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Abstract: Objective To address the issues of poor flowability and high hygroscopicity of fermented Cordyceps powder, the particle
size gradation strategy and investigates the relationship between flowability parameters, particle size, and particle size distribution, so
as to provide theoretical support and technical guidance for enhancing powder performance and optimizing processing strategies.
Methods A laser particle size analyzer, powder characteristics tester, and powder rheometer were employed to systematically
characterize the particle size distribution, static flowability parameters (angle of repose, Hausner ratio, and flat plate angle, etc.), and
rheological properties (flow energy, aeration, permeability, and shear behavior) of the fermented Cordyceps powder. The effects of
different particle size ratios on powder packing behavior and hygroscopicity were analyzed. Results Particle size is a critical factor
affecting powder flowability. A particle size ratio of 24-80 (95:5) mesh yielded optimal packing performance. Hygroscopic kinetics
modeling showed that both the double exponential and Weibull models provided good fits for describing the moisture absorption

behavior of powders with different particle sizes, offering quantitative indicators of hygroscopicity. Conclusion Particle size
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gradation design provides a new strategy for improving the flowability and stability of fermented Cordyceps powder.

Key words: fermented Cordyceps powder; powder; particle size gradation; fluidity; hygroscopicity

HZ R, AR R A R S R IR
WA TZH TR RS, Hr, Bigmshit
IV J7 1 B AR TP E A RAE, iR HERR
WS, WU IR B RHERAT A (HRMIETER
IR EALRAER FOART D, Rk, AR
BRI UM By i AR A S B, B AARLE S
PR shid A2 b R EE R AN R D), HE sk AR AE i T
IR R BN RRIE 24 Ry A IR AR AR F 3 L e 2
Mgk, Z5ETENMCIER, PTINEEAR SR
(basic flowability energy, BFE). tLiiizlfEE (specific
energy, SE). BIUIFE4L (stability index, SD. ik
F844 (flow rate index, FRI) THAbHFA %5 % i (casson
bulk density, CBD) X IS4, Iit— B iFhk
EESE . RS EREIRARD) . Ik, BEE
ik TR RE, Tk B8 R 2SS SR BT

FETRERZ N T REACE AR I TAT N, Rl
FERIA S TRESEIATT T A B TR 2
2 TR AP “ B ” B, 5
NI IC T, DU ER I sl e . Fok: 2 fic 2
T3 A} I B AN FPRLARORL ) L ], SRR 7]
P FIHERR I B LA o AZ BRI, KBURL T B R 4
Ky, INBTRIAT A 8 UKL (B B, DAL S T HEAR
FEi KA, FLBERRAME, BEERARTERE. AT
it T T B AN R A% i B L TRy B B 2
e, WA FRAR N HR A PEREFI R . 45 AR
BT (D, POACAN [FIREAR e e RS BRI A 1) VR
LB, PR P A HERR 5 R S Al P e A
P o DS 4R 1 2R S BU Rt sh It 5 3 e P e
B, PRIERLAD S HLRE MO A 19 R A T B e
R E R S %

KLBEHA

v DR8] #2272
v HERRE I TR v W30

v ik EHE S TRAR
v ILERZE TR

—

1 KERRREE

Fig. 1 Schematic diagram of particle size distribution
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Table 1 Results of powder characterisation of fermented Cordyceps powder with different particle sizes (X £ s, n=3)

MR RIEF/C)  PRSEEE(@mL) MAECEE/(@mL™) /)

PR EMC)  RRIER% SR

10 H 35.44%0.08 0.60£0.00 0.50£0.00
24 H 35.67+0.28 0.63£0.02 0.55£0.00
50 H 35.0010.11 0.64£0.00 0.55£0.00
80 H 43.17%0.06 0.5340.01 0.4340.00
100 H 42.5140.06 0.5540.00 0.4540.00
150 H 43.3740.54 0.5140.01 0.4140.00
200 H 43.23+0.06 0.44+0.01 0.35£0.00

32.29+0.41 3543£0.31 3.14+0.33 0.15+0.00 1.18%£0.00
31.95+0.74 33.78+0.75 3.72+0.47 0.14%+0.01 1.16%0.01
31.70£0.16 33.82+0.19 3.30+0.05 0.15+0.01 1.17£0.02
39.454+0.81 4342+0.16 3.43+0.23 0.18£0.01 1.2240.02
38.771+0.42 44.17£0.03 3.74+0.36 0.19+0.01 1.23+0.01
41771099 43.48+0.26 1.60£0.45 0.19+0.00 1.23£0.00
40.20+0.25 44.67+£0.23 3.04+0.19 0.224+0.00 1.28+0.01
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Table 2 Test results of flow energy of fermented Cordyceps

powder with different particle sizes (X £ s, n=3)

