30.3 1.52 54.6 59.6

w: natural soil moisture, e: initial void index, n: porosity, Sr: saturation degree,

In order to identify the potential for collapse,
conventional and simple edometric tests were
carried out, without suction control, in accordance
with the procedures adopted from ASTM D
2435-04. In order to define the collapsibility of
the surface layer, samples were taken at depths
between 1.5 m and 6.5 m to be subjected to
oedometer tests with and without pre-flooding.
The loading stress values adopted were 13 kPa, 25
kPa, 50 kPa, 100 kPa, 200 kPa, 400 kPa, 800 kPa
and 1600 kPa. Test specimens were molded from
samples collected at depths of 1.5 m, 2.5 m, 4.5 m
and 5.5 m.

The criterion adopted to quantify the collapse
index (R,,) was that of Vargas (1978), according to

expression (1). Thee and the soil is considered
collapsible when its value is greater than 2%.

e, —e
R, =|—+—=[x100 1)
l+e,
where:
R,: subsidence index;
ey: void ratio after flooding the test
specimen;
e,: void ratio before flooding the test
specimen.
Due to the heterogeneity of the samples,

represented by the different initial void ratio
values (Table 2).

Table 2: Values of the Void Index

Sample Depth

1.5m 2.5m

4.5m 5.5m

e, 2.14 1.74

1.72 1.66
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The results of the tests in saturated and unsaturated conditions are shown in Table 3.

Table 3: Pre-Consolidation Stress Values (Natural and Flooded)

Pre-Consolidati
Depth (m) 0, (kPa)
Flooded
1.5 18
2.5 30
4.5 110
5.5 105

on Stress
0,v(kPa) Oavflooded / Oavnatural
Natural
63 0.29
110 0.27
230 0.48
300 0.35

Table 3 shows a reduction in the pre-
consolidation stress in the flooded condition, with
the reduction varying from 1/3 to 1/2 of the value
of the stress in the natural condition. This
behavior is related to the influence of the soil's
initial moisture conditions, which in turn are
closely linked to the suction values. When
moistened, these soils lose the resistance between
grains or micro-aggregates given by matric

moisture and, jointly, with the application and
magnitude of the load.

Figure 2 shows that the samples presented
collapsible behavior, with collapse index values
greater than 2% at all flood loads (except for
sample 4.5 m flooded at load 50 kPa). The R,
values practically increase with the increase in
loading, but tend to stabilize as the depth
increases.
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Figure 2: Collapse Index vs Logo

The values in Tables 2 and 3 and the collapse
index (R,), as a function of flood stress, shown in
Figure 2, the relationship between the values of
pre-consolidation stress (virtual or yield) and R,
is striking. In other words, as the values of this
stress increase, the collapse index values decrease
and tend to stabilize.

Overall, the information obtained from CPTu and
SPT-T tests, regarding soil type and resistance

parameters in unsaturated conditions, allows to
state that the soil in the experimental field is of
low resistance and high collapsibility.

. PILE CONSTRUCTION AND LOAD
TESTS

The study used a bored pile with a diameter of
0.40 m and a depth of 12 m, and a continuous
flight auger (CFA) pile with the same dimensions.
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The longitudinal reinforcement of the piles
consisted of 4@, 16.0mm (= 8 cm?), 6 m long and
stirrups of ¢, =6.4mm, every 20 cm (CA-50 steel).

For the bored piles, the concrete fck (slump +
7omm) was around 15 MPa, using gravel and
sand. The concrete used in the continuous auger
pile (pumpable, slump + 240mm) consumed
cement at a rate of 400 kg/m?® and aggregates
(sand and gravel). The CFA pile was drilled using
the MAIT HR-200 drill rig, which can drill
diameters of up to 1200 mm and depths of up to

32m. The piles followed a predefined alignment
and the spacing between them was 2.4m (6¢).

The following elements were used to carry out the
load tests: a 100 kN hydraulic jack, a 100 kN load
cell, two deflectometers with a precision of 0.01
mm and a kneecap. All these elements were
hollow and to prevent the system from becoming
unstable during the tests, a steel bar was passed
between them and fitted into two recesses made
in the piles (Figures 3 and 4).

Figure 4: Assembly Detail
VI, RESULTS AND ANALYZES

The load tests were of the quick maintained load
(QML), following the requirements of NBR
12.131/1991. The load increments were 3 kN for
the load test with natural soil and 2 kN for the
pre-flooded situation. Unloading was carried out
at predetermined intervals. Two loading and
unloading cycles were carried out.

The results obtained from the load tests are
presented below, two (first and second) with the
soil in its natural condition and the third after
pre-flooding the ground for a period of 72 hours.
Table 4 shows a summary of the results of the
load tests carried out.
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Table 4: Load and Displacement Maximum Values

Pile Condition Load (kN) Displacement (mm)
Natural — 1st 54.0 7.82
Bored Natural — 2nd 67.5 21.20
Flooded 13.0 13.66
Natural — 1st 54.5 11.02
CFA Natural — 2nd 67.5 33.76
Flooded 13.0 30,26

The figures 5a and 5b show the load wvs.
displacement curves, with the first and second
cycles and with pre-flooding of the ground. Using
the methodology proposed by Matlock and Reese
(1961), figures 6a and 6b show the horizontal
reaction curves of the soil (n,) vs. displacement of
the pile on the ground surface (y,), obtained from

Load (kN)
0 10 20 30 40 50 60 70 80
A A \

. L
g

10 e ™
s e Fd -~ — |
-~ e i
15 e
g 8
= .
‘é 20 \\‘
\
g .
= &
) ‘
a \
35 . °
3 8
g v
40 R e
-»
45
50
~-a- 1st Load -+ 2nd Load —a—Flooded
a) CFA Pile

the results of the tests carried out with the soil in
its natural and flooded condition, assuming that
the horizontal reaction modulus of the soil varies
linearly with depth. For the case of the piles under
analysis, n, was defined. for the 6.0 to 12.0mm
range (Table 4).
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Figure 5: Load vs. Displacement Curve

The Figures 5a and 5b show that the pre-flooding
of the soil caused a pronounced increase in the
displacements for the same load applied in the
tests with natural soil. The results proved that the
pre-flooding caused a reduction of the applied
load by 2.5 to 3.0 times when compared to the
natural ultimate load. These results demonstrate
the intensity of the effect of the variation of the
soil moisture on the horizontal displacement
characteristics of the pile.

In the third loading, with the soil already flooded,
there is a large loss of bearing capacity of the pile,
showing the effect of the collapsible characteristic
of the soil in this type of loading. For the same
value of maximum displacement as the second
loading, there is a reduction in the bearing

capacity of the soil of 85% in the third loading,
with the soil pre-flooded.
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Figure 6. n, vs y, Curves— Natural and Flooded

It can be seen in Figure 6a that the behavior of the situation practically do not vary, which
n, vUs y, curves were very similar for the two types demonstrates a resistance loss of the soil from the
of pile, showing that the soil reaction did not vary, beginning of loading (Figure 6b).

even though they were two different types of pile
construction processes. The horizontal reaction
coefficient (natural moisture) for the bored pile
was 11.8 MN/m? and for the CFA pile 10.3MN/m3, 12T, are shown in Table 5.
Note that the n;, values in the pre-flooded

The values of the horizontal soil reaction
coefficient n;, obtained for displacements of 6 to

Table 5: n,, values

Condition n;, (MN/m?3) Condition  n, (MN/m3)

