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Optimization of foam drilling fluid for broken and soft coal seam drilling
based on response surface methodology
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(1. College of Environment and Civil Engineering, Chengdu University of Technology, Chengdu Sichuan 610059,
China; 2. CCTEG Xi'an Research Institute (Group) Co., Ltd., Xi'an Shaanxi 710077, China)

Abstract: To address the technical challenges of severe dust hazards, difficulties in coal fines transport, and insufficient
anti-contamination and compressive resistance of existing foam drilling fluid systems during air screw drilling in
broken-soft coal seams, a foam drilling fluid system suitable for this working condition was developed. Through
performance screening, the foaming agent DF-1, foam stabilizer MZ-1, anti-contamination agent MPS, and
compression-resistant agent HS plant gum were identified as the core components. Single-factor experiments yielded
the preliminary optimal concentrations of these components as 0.9%, 0.3%, 0.4%, and 0.3%, respectively.
Subsequently, a four-factor, three-level Box-Behnken experimental model was constructed based on response surface

methodology (RSM) to investigate the interactive effects of the components on foam volume and half-life, and
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formulation optimization was performed considering the circulation time requirements of field drilling. The results
indicate that the significance order of factors affecting foam volume is MZ-1>HS plant gum>MPS>DF-1, and that
affecting half-life is MZ-1>MPS>HS plant gum>DF-1. Considering the foam circulation requirements of field
drilling, the optimal formulation achieving a target half-life of 40 min is determined as 1.1% DF-1-+0.1% MZ-1+
0.5% MPS+0.3% HS plant gum. Validation experiments demonstrate that this formulation produces a foam volume
of 510 mL and a half-life of 46 min, with significantly improved anti-contamination and compressive resistance, FCI
reduction rate of 28.91% and compression ratio of 73.33%, effectively meeting the requirements for safe and efficient
drilling in broken-soft coal seams. This study confirms that RSM can synergistically optimize multi-component foam
systems, and the developed formulation exhibits excellent foaming, foam stability, anti-contamination, and
compressive resistance properties, providing technical support for safe and efficient drilling in broken-soft coal seams.

Key words: broken-soft coal seam; air screw drilling; foam drilling fluid; response surface methodology; formulation

optimization; anti-contamination; compressive resistance; gas drainage
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Table 1 Types and names of experimental materials
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Table 3 Performance of different foaming agents

LT 2 Vy/mL T./min F/(mL-min)
SDS 410 7 2152.5
TNk S WA 450 5.5 1856.25
BS12 157 2 235.5
DF-1 500 10 3750
ABS 470 8 2820
AS 450 7 2362.5
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Fig.2 Foaming stability of foam stabilizers
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Table 4 Performance of different anti-contaminants

IREE SilkE S V,/mL T, /min F/(mL-min)
RS A5 G 74 330 1 247.5
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Table 5 Performance of different

compression-resistant agents

PO Fh 2 WwpE/%  V,/mL  V)/mL C/%
T H 550 80 85.45
FH 5 e 0.1 550 100 81.82
SZUNE 9\ 0.1 550 130 76.36
% 0.1 550 150 72.73
(IER(EN 0.1 550 130 76.36
HEC 0.1 550 130 76.36
XY Y 0.1 550 140 74.55
PNGES S 0.1 550 145 73.64
HS P i 0.1 550 160 70.91
AR 0.1 550 130 76.36
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Table 6 Response surface methodology

_— K

—1 0 1
A/% 0.7 0.9 1.1
B/% 0.1 0.3 0.5
C/'% 0.2 0.4 0.6
D/% 0.1 0.3 0.5
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Table 7 Results of response surface experiment