WA SI FRI SE/(mJ-g™")
10 H 0.8740.09 1.160.21 3.3340.36
24 H 0.96+0.03 1.09+0.06 2.6240.08
50 H 1.05+0.01 1.09+0.01 3.714+0.11
80 H 1.06+0.01 1.46+0.06 5.714+0.12
100 H 1.04+0.11 1.81+0.08 5.684+0.12
150 H 1.12+0.11 1.70£0.02 6.84+0.37
200 H 1.15£0.06  2.41+0.04 7.6240.07
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Fig. 2 Rheological test results of fermented Cordyceps powder with different particle sizes (X £ s, n=3)
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Fig.3 Dynamic rheological parameters (permeability, inflatability, compressibility, consolidation test, shear performance,

and wall friction) schematic diagram
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Table 3 Particle size distribution of fermented Cordyceps powder with different gradations (X £s,n=3)

el Dio/um Dso/um Doo/um span LR (m>g")  AEPFIRAR/um
24 H 443234294  701.59+0.77 1127.92+7.89 0.98+0.02 0.01£0.00 749.79+1.17
80 H 46.521+0.42 113.56+0.03 212.30+0.22 1.46£0.01 0.07£0.00 122.56+0.01
24-80 (85 : 15)H 342.19+36.42 683.381+44.84 1282.09%66.97 1.38+0.04 0.01£0.00 752.65+47.60
24-80 (90 : 10)H 398.94%7.72 693.48+10.48 1209.10+76.58 1.17%0.10 0.01+0.01 754.73+23.61
24-80 (95 : 5)H 408.62+16.59 692.89+9.85 1189.07+31.41 1.12£0.09 0.01+0.00 752.43%0.16
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Fig. 4 Immediately test filling behavior of fermented Cordyceps powder
®4 TRMFLLABEREEMHHEEEER (X£s,n=3)
Table 4 Characteristics of fermented Cordyceps powder with different particle size ratios (X £ s, n=3)

FARUE L) YRS

24-80
(85 :15)H

24-80
(90 - 10)H

24-80
95 :5)H

2H 5] RIEF/(C) ZRREE FRIEEU%  FLBER B BRI EMNC) Dso
(gmL™") (gmL™h)
24 H 38.2140.35 1.25+0.01 0.20+0.01 0.36%0.01 0.5640.00 0.704+0.01 33.10+0.33 5.1140.03 701.59+0.77
80 H 41.7840.03 1.29+0.00 0.23+0.00 0.4240.00 0.5440.00 0.70+0.00 37.2440.08 4.54+0.05 113.56+0.03

24-80 (85 : 15)H 40.68+0.26 1.25+0.01 0.20£0.00 0.363-0.01 0.5740.00 0.7120.00 34.79+0.37 5.89+0.64 683.38+44.84
24-80 (90 : 10)H 40.02+£0.30 1.27£0.00 0.22£0.00 0.3840.00 0.5740.00 0.72+0.00 34.33+0.00 5.70+0.30 693.48+10.48
24-80 (95:5)H 39.20%£0.18 1.27+£0.01 0.21£0.01 0.3940.01 0.55%0.00 0.69+0.00 34.26+0.23 4.9410.06 692.8919.85

RLIE] I ERR, SCELHERR B NS, e mfE s, %5 459 5o, SE Jii, 24-80 (95 :5) HZkwid
2.2.5 RPN B UL S AS T AR B R REVERsE, TAE BFE {E 71, 24-80 (85 : 15).
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H BFE {f . R SI Al FRI{E$, 24-80(95 : (95 :5) HEBLAHMAAX T, T 2Rl

5) HRFHEBARRSEFRE PR AR AT RS R (B 5-¢) Eor, 24-80 (95:5) H

BRE, WMahMEEL, HANRMMXTRGE, KRB BB R R4E R AR, BRI AR T
x5 TEKZLLABHEEMRIEULER (X£s5,n=3)

Table 5 Flow energy test results of fermented Cordyceps powder with different particle size ratios (X + s, n=23)