Bored Natural 11.8 Flooded 0.58

CFA Natural 10.3 Flooded 0.24
The values for the horizontal reaction coefficients important. Laboratory and field tests indicate
obtained in the literature for different types of that soils are highly porous, low resistance
deep foundations built on soil with similar collapsible soils, making it possible to predict
behavior to the one from the present study (under the large effects of low n, values and changes

natural and pre-flooded conditions) (Kassouf, in soil moisture content.
Carvalho and Albuquerque, 2016; Barbosa et al., e It has been observed that loads on pre-flooded
2023) soils are on average three times lower than
soils with natural moisture content until a
V. CONCLUSIONS certain level of displacement is reached. For

the soil horizontal reaction coefficient, the
pre-flooded values are about 50% lower than
those for the natural moisture content of the
soil.

e The average horizontal reaction coefficient
obtained for soils at natural moisture content
is 11 MN/m3, which is higher compared to the
literature for high porosity soils, where the
recommended value is 2 MN/m3, emphasizing
the importance of its determination for each
soil type, to avoid generalizations. In the

e The oedometer tests showed that the
deformations in the samples after being
subjected to the tests were characterized,
firstly, by the closure of the pores, and then by
the sliding of the microaggregates (lumps), in
this case, under the tension of 8ookPa.

e Since the first meter of soil has a strong
influence on horizontal loading, proper
geotechnical characterization in terms of
porosity, resistance and collapsibility is
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flooded condition, the soil horizontal reaction 6. Broms, B.B. (1964) Lateral resistance of piles
coefficient showed an average reduction of in cohesionless Soils. Journal of Soil
approximately 96 % when compared to the Mechanics and Foundation Engineering
natural condition. Division, ASCE 90, SM-3, p.123-1564.

The results indicate that, after loading, thereis 7. Carvalho, D.; Albuquerque, P.J.R.; Claro, A.T.;
little recovery of the displacement occurred by Ferreira, C.V. (1996) Analysis of a pile loaded
the pile during unloading. In a second loading, transversely at the top in residual diabase soil.
until the maximum load of the first loading is Proceedings of 3° Seminario de Engenharia de
reached, the pile suffers little displacement. Fundacoes Especiais - S.E.F.E. III, Sao Paulo,
From this maximum load onwards, in the 1996, Anais, Vol. 1, 145-154. (in portuguese)
second loading, the curve takes on the 8. Carvalho, D.; Albuquerque, P.J.R.; Giacheti,

continuity of the curve from the first loading,
as can be seen in figure 5.
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33/ +RZHMHJ SHP DQHQWV P DIQHN KDYH
@ MMRYY GH \R WH ZRINQJ WP SHDMWH
GHMPLOHS B WH &XUH WP SHDWWH

7KHHRH WY QGHFHADU. VR VWA FRQAROLW
WP SH.DWUHVR DYRIG WHGHP DI QHA] DWRQH I HRAW

,QWLYZ RN WHUHXOVR WHQXP HLFDOMHP DO
VP XOMRQ Z HH FRP SDUHG Z W H SHUP HQRO
WP SHDWH XAV IRUWH ,6&7 86 + DO
7KUXVMU 1Q RUIGHUWR YHUI\  WH UHIDELONV R \WH
VP XOMRQ RO DABZ IQJ W IXWH XVH 1O
VPXOMRY R RMHJ +DD®  WUMMY
( [ SHULP HBOWP SHDWUHYDOHYDQG Z KHOHYHJ
SRME®! GPHMRQV DQG PDMIDY R \WH
SURSHIDQW FRP SRHW ZHH FROAMG ILRP
WHHHH RQ WH ,6&7 86 $ P HKDQMDO
GDZLQ R WH ,6&7 86 ZDV FUDMG D
QXP HLFDO WH.P DO P XOMRQ Z DV GHYHBSHG
WP SHDWH P XOMRQ YDOHY Z HH FRIPAMG
DQG FRP SDUHG Z W H SHIP HQBO YDOHY $
FR}HHQW FRP SDUMRQ ZDV DRKIHYHS  Z KIFK
GP RQVADWG WH UHIDELOW R WH P XOMRQ
VRRO 6XFK UHVXOV DUH LP SRUBQWIRU WH \SDFH
TXDULDARY R WUXMY \XEVHTXHOW VR WH
3+$// ,, IR

_ Uz, KD WWUWKWMJ HBRME  SURSXAIRQ
WHP DO QXP HIFDO MP XOWARQ ,6&7 86
WHP DOGMLSDARQ CHRVSOAH

“¢Uz. 1 1 (30WD3KMVF/IERDRY 3K\MFV
, QUMMM 8 QLYHIMW R 94.DMID %4DMaD %0 LO
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E ( (PEHGHG 6\\WPV DQG , QMILDMG &LLFXIW

$SSOUARYY / CERDRY 0 HKDQUFDO ( QILQHHIQY
' HBDUR HOWS QLYHMW R 94.DAID %4.DUaD %0 LO

N K St$Y NKk

+ DD WUXMMY DIH FROMGHHS D WSH R HPRMF
WUMMI) > @ 7KH POQ FKDIDAMIE R DQ
HBRMF WUKWMU LV WH CELDW VR SURGXFH SOWP D
F\ LRQ]DARQ R DQHXWDQIDV B\ WH LQFOMRQ R
HDRME DQG P DIQHAF IHBV 1Q IW P HAXP DG
JHHDM P SXQH IRU LW DFFHBIDARQ R WH
WUMMJ 1 RP DD XVHG VR FRUHAMKH RIEEMDQG
DMYXGH R DUNLFLDOVDMIIMY DQG WH SURSXGIRQ
R \SDFH SUREHV WH + DIWUKMMUIKDY DV LW EDVF
\KDSH D R QQGUFDO AKDQQHD DQ DQRGH DWWH
ERARP R WLYAKDQQHODP DIQHAF | LHTS LMGHWH
FKDQQHIDQG DQH WLQDOFDMRGH> @, WRSHIDARQ
ROV R LQWAAMQ D QHXWDO JDV LOR WH
FKDQQHD HP IMQJ HBPARQY ILRP WH FDWRGH
VRZ DBV WH DORGH  WH WUKVMUWHD FRQI LOHVWH
HPPARQV LQ DQ ( [ % + DOPXUHMMWDWRIDMY D
YLWMDOFDWRGH DERYH WH DQRGH , QWIVZ D, WH
HDRMF |L1HT EHE HHQ WH DORGH DQG WH YLLXDO
FDMRGH DFFHBLDMY WH LRQV RAWR WH FKDQQHD
JHOHDAQD WUVA7 KH ILUAATQIKVWMAV R WH+ D@D
WUOMMIMRRNSOFHIQWH V> + @

7KH3K\MFV/ DERDRY R WH3K\ IFV, QUAMMR
WHS QLYHMW R %4DHaD 33/ 3, 8 Q% KDVEHR
GHYHBSLQI + DD 7 KUKMY MORH > @
XQGH) WH QP H 3+$// 3WRWAW WLV DQ
LOFUHP HOWOSURMPW KDYLQD WEUMG Z LW 3+ $/ /

, IRBZHG B\ 3+$// ,, $ 3+$// ,, % DG
FXUHO WH3+$// ,, & HMRQ )LJ  DQG
7KH FXUHOWYHMRQ KDV D 75/  FOIWLU LFDARQ

7HKQR®I\ 5HAQHW / HHD 1$6$  7KHQHW

PRH HRPSDAW DQG HIIHHW YHMRQ W EH
GHYHRSHG B\ 33/ \XSSRUMG B\ WH %0 LIDQ
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6SDFHSIJHR $( % LVWH3+$// ,,, > @RUDK
75/

7KHXO\P DM REMPAYH LVVR GHYHRS D+ DO WUMMU ) L)

FOWILFDARQ 2 WHJ33/ ZRWIN LQFOXGHV DQ + 37
1Q G HHIWHMRQV HIP LODWRQ

WUMMU IRU P IRR DQG W DO DUW LIFDOVDMIMWY R EIRBRILFDO FROWP LQDOW XMQJ SOWP DV DQG

IX® TXDAWHG IR VSDAH@KW ZIW 75/

GHSRMRQR WIQ FDLERQIL® V

Fig. 1. Side View of PHALL II-C in Operation (PPL/PI/UnB)