SWFS A/% B/% C/% D/%  Y,/mL  Y,/min

1 0.7 0.1 0.4 0.3 430 42
2 1.1 0.1 0.4 0.3 470 44
3 0.7 0.5 0.4 0.3 370 95
4 1.1 0.5 0.4 0.3 340 140
5 0.9 0.3 0.2 0.1 380 97
6 0.9 0.3 0.6 0.1 400 69
7 0.9 0.3 0.2 0.5 340 172
8 0.9 0.3 0.6 0.5 370 75
9 0.7 0.3 0.4 0.1 390 61
10 1.1 0.3 0.4 0.1 410 84
11 0.7 0.3 0.4 0.5 340 94
12 1.1 0.3 0.4 0.5 370 106
13 0.9 0.1 0.2 0.3 440 58
14 0.9 0.5 0.2 0.3 340 169
15 0.9 0.1 0.6 0.3 450 44
16 0.9 0.5 0.6 0.3 360 115
17 0.7 0.3 0.2 0.3 380 120
18 1.1 0.3 0.2 0.3 380 122
19 0.7 0.3 0.6 0.3 400 55
20 1.1 0.3 0.6 0.3 410 99
21 0.9 0.1 0.4 0.1 460 43
22 0.9 0.5 0.4 0.1 340 104
23 0.9 0.1 0.4 0.5 400 51
24 0.9 0.5 0.4 0.5 330 180
25 0.9 0.3 0.4 0.3 380 71
26 0.9 0.3 0.4 0.3 380 68
27 0.9 0.3 0.4 0.3 370 76

A R B 2 W0 [0 05 Dy AR A% 0y 22 40 AT
W8 K9, Hh SS - J5 M, DF Jy A 1 & ,MS N
Y05 F NG, p BTG 2 P R i AR

0 A AR 2 IR R ) R AR B R4 SN
0.9880 1 0.9766, 1 1F P % 7 % Adjusted R* 535 K
0.9740 1 0.9492, Tl P 1& 72 % Predicted R* 5 1 1E
e R Adjusted R 22 (A 17202, UL BH Wi 1 T 9K
Il 9 5 0 LA BE AT, AT A B R e IR R ]
T I S Sz 1 A BRI 2 5 01 A T

T EOWAE R [ A e (R R YOG &L R
H Design—Expert 13 84 XF % 7 vp 5256 45 5 i 17 [l
IEE s AV Ep N = F
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Table 8 Comprehensive analysis of

variance results for foam volume

e I SS DF MS F{H plE BEMNE

Biml  38362.96 14 2740.21 70.46  <<0.0001 ¢ %2

A 408.33 408.33  10.50 0.0071
B 27075.00 27075.00 696.21  <<0.0001
C 1408.33 1408.33 36.21  <<0.0001
D 4408.33 4408.33 113.36  <<0.0001

1

1

1

1

AB 1225.00 1 1225.00 31.50 0.0001
AC 25.00 1 25.00  0.6429 0.4383
AD 25.00 1 25.00  0.6429 0.4383
BC 25.00 1 25.00 0.6429 0.4383
BD 625.00 1  625.00 16.07 0.0017
CD 25.00 1 25.00  0.6429 0.4383
A’ 578.70 1 578.70 14.88 0.0023
B 1267.59 1 1267.59 32.60 <C0.0001
c 156.48 1 156.48  4.02 0.0679
D’ 489.81 1  489.81 12.60 0.0040

I 400.00 10 40.00  1.20 0.5373 A3

¥ : R°=0.9880 . Adjusted R”=0.9740 ,Predicted R°=
0.9368,

R ¥REFEZEHEREWANW
Table 9 Comprehensive analysis of

variance results for half-life

E 3 SS DF MS FAH piE BENE
R 40834.25 14 2916.73 35.70  <C0.0001 H% 3%
A 1365.33 1 1365.33 16.71  0.0015
B 22620.08 1 22620.08 276.86  <<0.0001
C 6580.08 1 6580.08 80.54 <<0.0001
D 4033.33 1 4033.33 49.37  <C0.0001
AB 462.25 1 46225 5.66  0.0349
AC 441.00 1  441.00 540  0.0385
AD 30.25 1 30.25  0.3703 0.5542
BC 400.00 1  400.00 4.90  0.0471
BD 1156.00 1 1156.00 14.15  0.0027
CD 1190.25 1 1190.25 14.57  0.0025
A? 70.08 1 70.08  0.8578 0.3726
B 225.33 1 225.33 276  0.1227
C? 2187.00 1 2187.00 26.77  0.0002
D 884.08 1 884.08 10.82  0.0065

RIH  947.75 10 94.77  5.80 0.1559 A@#F

7 R*=0.9766 . Adjusted R*=0.9492 Predicted R*=
0.8677,
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62.5BC+62.5CD+312.5BD+ 260.417A%*+
385.417B°+135.417C*—239.583D" (3)

Y,=280.875—274.792A —149.792B— 553.958C+
5.417D+268.75AB+262.5AC—68.75AD—
250BC+425BD—431.25CD+90.625A%+
162.5B°+506.25C*+ 321.875D° (4)
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