2H 51 BFE/mJ SI FRI SE/(mJ-g )| 4%  BFE/mJ SI FRI SE/(mJ-g™")
24-80 (85: 15)H 94.59£2.68 0.99+0.00 1.00£0.04 2.59+0.08 |24 H 88.81+1.34 0.96+0.03 1.094+0.04 2.6210.08
24-80(90:10)H 92.89+0.16 0.98+0.00 1.13+0.02 2.461+0.01 |80 H 81.49+£3.15 1.06£0.01 1.46+0.04 5.71%0.02
24-80(95:5)H 113.88+£4.90 1.00£0.04 0.9940.01 2.9240.11
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Fig. 5 Rheological test results of fermented Cordyceps powder with different particle size grading (X £ s, n =3)
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Fig. 6 Moisture absorption curve of fermented Cordyceps

powder with different particle sizes
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Table 6 Fitting equations and correlation coefficients (R?) for fermented Cordyceps powder of different particle sizes

WAk EFgEE

— it

—T O

XA HH A A R AR

10 H y=4.031+0.10x,
R*=0.715 48

24 H y=4.68+0.08 x,
R*=0.708 78

50 H y=5.4340.07 x,
R*=0.67117

80 H y=5.4240.07x,
R*=0.653 66

100 H y=5.79+0.07 x,
R*=0.677 15

150 H y=5.26+0.07 x,
R*=0.683 74

200 H y=5.97+0.07 x,
R?=0.648 31

y=13.56 (1—e %),
R=0.974 42
y=12.06 (1—e 096,
R=0.99033
y=11.66 (1—e 07,
R2=0.987 88
y=11.15 (1—e 0%,
R2=0.984 79
y=11.79 (1—e 0%,
R=0.988 15
7=10.89 (1—e 0%,
R2=0.984 16
y=11.95 (1—e0%%),
R2=0.98191

y=-0.002x+0.33x+0.99, y=-6.66¢¥242—7.29 ¢¥242+1346, y=13.13—11.70 ¢ 04",

R*=0.99175

R*=0.975 61 R*=0.985 30

y=-0.002x>+0.26 x+2.25, y=-5.50¢"192—6.16 e 92+12.12, y=11.92—10.16 ¢ ©050"*,

R*=0.976 11

R*=0.991 55 R*=0.996 19

y=-0.002x>+0.24 x+3.17, y=-527 1036546 ¢103%+11,77, y=11.66—9.67 ¢ ©060"*,

R*=0.961 13

R?=0.99373 R>=0.996 16

y=-0.001 x2+0.23 x+3.26, y=-5.10e155—5,05e55+11.26, y=11.19—9.40 ¢ ©069",

R>=0.956 57

R*=0.991 65 R?=0.992 81

y=-0.001 x>+0.23 x+3.65, y=-5.50¢"1541—509 e 15414+11.93, y=11.91—10.47 ¢ 006",

R*=0.952 87

R?=0.996 41 R*=0.996 43

y=-0.001 x>+0.21 x+3.26, y=-4.82¢1034—487 ¢ 10541104, y=10.97—9.08 ¢ ©060"*,

R?=0.962 20

R?=0.99522 R>=0.996 04

y=-0.002x+0.24 x+3.69, y=-5.40 3% —530e5¥+12.08, y=12.01—10.00 ¢ ©6",

R2=0.954 44

R*=0.991 13 R?=0.992 32

2.3.2 RGO R A ) 2%

PL“2.1.17 TR

24, 80 H & “2.2.1”7 WiFJiE L 85 0 157 90 1 10,
95 15 AT 3 A SLRIIECR R, — IR
TR AN IRIE AR A o B R A T AR5 T,
2 AR RIS A GRE 25 C, MHXHEE

75%), REMEG 0.5 h FEATERE, AAHURIIS), HP;
1B AR R . —RIRRTE 6 h U, —
WWIE RN 12 h JE B, %H .