7KHSURWVHONZ RNDOP VR YHU\ WHWHIDEIOV R D
WHP DO OXP HUIFDO VP XOMWRQ VWDWI\  DQG
FRURERIDM WH URVXAV REVWLOHG LQ DMP LDUZ RN

FOUWHS RXAWE\ 33/ ZIW WH %87 WUKMMU
> @ 6XAK FRQLP DARQ ZL@DWZ |IXVMH \WW

ZIW3+$// ,,, DOGLNVXEVHTXHMYHIARQY

Fig. 2: Front view of PHALL II-C in operation (PPL/PI/UnB)

$ \{ WP DAF ELEQRIWDSKLF UAMHDURK Z DV FDULHG
RXW R 11QG DUAFBV 1Q ZKLFK + DI WUKWMU
H SHIP HQV Z W \KXIILAHQWGD® R SHUIRP D
VP XDARQ ZHH SIHHOMG 1R WWWAH/ ZHH
IRXQG WDWFRP SDUHG LHXQV ILRP H SHIP HOW
DG WHP DO VP XDARYY 7KXV WH POQ
DGYDQAIH R WH LHXAOV R WL VXG. LQ UHDARQ
R RWHU H SHIP HQEO DQG WHP DO VP XMARQ
WXGHY LV WH DAV WDW WH  LOAFDM JRRG
UHIDELOW |RU FRP P HADO P XOMRQ \R\Z DH
Z1GHD XVHG LQ UIHDWRQ \R WHP DOVP X@ARQV R

+ D7 KUKVMY |, Q WLV UHHDUK [HZ RSWRQVZ HH
IRXQG R R ZKIFK ZHH DEYDQMIHRXV IRU
GHYHBSIQU Z RN ANHWLY ROHRSWRQ Z DVWH -+ DI
%37 WUMMJ GMVAKDUH SRZ HUR

HDPPARP DIQHAE FROY WH WXG R ZKIFK ZDV
GHYHBSHG B\ 33/ 10> @ DOG WH RMHU RSWRQ
ZDV WH +DD ,6&7 86 WUMMI :
G\VAKDUH SRZ HJ SH.P DQHQAP DIGHN  WH WXG
R ZKLK LV GHYHBSHS 1Q WH SUHWVHIAZ RN 7KH
VXG FDUIHG RXWSLRSRAY \R FDUY RXWD WXG
WDASUHHQW D JRRG DSSWR] P DARQ EHE HHQ WH
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AROMW R WH 3+$// ,, & DQG ,6&7 86

WUMMY DG QRW QHFHWDUO®  \RP HMLQY
HWHP HD SUAVH RU H CPMR JLYH GLHAARQ R

IXWMUH ZRIN WDWDSSURDK WHP DO QXP HIFDO
VP XOMRQV WWRXIK WH WRKQTXH R

HBP HW

ILQIWM

Fig. 3: HPT Thurster in Operation (PPL/PI/UnB)

7KH HSHIP HQEO GDB R \WH ,6&7 86

WUMMJ> @ DVFRIBAMG I LRP WHOMDMUHDQG
WHQ WHP DO QXP HIFDO VP XDARQ R WKLV
WUMM) ZDV FDUHG RXW 7KH VP XDWRQ
WP SHDMUH REVILQHG Z HH FRP SDUIHG Z W WH
H SHIP HQEORQH REVHMQI D JRRG DIWHP HOW
Z W H SHIP HQEOGDW Z IW D \P DISHAHQIH
GUIHHYH 7KLV | DRALQGEFDMY WDAWKLY DSSURDFK

EDHG RQ ILQW HBP HQW KDV JRRG UHICELOW RQ
WH + DIDWUKVMI P XOMRQ VW 1Q DEGMRQ R
FRURERWDAQ) WH LHXQV IRXQG 1Q > @IRU WH
%37 WUVM

7Z R \RVEZ DH Z HH FRMGHHS VR EH XVHG LQ WH
VP XDARYY 6RIG RV DQG $QUV
$OMRXJK D GHEIGG EHKPDIN ZDV QRW
SHIRPHG WH 6RIG : RNV \RIVE DUH
SURYHS VR EH WH EHVRSWRQ EHFDXVH WH WHLP DO
P RGHOXVHG B\ WLV \RVE DH Z DV IRXQG EXWZ DV
QRMRXQG IRUS QU V VRVEDIH $ GAMRQD®D
BRIG RNV KDV VP SBU&S$' KDQEIQI DQG
LV SUREDE® EHMUNQRZ Q

,Q IXVXUH 33/ ZRWN VXSSRUMG B\ $( % ZHZL®
DWW RXWDQ H SHIP HOWMR WHP DOVNYG  WH
3+$// ,,, Q{WHMRQ DQG @MJ ZHZ @A)
RXWD PRH SUHAVH FRP SDUMRQ MG Z LW
VP X@ARQ\R \Z DH

7KH P DQ FROMEXWRQV R WH SUAHIWZ RIN DUH
WHIRGZIQ) D DYHULFDARQR WHUHIDELDN R
D WH.P DOQXP HIFDOMP XOWRQ R + DIDMUMMY/

VXK D FRP SDUMRQ EHEHHQ MP XOAWRQ DQG
H SHIP HWZ DV QRWRXQG LQWHOMDMH  E D

YHUIDARY) R WH HIXDARQY IRU GMMSDMG
WH.P DOSRZ HW LQ + DWUXWMY GHLQWRQR DQ
DSSURSUDM FRQILIXUDARQ R HTXDARQVVR XSSRUN
WH VWP P RGHIQI SLREGP XMQJ WH [LQW
HDP HOW WHKQTXH F &RURERDARQ R WH
LHXQOV R WLV Z RN Z I WH UHXOV REVILGQHG LQ
> @ ZIW WH HFABWRQ WDWV WLV WP H WH
WUOMMN PDIQHAE |IHG IV JHHDMG B\

SHP DQHOWP DIQHN

$V D GAVAUSWRQ R WH VHAMRQVR \WH DUAF®! Z H
KOH D WRRQ ZKIFK GHFRUEH/ WH

PHMRGRRI\ E WPARQ  ZKLK SUAHOW WH
PDM-PDAHDO PRGHY F WAARQ  ZIW WH
LHXQV DQG WHU DQDOMY DG G WHPARQ
SUAVHWQ) WHP RWMHBYDQANFRQFOMRQV

Mi *1t$tat BO

YHERZ LV IQWXP P DU IRP  Z W JUDMIGHRIOQ
WHVXEVHPARQY  WH SURFHEXUHDGRSWG

YIRP WHHHFH > @ WH H SHIP HOEO

WP SHDMH R \WH ,6&7 86 WUMMJ
Z HHFR®AMG

7KH WH.P DOSRZ HJ Q\MSDMG JHH.DMG E\
WHWUMMUIZ DV FDBXOMS

7KH PDMIDY IRU WH ,6&7 86
FRP SRQHQWZ HH\HBRMG

7KH ' &$' P HKDQFDOGUY LQ) Z DVFARSIHG
IURP WHUH HHORHV

6LP XOWG DQGH SHIP HWOMP SHDMUWHGOW
ZHHRRP SDHG

Comparison of Thermal Numerical Simulation Data with Experimental Data from the ISCT200-US Permanent Magnet Hall Thruster

(©2023 Great Britain Journals Press

Volume 23 | Issue 5 | Compilation 1.0

London Journal of Engineering Research



London Journal of Engineering Research

ND *°w zJ LB« Jw 2Pz, SDW R WH WWXKMMJ DORCGH  LOWLQDO Z D DOG

JIRP 5H > @ WH DHDH HSHipromo 1WA DDEGHIQ) L
WP SHDMXUH ZHH FROXOMG 1Q WH IRGRZ Q)

a)

Fig. 4: Regions (in blue) of the ISCT200-US Where Experimental Temperatures Were Measured:
(A) Anode, (b) Inner Wall, and (c) Outer Wall

6XFK WP SHDXUHV DIHILYHQ LQ 7DE® 1 RGD® P HDVXUHP HOWLQ H SHUIP HQW RQ D UHDOSK\ IFDO
ZHH IRXQG 1Q WH @MDMH RQ WH.P DOFRQEFW P RGHD Z KIFK Z DV QRAMDE®! 7KHHRMH WH.P DO
UHMMEQRHY LHDWG R , 6&7 86 SQRMHUZD  FROEFW ULAMMEQRHY ZHH QVHDGG 1Q WH
VR REVILQ WLV GD Z RXEGBEHWRX K\WP HDMH P XOWRQ

Table 1: Average Experimental Temperatures of the ISCT 200US

ISCT200-US Outer

Anode
(°C) Wall Wall

4 G
440.00 420.00 413.00
ZDVIHHDMS )L  WKRZVWHH S&BGGYHZ R
WH P HKDQUFDOGUIZ 1IQ)  9/HDXVH WH  KDYH QMBA
[QOHAH RQ KHDAMQ DQG WR \SHHG XS WH
VP XOARQ SIRAHW WH IDIMOHY ZHH RP MG
)W WKRZVDSHYVSHAWHYLHZ R \WH DWHP EGG

Inner

Experiment

NN $,, wb<  « z) PB-lk z

7TKH IRBZ QY WMV ZHH IRBZ HG 1Q RGHJ WR
GAMP LOH WH GAWSDIMG WHP DOSRZ HY XVHG LQ

WH ,6&7 86 VP XDARQ VRPH LQMLDO

H SHIP HQEOGDBILRP 3+$// ,, & XK DV IRU
H DP S® SMWP D SRMWDO | BDAQ SRMIADODQG
HPAARQ GHMW ZHH X\WHG 1Q WH P RGDIRU
WHP DOHOHI\ GWMSDARQ> @R FOBXOW WH
SRZ HJGMSDMG Q3+ $// ,, & $IWUWDWVXWQ
WH SRZ HUG\MSDMGLQWH3+ $/ / ,,& WHSRZ HJ
QMSDMS LQ WH ,6&7 86 ZDV FDBXOWG
SLIRSRUARD® VR WH GVKDUH SRZHJ R WH

3+$// ,, & VXEWURQ

NO N « NT(2j JbczPB PL J (' PLUPB
P« L

© W WH KH3 R LQRWP DARQ IRXQG LQ ZRINV
> @WH P HKDQFDOAUZ I 1Q ' &$!

WUMMJ ,Q 7DE®I  \RX FDQ IIQG WH P DQ
P HDWXUP HOWV R WH P HKDQUFDOGUZ LQJ R \WWH
,6&7 86 FRP SDUHG \R WH P HDWUHP HQW R
WH 3+$// ,, & $QG 1Q )L WHH LV D
SHISHAMWHYLZ R 3+$// ,, &
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Fig. 5: Exploded View of the Mechanical Drawing of the ISCT200-US Thruster. From Left to Right: (a)
Base Piece, (b) 6 Tubes for Heat Transmission, (¢) Representation of Permanent Magnets, (d)
Ceramics, (e) Anode, and (f) Structure

Fig. 6: Perspective View of the Mechanical Drawing of the ISCT200-US Thruster

7KH P DMUIDY Z HH FRQUXOMG LQ Z RINV> @ P DMIDY DVWH3+$// ,, & WOMMIZ HHXWHG
UHDWG \R WH |, 6&7 86 WUMMJ DVIDUDV 7KH PDMIDY XVHG 1Q WH MP XOMRQ DWH
SRME®!I : KHQ WHH ZDV QRW HRXIK  SUHVHIMS Z I WHUHBYDQABK\ IFDOSURSHIARVLQ
IQRPDARQ WH \VDPH PDMIDY RU P IDU 7CE®

Table 2: Main measurements of the Mechanical Drawing for the Simulation of the ISCT200-US (Figure
6) and the PHALL II-C (Figure 7)

Part of the Values (mm)
Thruster  ISCT200-US PHALL II-C
Front View 85.00 151.40
Diameter (a) (e
Length 26.50 82.28
(b) ()
Discharge
Channel 26.00 68.01
Internal (c) (9)
Diameter
Discharge
Channel 49.50 114.14
External (d) (h)
Diameter

Comparison of Thermal Numerical Simulation Data with Experimental Data from the ISCT200-US Permanent Magnet Hall Thruster
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Fig. 7: Perspective View of the Mechanical Drawing of the PHALL II-C Thruster
Table 3. Materials of the ISCT200-US Components and Their Physical Properties

5 Mass Thermal Specific
§ Component Material Density Conductivity Heat Emissivity
8 (kg/m?3) (W/mK) (J/kgK)
fm Structure Stainless 7880.00 21.40 500.00 0.59
R Steel 301
§ Base Piece Stainless 7880.00 21.40 500.00 0.59
R= Steel 301
2 Anode Stainless 8000.00 16.20 500.00 0.19
A Steel 304
% [16,17]
£ Ceramics BN-SiO; 2100.00 11.00 770.00 0.90
2 [10,14-17]
= Tubes Copper 8900.00 390.00 390.00 0.75
g [16,17]
'g Permanent Sm,Coy7 8400.00 11.63 376.81 0.11
S magnets [16,17]
M i I*i N ait$*ac ZKHH 3¢ IV WH EHP SRZHJ 3, LV WH SRZHJ

0D iU Bz« ZBBIL 258, Wbl o e I O S G P
7 KH G\WSDWG WH_P DOSRZ HJ YDOXHY XVHG IRUMH  WHS@WP D DQG 30, LV WH SRZ HIVR SUIRGXFHLRQV
,6&7 8 6 WUOXMMUMP XOARQ ZHH FDBXOWMS  7KHEHDP SRZ HULVCGHIQHG B\ WHHTXDUWRQ
SURSRUARQD® \R WH\DP H YDOXHY IRUWH 3+ $/ /

., & WUMMU 7 R FDBXMM WH GAVMSDMG WHP DO Py = Vplp, (2)
SRZHY R WH3+$// ,, & DP RGHOIRUWHP DO

HOHU\ GOMMSDARQ LQ + DDWUKMMY > @zDv ZKHH 9: IV WH EHP YRORIH ¢ LV WH EHP
XVHG L1QR ZKIFK WH WUKMMI WUMMU Sow D PXUHW 7KH IRIBZ Q) HTXDARQ IV WH SRZHJ
OB FAQ EH IQHWG 7KH HIXDARQ IRU WH CMMSDMSIQWHZ DY

QWKDUHSRZ HJ3; > @V

o= e[ (2 () o+ 15 -]
Py =Py + Py + Py + Pr + Pions, (1) | | (3)

Comparison of Thermal Numerical Simulation Data with Experimental Data from the ISCT200-US Permanent Magnet Hall Thruster
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Z KHHQ, LVWHHBPARQLE GHMW HLVWHHBPARQ
FKDUH Z W SRAWYH YDOH $, LV WH \iXUDAH DUHD

R WH Z DODLQ FRQEPAZ I WH SOWP D N LV WH
YROWP DQQ FROMIQN 7, LV WH WP SHDMUH
HBPARQF Q. HMQV P LVWHHBPARQP DW E LV
WH VKHDW. SRMADOUHIWYH \R WH SDWP D 9,