2.3.3  WRIBKT R L A R TR AR RC I R
7 BIAT, IR ) RE K R B AR S 1, kL
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®7 TRREFBAREHEREMIFFIEERER (X+s,n=3)

Table 7 Results of powder characteristic parameters of fermented Cordyceps powder under different hygroscopic conditions

(Xts,n=3)
3 fRIEF/C) SRt fLIRE % RIRTEE%
: SEIA R e SR RGE SRR SRR e SRR B e e
24H 38.211£0.35 36.87£0.06 38.72£0.50 1.25£0.01 1.20+0.01 1.21£0.00 0.36£0.01 0.30£0.01 0.32£0.01 0.20£0.01 0.17£0.01 0.17£0.00
80 H 41.78£0.03 39.90£0.33 41.914£0.57 1.29£0.00 1.24£0.00 1.28%£0.01 0.42£0.00 0.35£0.00 0.41£0.01 0.2340.00 0.190.00 0.22£0.00

24-80 (85 : 15)H 40.6810.26 41.76£0.20 42.86+0.28 1.25+0.01 1.23£0.01 1.25£0.00 0.36£0.01 0.33£0.01 0.36£0.00 0.20£0.00 0.1940.01 0.20£0.00
24-80 (90 - 10)H 40.02£0.30 41.58£0.00 42.53£0.03 1.27£0.00 1.23£0.00 1.22£0.00 0.38£0.01 0.33£0.01 0.33£0.01 0.22£0.00 0.1940.00 0.1840.00
24-80 (95 5)H  39.20£0.18 39.09£0.11 40.86£0.38 1.27+0.01 1.21£0.01 1.24£0.00 0.39+0.01 031£0.01 0.37+0.01 0.21£0.01 0.17£0.00 0.19£0.00

Y TR/ (gmL ) PR B (gmL ) S ERIC)
VRS AR R TR e Ui R Ok CRRiE K AR R
4H 0.70£0.00 0.69+0.01 0.640.00 0.56%0.00 0.57£0.00 0.53£0.00 33.10%0.33 31.79£0.40 35.0720.38 5.11£0.03 5.08£047 3.65£0.88
80 H 0.70£0.00 0.68+0.00 0.680.00 0.54£0.00 0.5510.00 0.53%0.00 37.2420.08 33.00£0.07 40.86£0.37 4.5420.05 6.90+0.40 1.05£0.20

24-8085: 15)H 0.71£0.01 0.68+0.01 0.69£0.00 0.57£0.00 0.56+0.00 0.56£0.00 34.79£0.37 32.76£0.07 33.51£0.64 5.89£0.64 5.99+0.13 5.35+0.37
24-80 (90 10)H 0.72£0.00 0.69+0.00 0.68£0.00 0.57£0.00 0.56+0.00 0.56£0.00 34.33£0.00 32.10£0.08 34.35£0.15 5.70£0.30 6.48+0.08 4.1740.12
24-80 (95 5)H  0.69£0.00 0.6910.00 0.65£0.00 0.55£0.00 0.5720.00 0.52£0.00 34.260.23 32.13£0.00 36.5120.14 4.9420.06 5.9620.11 2.35+0.24

a5 THAIC) BIKE%
RS AR UORiE I R R
4H 33.95%0.15 31.52£042 35.7520.07 0.780.01 7.53£0.06 18.42%0.03
80 H 39.3920.19 34.64:£0.14 40.2120.01 2.920.01 8.85£0.09 16.80%0.06

24-80 (85 % 15)H 37.89£0.01 33.881+0.30 36.14£0.37 1.17£0.01 8.08+0.13 14.84£0.00
24-80 (90 10)H 36.25£0.37 33.05£0.11 36.34£0.03 1.13+0.02 6.93£0.13 15.08+0.11
24-80 (95 5)H  36.62£0.40 32.5140.05 35.35£0.20 0.97+0.02 7.3940.01 16.53£0.08

[y A0 . EIRIER R, KB R R
PR R AR AR G R (R, MRk
TR 82 7K B, S0k 16 RO 77 5 e e PR B
W, R RNEH T FshtE RS, T
SERPIRAE i, — IREL IR R S ARG, R
IRFREL. FLBRAR . RS T RIRA B 5 2 T R
#, RIEA . SKER LTHE, BRI AT
MAMEIRES . ARG . (AR, R
4 (4 951 5. 90 1 10) fERLIE )G S bk e
BT —RIEH (24, 80 H), TG HMIKRZ
YA PR SCERIR SR AR AR M. X R EE A

TR B 2 H AHRIORE 138 B SRR, A B TR
W 5| S S5 IR 5 SR, dERERLT (R 5 HE
552 Juk sy TR — R BB AR AE IR S5 R B 3R T AR
HOK. PRIl FU IR oAk, 5 kAR IR S HER
e, SEGRSBHIY, SRS, ISR
Fl 7 R A 9 SRR HERR AN S, (HA BRI REAE —
SEFRRE B &2 PR BN S S E 7T A AR,
T 2 1oy 2 T R A K 7 R R B T A &
PSR ahfaE .