0 WWHPDVR WHSURQDRP 3+$// ,, &
SURSHIDQW DQG 0 LV WH SUH VKHDW( LRQ HOHU\

7KH SRZHJ GWSDMS 1Q WH DQRGH FDQ EH
FDOXOMGE\ WHIRTBRZ LQJ HTXDARQ

By = 2Teyly = 2Ty 1y, (4)

ZKHH 7, LV WH HBPARQE WP SHDMWH LQ
HBPARQ YRW 5 LV WH DQRGH FXUHQWDQG ¢ LV
WH QVKDUIH FXUHQW 7KH IRTRZ LQ) HTXDARQ
U-BULAWVHOW WH WDEADAYH SRZHJ QW ILIRP WH
SOWP D

P =nyne(o * 17e)Vpri (5)

ZKHH Q LV WH QHXWDOGHMW 1 Yy LV WH
HAVDARQ DM  FRH ILAHQW WDW LQFOGH WH
H AVARQ FLRW VHRARQ DQG WH HBPARQ YHBAW
DQG 95, LV WH YRXP HR WH KLIK WP SH.DMUH
SO DUHILRY ) RUWHSRZ HJVR SURGXFHIRQV ZH
KDYHWHI RTRZ LQJ HTXDWRQ

Pions = (Ib + Iiw)U+v (6)

ZKHH,, LV WH LRQF PXUHMWR WH Z DD DQG 8
LRQ] DARQ SRMOWDO 7 KH |RTBZ LQJ HTXDARQ Z DV
XVHG | RUWH SUH \KHDW LRQHOHU\ > @

kT,
=

e =0.58 (7

7KH HTXDARQV HIHPAYHD XVHG VR FDBXDWM WH
G\MSDMG WHP DOSRZ HY/ LQ WH Z DAY DQG LQ WH
DQRGH SDUV LQ FROEPAVZ IW WH SOW D ZHH
HIXDARQV DQG ) DWW WH VREO
QMSDMS WHP DO SRZ HJ LQ WH Z DT DQG WH
QWMSDMS WHP DO SRZHJ 1Q WH DQRGH ZHH
FDOXOWG IRU WH 3+$// ,, & ERWM IRU WH
QVKDUH SRZHJ R DQG IRU
7KH YDOHV R WH SDUP HMY XWG 1Q WH
HIXDARQV FDQ EHIRXQG LIQ 7CE®  LQ WHFDHR
WH YDOHVP HDVXUHG H SHUIP HQB® DQGLQ 7 CE®
Z KIBIWH YDOXHVR WH FDBX@WMG SRZ HY FDQ EH
IRXQG LQ 7DE® 7KH YDOH/ REVELQHS
H SHIP HQE® DWH LQMQDO H SHIP HQEO DB
DQG ZHH P HDXUHG XVQJ D / DQIP XWU SUREH
ZKRHWS Z DV SOFHG IQWHSDW DSOPH  FP
IURP WH3+$// ,, & WK\

)WRP 7DE®I 95 LVWHS@WP DSRMMDO9, LVWH
|GDAQ) SRMADO 7,5 LV WH HPRARQ WP SHDXH
LQHBPARQ YRV DQG Q, LVWHHBPARQ GHMW

Table 4: Average Data for PHALL II-C Performance

Parameters Discharge Power 195.00W Discharge Power 470.53W
(Anode: 78.00V, 2.50A) (Anode: 105.50V, 4.46A)
Ve (V) 77.00 104.00
Vi (V) 8.00 10.00
Tev (eV) 4.28 5.61
ne (M) 2.06 x 10 2.13 x 10
Table 5: Data for PHALL II-C
Parameters Discharge Power 195.00W Discharge Power 470.53W
(Anode: 78.00V, 2.50A) (Anode: 105.50V, 4.46A)
Te (K) 49667.26 65101.25
la (A) 2.50 4.46
e (C) 1.60 x 10%° 1.60 x 10%°
Ay (M2) 3.76 x 10 3.76 x 103
k (J/IK) 1.38x 102 1.38x 102
m (kg) 9.11x 10% 9.11x 10
M (kg) 6.63 x 10 6.63 x 102
és (V) -8.00 -10.00
e (V) 2.48 3.25

TKHQ WH WARY [RU ZDY HIXDARQ DG
DORGH  HIXDAWRQ EHZHLQ WH YDOH/ R
AWSDMG WHIP DO SRZHJ DQG GMKDUH SRZHJ

ZHH FDBXOWMS |RJU ERM WH FOVWH DG
WH AWH $ I'WUJWDWWHDYHDIHEHA HO
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WH VEZR FDH/ Z DV FDBXOMG 7DE®I  7KHWDAR 5, LV WH WDAR 1RU DQRGH DG 3, LV WH SRZHJ
HMXDARQVDUH\KRZ Q EHBZ G\MSDWMG LQ WHDQRGH
B, 7KHVH DARV FDBX@MS |RUWH Z DAY DQG |RUWH
Rw=1p ) DoRGH ZHH XWHG W FDBX@M SURSRUARCDD R
WHGQVKDUHSRZHJR WH,6&7 86 WHVRED
Ra=£—“- (9) QWSDMS WHP DOSRZHJ LQ WH Z DO DQG WH
d

AWSDMS WHIP DOSRZ HJLOQ WH DORGH 7 DEM
$ 1WUJ WDV WH GAMSDMS WHP DOSRZ HY/ LQ HOFK
SDUANFX@UZ DY HHADBXDMS

» KHHS,; VWHWARIRUZDWY 3, IVWHSRZHJ
AWSDMG IQWHZ DY 3, LIVWHAMKDUIHSRZ HJ

Table 6: Dissipated Thermal Powers of walls and anode for PHALL II-C

Part of the For Disch. For Disch.
PHALL Power Power
11-C 195.00W 470.53W
Walls 58.89W 99.24W
Anode 21.40W 50.04W

© H KDYH WDMQ > @NH G-SRMMWRQVR WHP DO WH DQRGH DQG ZIW D \P DD YDUDARQ 1Q WH
HOHJ\ LQ WH DQRGH LQ WH WDEADOGULHAARQ DQGLQ  LOMQDO ZDW  DSSWR[ LP DMD  [URP W

WH LOMQDODQG H WLQDOZ DAY R WH GVAKDUIH
FKDQQHD 1Q WH ] LDO GLHAARQ DUH SWDRAFD®D
FROWEQW DV ZH SXWIQ WH VP XOMRQ R \WH
,6&7 86 DOHIO WHWHHHIH> @QAMM/
DQ DB RAWFRQMQMMP SHDMH GMMEXWRQ 1Q

DQG H WLQDO CSSWR LP DMD [LRP
R R WH QVKDUH FKDQQHD Z KK

FRURERDDMY ZIW WH GIMMEXWRQ R \WHIP DO
HHJ\ G-BRAMRQLO> @

Table 7: Ratios Between the Values of Dissipated Thermal Power and Discharge Power for PHALL II-C

London Journal of Engineering Research

P XOWRQY 7 KH VROWHP DOSRZ HJ GAMSDMG

LQWHZ DY LVWHVXP R WHSRZ HY 1Q HOFKK Z D@

+ VFHHTXDARQ ~ 7KHSRZ HUGMMRQXWHGE\ XV
ZDV GHMP IQHG B\ DQDO]LQ) > @ ZKHH WH
LQQHUZ DR WHGMKDLIHPKDQQHKHDVXS P RUH
WDQ WH RX\WJU ZDD $FFREQI R > @ WH
WP SHDWH R WH LQQHJ Z DLV KLIKHJ WDQ WH

Part of For For
the Disch. Disch. Average
PHALL Power Power
11-C 195.00W 470.53W
Walls 0.3020 0.2109 0.2565
Anode 0.1097 0.1064 0.1081
cH QHG WH YDOH RQ HORK ZDOD IRU WH WP SHDMXWH R WHRXWUZ DOR WH

7 +(7 +DOWXKWMJ IRUD AMVMKDUHSRZ HJ

R © WHW DOWAIQ WHWMG FDUUHG RXWQ
> @QG WHFRHWR WH GMKDUIH SRZ HJR WH

6&7 86 )XUMHPRH ZKHH ZH KDYH \R
LOFOXGH DQDOMY R WH UHDARQWKLS EHE HHQ WH
\IXUDPHDUDVR WHLQQHUDQG RXWUZ DY

Table 8: Dissipated Thermal Powers of Walls and Anode for ISCT200-US

Part of the

Dissip. Thermal
PHALL II-C Power (W)
Walls 51.29
Anode 21.61

Such a relationship shows that the area of the
inner wall of the PHALL II-C is approximately
60% of the area of its outer wall (the division of

the area of the inner wall by the area of the outer
wall is equal to 0.5958). This is an indication that
the dissipated thermal power per unit area
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(power density) is almost twice as high in the
inner wall. Considering also that the magnetic
field is stronger at the inner wall, it is expected
that it will be subject to more plasma impact
along magnetic field lines than the outer wall.

Because of this, a power density (power/area)
ratio between the inner and outer walls of about
2:1 is expected, which is the value required to
obtain a temperature difference between the
inner and outer walls similar to that shown in
[13].

For the center and edge walls, located in front of
the thruster (Figure 3), the proportion of power
density was considered equal to that of the inner
wall, due to the deposition shown in PHALL II-C
thruster, where the experimental data of plasma

was collected. Equations (10) to (12) below were
used to calculate the powers in each wall:

P,g =P, +P,+P.+P, (10)
P P; P P
n_o _t_-¢c__’¢e (11)
Ao Ai Ac Ae
n=2 (12)

where P is the power in a given wall, A is the area
of a given wall, the subscripts o, i, c, e refer,
respectively, to the outer wall, inner wall, center
wall and edge wall, with n being a factor of
proportionality. The blue regions in Figure 6
indicate where the P,, P, P. e P, powers are
applied to the respective surfaces.

Fig. 8: 1dentification (blue color) of the wall surfaces considered for local power deposition in the
PHALL II-C thruster: (a) outer wall, P,, (b), inner wall, P, (c) central wall, P, and (d) edge wall, P,

For a discharge power of 200 W, the dissipated thermal powers for each part of the ISCT200-US are

found in Table 9.

Table 9: Dissipated thermal powers for the ISCT200-US thruster

Part of the

ISCT200-US Power (W)
Anode 21.61
Inner Wall 9.25
Outer Wall 8.17
Central Wall 4.49
Edge Wall 29.38

3.2 The Thermal Model

The thermal model was determined from the
theoretical manual [20] of the commercial

software used (SolidWorks 2017, from the
manufacturer Dassault Systemes). For simulation
calculations, the geometry of the solid that forms
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the thruster is divided into smaller parts - called with a set of discrete equations for the thermal
model:

finite elements (Figure 9); In this way, the

structure of the solid becomes a discrete system

[Cr] [5] + KT} = (R}, (13)

Fig. 9: Mechanical Drawing of the ISCT200-US Thruster With the Subdivision of the Solid Into Finite
Elements

London Journal of Engineering Research

In this case, T is the temperature at the element
and is given by:

T = [D){T,}, (14)

where [D] is a vector of shape or interpolation
functions (depends on the position of the
element), {Tn} Is a column vector of nodal
temperatures and  possible  temperature
derivatives. [C;/ is calculated by equation (15).

[CT] = fffAVpC[D]T[D]dV, (15)

where AV is the volume of the element, p is the
mass density, and c is the specific heat. The

other parameters are calculated according to
equations (16) to (18)

(K] = [Kr], (16)
with
(Kr] = [ff,,[B]" [K][B]aV, (17)
oD
ax
a
[B1= 1451 (18)
oD
oz
Futhermore,
{R} = {Ro} — {Rq}, (19)

where [k] is the thermal conductivity and being

{Ro} = [If,, @ [Dav, (20
where Q is the internally generated heat flux, and
the last parameter, {R} is calculated as shown in
equation (21).

{Rq} = [f,5,a [D1"dS, (21)

where AS, is the boundary portion of the element
and q is the boundary heat flux.

VI.  RESULTS AND DISCUSSION

Starting with a simulation diagram of the
ISCT200-US (Figure 10), the results obtained in
the present work are presented below.
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Temp (Celsius)

439.28
428.08
~ 416.89
_ 405.69
~ 394.49
_ 383.29
372.09
360.89
349.69
~ 338.49
327.29
316.10
304.90

Fig. 10: ISCT200-US thruster simulation diagram

Regarding the three ISCT200-US regions
considered in the experiment, the average
temperatures achieved in the simulation and the

experimental average temperatures presented in
reference [10] are available in Table 10.

Table 10: Average Simulation Temperatures and Average Experimental Temperatures for the
ISCT200-US Thruster

Anode Inner Outer
1SCT200-US (°C) Wall Wall
Q) ()
Experiment 440.00 420.00 413.00
Simulation 429.38 436.29 396.32
Difference  10.62 16.29 16.68
Percentage 5 1105 3.88%  4.04%
Difference

The results obtained in the three regions
considered (anode, internal wall and external
wall) were very faithful to those presented by the
experiments in reference [10], as a temperature
difference (Table 10) between the experimental
and simulated values was quite low, with an error
(in percentage) having a variation between 2.41%
and 4.04%.

It is estimated that the temperature difference
between experimental and simulated data would
be even smaller if the thermal contact resistances

and all materials properly used in the
ISCT200-US thruster were included in the
simulation.

It is believed that the theoretical reliability of the
equations for dissipated thermal power is
reinforced due to the fact that they are used in the
simulation to confirm the experimental data.

Due to the good results found, with the help of
the equations, it appears that the simulation
software is reliable.

Therefore, as the results indicate, future

simulations of Hall thruster models with
permanent magnets carried out using a tool

based on finite elements will also be reliable for
validation before obtaining experimental data.

These results also corroborate the developments
in reference [11], in addition to providing greater
precision. In reference [11], similar work was
carried out with the BPT-4000 literature
thruster.

V. CONCLUSIONS

A thermal numerical simulation of a Hall thruster
found in the literature, called ISCT200-US, was
carried out, in which the experimental data
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provided by the literature were compared with
simulation results in order to verify the reliability
of the simulation tool and the corroboration of
the results with a work carried out with Hall
BPT-4000 thruster. The difference between the
experiment and simulation temperatures was
small. The percentage of difference varied
between 2.41% and 4.04%, which indicates that
the simulation software and the approximations
used present good reliability when applied to Hall
thrusters, in addition to confirming the results
found in [11] for the BPT-4000.
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The Usage of Wireless Intelligent Control and UA
V-Enabled B5G/6G Network in Fuzzy Adaptive
Kalman Filter in INS/GNS Integrated Navigation

System

Guangchen Xu® & Zhenliang Yu®

ABSTRACT

In the Inertial Navigation System/Geomagnetic
Navigation System (INS/GNS) integrated
navigation system, divergence and measurement
noise that change with environments frequently
occur must be reduced so asto extend the
accuracy and stability of autonomous, passive
navigation. Base on the Unscented Kalman
Filter, we can combine Convergence of intelli-
gent sensing as well as computing, and control
for UAV-enabled B5G/6G network to deal with c
hange in the variance and mean value of the late-
st information. First, the noise’s covariance in
the model is modified “online” to change the esti-
mation of mean square deviation error and filte-
ring gain of Kalman filtering by using 5G/6G net
work; Then, through UAV-enabled B5G/6G netw
ork and intelligent sensing to change the scaling
factor of weight in sigma sampling is adaptively
changed to solve the nonlocal effect in UT trans-
form and improve the effciency and accuracy of
the navigation deposition system. The simulation
findings reveal that the fuzzy adaptive Kalm-
an filter is very efficient for INS/GNS integrated
navigation systems. It overcome the short comi-
ngs of traditional filtering method and improve
rove the accuracy of filtering.