234 WRAPRLEE R BC R IR AR AT AR 8 H
T, IR AN [R] B A5 I H e B A AR A R AR M 5

*8 TRMEBENLKEHEEMHERELESH (X£s,n=3)
Table 8 Analysis of powder rheological properties of fermented Cordyceps powder under different hygroscopic conditions
(X+ts,n=3)

il BFE/m] Sl FRI SE/(mJg")
SR AORE ORI RS RO I e R R R O
%A 88.8121.34 103.40£0.54 393.72£4.89  0.9620.03 0.870.01 1.12£0.00 1.09£0.04 1.042:0.02 0.49£0.00 2.6220.08 2.3620.03 4.84+0.01
80 H 81.49%3.15 90.91+£122 243.80+4.64 1.060.01 0.860.01 1.06:£0.04 1.4620.04 0.9620.01 0.71£0.01 5.71£0.02 821£0.03 6.00+0.07

24-80 (85 15)H  94.5942.68 103.83+2.97 242.20£18.00 0.9940.00 0.8240.01 1.04£0.06 1.00£0.04 0.99£0.02 0.66%0.04 2.59£0.08 2.59+0.21 4.39£0.09
24-80 (90 10)H  92.89%0.16 98.60+2.04 247.67£8.90 0.98+0.00 0.68+0.04 1.07£0.02 1.13£0.02 0.98£0.01 0.62£0.02 2.460.01 2.45+0.07 4.24%0.06
24-80 (95 5)H 113.88+4.90 103.79£0.33 517.91£3.12 1.00+0.04 0.8240.05 1.14£0.02 0.99£0.01 0.9940.02 0.49+0.04 2.92£0.11 2.57+0.00 6.021+0.29
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W i 25, R H AR BNPEFR bR BFE 224k B UK . B
IR AERT A2 K, BFE [HIED sy, REDHARLER
B i FE R e IR K BN SR B s R R A REAE T
WS S R 2 T T /K SRR, 388 5 1 S0 (1] 11
F S5 N ERIEH, AR TSR EER SR
AL SRS, FERERIEAER 07181,

3 Wie

AW FEFR, RS R I H R R 1 sh M
AUE e b (10, 24 B RIS
AFN KAy Aise, W%, SRS H
TR EMEAEE, gBRiZ] (=80 H) NP b AR 5
FWOK, YD) F ) RO S VR AR 1
5, JURLIA] Y RPE T SR I, RBUOAIR
1B BB MR E A Rds (W BFE) 4R, #R3/
PABCRE TEREG. PRI, KA /N FE e s oG i
B, TMRAEAE “TES-LLR AN TS Z A AL
TN, 2 2 A S80S SR PR G P/ P SR iR iR 3
— AR B AR, SRBNPERE I T B2,

A B RS R T G R AR AR S b, D
YRR B, $R T 3508 B S A= 3 2 B
W, WA ERE . K, SRR AL,
WRCALERIE A B SR/ R RIEE L L
BFE %4545 F35) 2 0SB AR R0,  HXF ok
FHE) CUBEA . RIEBY)D BAHERE “4%
MRS, JUHSE 95 ¢ 5 ELALAE HERN B I TS
BRI H, RALEIZ (90 10, 85 :
15, 95:5) ZEGtEReft T — KB4,

WIRAT N B2 sk AR I B M, IR TR
FMYRCEZK S WA, WERII3EE, HBRoK
R G, SRR YE TR, 2RI AR £
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tbz ™, RECH TR, gk “IEEEEHIR T FE
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EANT R, ITE— R/ IR RIS R R
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W B o 2 O AR Ak RTFE — e R R B X A B A R
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RUHEHOAN AT IR AR IR Bl 7 23U R AT
T UF R T B TR A 10 VR R e L P R -2 12
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IR R TIRSE () BRESH (k) e
SR B I 3 R IR BIRE 5 W KT BT R I RR AR

], kAR R A w] A FR AR
MTEMEL, SRSGFEREEH . fiR 5 a

BERATRE L B ] + A IR R 1

—IA S, BIG RS HIRAR S oA, DUAGRLEE 2

o, DNsmIAEIREE A, WA AR T A HUR R

R R SIAFE RS, A A I s Gy fi 4

FLZIRMEBIR A, 09 H ARy AR R Tk B

M S22,

AW IE LURE € BB SRR 5 W% S BN T %
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