Keywords: fuzzy adaptive; integrated navigation;
scaling factor; unscented kalman filter; ut
transform; B5G/6G.
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College, Yingkou Institute of Technology, Yingkou,
China.
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| INTRODUCTION

The fundamental physical field of the Earth is the
geomagnetic field. Any location in the vicinity of
Earth has a magnetic field, and the strength and
direction of the field depend on the location's
longitude, latitude, and altitude. The geomagnetic
field has abundant parameter information, such
as the total geomagnetic field, the three-
component geomagnetism, the inclination angle,
the declination angle and the geomagnetic field
gradient. This provides sufficient matching
information for the geomagnetic navigation
algorithm. Geomagnetic navigation does not need
to receive external information and belongs to
both active and passive navigation. The long-term
stability of geomagnetic matching technology can
make up for the deficiencies of the inertial
navigation system's long-term faults if inertial
navigation and geomagnetic matching technology
are combined. Additionally, the geomagnetic
matching system's vulnerability to interference
can be offset by the inertial navigation system's
short-term high precision. Inertial/geomagnetic
integrated navigation can be applied to the
autonomous navigation of submarines, ships,
vehicles and other carriers as well as long-range
weapons such as missiles.It has shown important
military value and promising application
prospects.

At present, geomagnetic navigation algorithms
include the theory of maximum correlation, ICCP
algorithm [1], neural networks and statistical
pattern recognition algorithms, the most widely
used of which is the extended Kalman filter (EKF)
[2] method. In this method, the nonlinear system
is linearized by the Taylor expansion method, and

Volume 23 | Issue 5 | Compilation 1.0

London Journal of Engineering Research



London Journal of Engineering Research

the linear transformation in the Kalman equation
is replaced by the Jacobian matrix. Although EKF
maintains the advantages of Kalman filtering and
effective iterative updates in calculations, it
essentially  approximates linearization  of
nonlinear models. For strong nonlinear problems
or when the Jacobian matrix is unavailable, the
EKF cannot obtain satisfactory results [3].

Therefore, Julier and Uhlmann [4] put forward
the Unscented Kalman Filter (UKF) method based
on the idea of multiple function representative
points, which overcomes the above shortcomings
of EKF. However, in the practical application of
UKF, obtaining statistical knowledge of system
noise and observation noise is difficult. In general,
the process noise, measurement noise and
innovation are no longer white noise processes. In
this case, traditional Kalman Filters can easily
cause filtering to diverge.In this study, an
adaptive Kalman filter is used to reduce the
impact of unusual measurement data and produce

precise system state estimate. The scaling factor
o of the noise variance matrix in the model and

the weight in the sigma sampling "on-line" can be
changed to alter the estimated filter gain matrix
and mean square error matrix.

.  METHODOLOGY
2.1 UT Transformation

The UT transformation serves as the cornerstone
of UKF. The Unscented Transformation (UT) does
not require linearization of the nonlinear system
since a nonlinear probability distribution can be
approximated more easily than any nonlinear
function.Instead, it uses a certain sampling
approach to choose a predetermined number of
sigma sampling points. These sampling points
have the same mean yx and covariance P, as the
system state distribution. After nonlinear
transformation, these sigma sampling points can

approach the posterior mean; and covariance

P, with second-order accuracy. Applying the UT
transform to the Kalman filter results in the UKF
is formed. The following is the UT transformation
process [5]:

{rl=[x x+ L+ P,

According to the x statistics x and P_ of the
input variables, select a sigma point sampling

strategy to obtain the sigma point set {X,}
i=1--L of the
corresponding weights W." and W°, where L is
the number of sampling points used in the
sampling strategy; The weights used for mean and

w" —and WS,

input variable and the

covariance weighting

respectively.

are

Perform a nonlinear transformation on each
sampling point in the sampled input variable

sigma point set {X,} to obtain the transformed

=f(x,),i=1,

sigma point set {yi} , Y

By weighting the sigma point set {yi}after

nonlinear transformation, the statistics ¥ and P,
of the output variable ¥ are obtained.

y=2W", )

P, = ZW D=0 =»"

i=0

(2)

2.2 Proportional Revision

The minimal skew simplex sampling is a strategy
to minimize the number of sampling points. It
minimizes the skewness (the third-order moment)
on the premise that the sampling point set
captures the first two order moments of the
random variable x. In the minimum skewness
simplex sampling strategy, the sampling points
are not centrosymmetric. The nonlocal effect
problem is caused by the fact that as the
dimension grows, the distance from the sample
point extending from the low dimension to the
center point grows.Julier et al. proposed a
proportional UT transform in which the sampling
strategy in the general UT transform is
proportionally modified [6]. This transformation
can solve the problem of non-local effects by
adjusting the value of the parameter a. The
specific sigma point sampling rule is as follows:

(3)

x—J(L+A) P_]
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Where A =a’(L+x)—L . Let be k>0 to ensure
that the variance matrix is semidefinite,
generally defaults to 0 or 3—L . The scope of L
IS0<L<3.W and w" are the weights used in
the covariance and mean weighting of UT
transform, respectively. « and B are parameters
for the Gaussian distribution, =2 is
optimal[7]. The distance between the sigma point
and the center point x is managed by the scale
factor «. It is a relatively small positive number,
which is usually taken in the interval [10* ~ 1].

2.3 The Selection of Adaptive Scale Factor a

The flow of the UKF algorithm can be seen in

Figure 1. The UKEF filter value X« at time k is
taken as the center point of the sigma point set
generated in the next time prediction, and the
other sampling points are distributed near the

AI(L+A4),i=0
' |1/2(L+A),i=0 (4)

. AL+ D) +Q-a®+p),i=0
W,
1/2(L+4),i#0 (5)

the k-step filtering desAcribes the relationship

between the filter value X« and the real value X,
namely:

P = E[(X,-X)(X,-X)'] (6

Therefore, the distance d, between the center
point and the sigma point set can be

approximately calculated by P, , namely:

d, ~Jir(P) )

The k-step filter Vé}lue "approximately covers" the
critical region O(X«,d,) of the true value, as the
sampling range of the sigma sampling point in

step k+1, calculates d,,, =+/tr(F,,,) , and obtains
the adaptive adjustment measurement sigma
sampling of scale factor &,y [8].

. . . . o =d,/d 8
center point.The covariance F, matrix obtained by Lt R A (8)

Generate state Generate measured

. . State . Measurement
Sigma sampling . . Sigma samples and . .

R prediction ) prediction
and weights weights
Adapti
State . ApTve State
initialization adjustment of scale update
factor &

Figure 1. The flowchart of the Proportional Revision UKF Algorithm

2.4 Adaptive Control

The residual sequence in the Kalman filter should
be white noise with a zero mean if the
mathematical model is accurate enough. The
Kalman filter's theoretical residual variance
should be close to 1 when compared to the
measured residual variance. Long-term deviations
in the ratio show that the measurement noise level

has changed, necessitating an adjustment to the
noise covariance matrix sum [9]. To get the ratio

back to close to 1, that is the standard for
adjustment.

Let's set the model's noise variance matrix to:

{Qk =70

R, =R (9)

Where: Q is the system noise variance matrix, R
is the measurement noise variance matrix.

Matrices O and R are fixed values; The
adjustment value y, modifies the measurement

noise variance matrix and the system noise in an
adaptive manner.The fuzzy adaptive Kalman filter
is developed as follows to put the aforementioned
idea into practice.
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In the formula: the matrix sum is a fixed value. An
adjustment value, adaptively adjusts the system
noise and measures the noise variance matrix.
The concepts discussed above are used to design
the fuzzy adaptive Kalman filter[10].

The one-step prediction of the state estimate is:
(10)

The n-dimensional state one-step transition
matrix @, ,  is used in the equation.

A A
Xipr1 =D, Xk

The mean square error matrix of the one-step
forecast is:

P

k-1 = ®k,k—1Bc—l®Tk>k_1 +7,.0 (11)
The Kalman filter's gain matrix is:
K, = Pk|k—]HkT(HkPk\k—1HkT +7R) (12)
The measured value's one-step prediction is:
Zi=H, Xijeo (13)
Then, the estimated modified state is:
X = Xepr+ K, (Z, — Z1) (14)

In addition to least, the matrix of posterior mean
square errors is:

B =(U-K.H,)F (15)

|1

The r=Z,-Zr, also known as residual or
innovation, measures how dependent the system
model is on the measured values. Where, [
represents the identity matrix, whose dimension
is the same as the system status quantity [11].

25 The Fuzzy Adjustment

Fuzzification, the creation of fuzzy control rules,
and defuzzification are the three steps in the fuzzy
calculation process. The output fuzzy quantity is
produced by the fuzzy control rules by inferring
from the input fuzzy quantity. The input exact
quantity is converted to the input fuzzy quantity
using fuzzyification. [12]. The output fuzzy
quantity is converted into the precise quantity
output during the final defuzzification procedure.

The mean value , and variance p, of the
innovation are the inputs to the fuzzy adaptive
logic system employed in this study, and the

output is a weighted index that is used to modify
the noise variance matrix in the system model.

Ideally, the innovation is zero-mean white noise.
If the innovation is not zero-mean white noise in
the process of system operation, it indicates that
there is a problem with the filter. Assuming that it
represents statistics #» over a period of time, the

mean and variance of innovation are:
_ 1 t
==L (16)
A 1 t
T
P, =— r.r.
JJ
L Sy (17)

Compare the theoretical value of the variance to
the estimated value of the variance. When the
estimated value becomes larger than the
theoretical value and the mean value gradually
moves away from the zero point, it indicates that
the filter becomes more and more unstable. At
this moment, adjusting the noise intensity is
required to enhance the filter's performance.

The mean and variance are determined by
keeping track of the innovation at each filter
sample point. If the variance of innovation
increases and the mean value approaches zero,
the system noise should be reduced while the
measurement noise should be increased to obtain
a smaller 7 value. As a result, the gain matrix of
the filter will diminish the system's trust and use
of the measured value and the filtering
performance tends to become more stable.

The innovation variance and mean value are
divided into three levels as fuzzy input: Zero,
Small, and Large; The output 7 is divided into
four levels: Zero, Small, Medium, and Large; The
common method of generating fuzzy control rules
is through expert experience, expressed in the
form shown in Table 1.
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Table 1: Rules for fuzzy inference

Large Zero Large

2 Small Zero Large Medium
Variance £r

Large Large Medium Zero

26 The Proportional Minimum Skewness UKF Here is the specific UKF algorithm:

Algorithm of Fuzzy Adaptive The state initialization given )A(O - E(X,)
A A 0

Following linearization, the discrete system's P, = E[(X, - Xo)(X,-X0)"]
mathematical model looks like this: )
Select  sampling  points and  weights:
X =@y Xy + 0 N Tm e
PRONANIA
Zk=Hka +Uk (18) . ‘
The nonlinear system model Xi+ijk () =7 (x;u)

X .
¢, Z, and H, represent the system state computes the mean and covariance of the

vector, measurement vector, and measurement

) _ 5 predicted state:
matrix, respectively. The system noise vector @;
is white noise, namely: @, ~ N(0,0) , is the - . .
. . y k. ( Q) Q Xk+1|k ZZVVI xk+1|k(l) (19)
system noise variance matrix; The measurement )
noise vector v, is also white noise, namely:
v, ~N(O,R) Ris the measurement noise
variance matrix.
L-1 A A
P = 2 W M0 p ) = X ey (D = X i) +7,0 (20)
i=0

Measure sigma sampling, use Xk and Fiaj to regenerate the sampling point set and weight
{%k+1|k (ORI VKC}

yk+1|k (l) = h[lk-f—l‘k (l)’u] (21)

The prediction,variance and covariance are respectively:

N L-1
Zk+1\k = ZVV,-my/H.]V( (Z) (22)
i=0
P, = Z we (Vg @) - 2k+1\k )][(yku\k (- Q’MI/C N +7,R (23)
L-1 A 2
Py = 2 W10 pgs )= Xt (D= X )V =

i=0

Update the state and variance, and calculate the filter gain.

Wi = PXZPZZ_I (25)

Xin =X+ W, ((Z, ., — Zksk) (26)
-1

Bc+1 = Pk+||k - va+1PZZ I/Vk+l (27)
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The fuzzy adaptive unscented Kalman filter is shown in Figure 2.

The state after correct

+ /

Geomagnetic Navigation UKF

/7

Fuzzy Control

Inertial Navigation

The correction of inertial error

Figure 2: The Fuzzy Adaptive unscented Kalman Filter

. SIMULATION AND DISCUSSION

The initial simulation conditions are as follows: The gyro drift is 0.01 (.)/h; The root mean square of
gyro drift white noise is 0.01(.)/h; The initial position of the system is X, =[50,30,0.35,0.35]" ; The

01 0 0 O
01 0 O

0 0 0.1

0 0 0 0.1

initial variance matrix of the system P = is a diagonal matrix; The variance matrices

005 0 0 0
0 005 0 0 1o

o o o001 o |2 R{o o.ooJ,
0 0 0 0001

for the system's state noise and measurement noise are Q=

respectively. In the MATLAB R2018 environment, the simulation time of Monte Carlo is 100s. The
simulation results are as follows:

Table 2: Filter Performance Comparison

Filter RMS (errors) Time (s)
EKF 0.12863 0.08362
UKF 0.11953 0.26742

FUKF 0.11176 0.47879

RMS/®

1
0 10 20 a0 40 a0 60 70 a0 an 100
Timess

Figure 3: The curve of RMS error
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Figure. 5: The Curve of Latitude Error

It can be seen from Table 2 that compared with
the EKF and UKF filtering algorithms, the fuzzy
adaptive filtering algorithm has a smaller filtering
error and larger calculation amount, resulting in
increased calculation time.

Figure 3 shows that the FUKEF filtering algorithm
has fast convergence and a minimal filtering
error. The Figures 4 and 5 show that the FUKF
filtering algorithm can effectively suppress
filtering divergence, with stable performance, and
further improve the filtering effect of navigation
system. In 100s, the system error remains within
the range of the navigation accuracy. It is obvious
that the model error can be successfully reduced
by wusing the time-varying noise statistical
estimator to estimate and correct the statistical
features of system noise and observation noise in
real time.

V. CONCLUSION

The fuzzy adaptive unscented Kalman filtering
approach suggested in this article modifies the

model's noise variance matrix "online" in order to
update the estimated mean square error and
filtering gain. Additionally, it can handle the
non-local impacts of UT transformation by
adaptively adjusting the scaling factor of the
weights in sigma sampling. The results show that
the fuzzy adaptive Kalman filter is suitable for the
inertial/geomagnetic =~ integrated  navigation
system, and the measurement noise of the model
is adaptive. When the nonlinearity is severe, this
can effectively solve the issue of filtering
divergence in the integrated navigation system.
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UHEXPARQ LDM R R FDIHQH FROWQAZ DV
FRQLLP HG VR EH UPRYHS ILRP FRIHH Z DM
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