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Theoretical substantiation of the parameters of the concrete batching plant feeding
system for stabilising the mass flow rate of moist materials

Abstract. The article presents a theoretical substantiation of the parameters of the feeding system of a concrete batching plant for
stabilising the mass flow rate of moist fine aggregate with a particle size of 0-5 mm. It has been established that, at a sand moisture
content of W > 4-6%, the standard hopper geometry with a wall inclination angle of a = 60° does not ensure mass flow according
to the Jenike criterion, resulting in the formation of dynamic arches and a pulsating material discharge with a coefficient of
variation of CV = 15-25%. A scientific hypothesis is proposed that the flow regime can be converted from funnel flow to mass flow
by artificially reducing the effective internal friction angle below its critical value through the mechanical disruption of capillary
bonds using an active loosening device with a horizontal shaft and pins arranged at 90° angular intervals. Based on the theory of
limit equilibrium and the Janssen equation incorporating cohesion, an analytical model describing the formation of dynamic arches
was developed, and a design equation for the critical angular velocity (w.r) was derived. An integrated mathematical model of the
material mass flow rate was also established. It was found that, at an operating angular velocity of wo > 2.50r, the coefficient of
variation of the mass flow rate reaches CVoa < 3% for W < 6% satisfying the requirements of
DSTU B V.2.7-96:2000.
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Introduction.

The consistency of aggregate dosing is a key factor
in the quality of concrete mixes at concrete mixing
plants (CMPs). According to the requirements of
DSTU B V.2.7-96-2000 [1], the deviation in the mass
flow rate of bulk components must not exceed 3%.
However, under production conditions with high sand
moisture content, this standard is systematically
violated.

Operational experience with CMPs shows that
when sand moisture content W > 4 - 6%, dynamic
arching occurs in the feed system hoppers, blocking the
flow of material. The result is a pulsating feed with a
coefficient of variation CV = 15 - 25% and emergency
shutdowns of the process [2, 3]. The root cause of this
phenomenon is a physical change in the rheological
properties of moist bulk material: an increase in the
effective angle of internal friction ¢w and cohesion

C(W) due to the formation of liquid menisci between
grains [4, 5].

Existing approaches to solving the problem -
increasing the angle of the hopper walls or installing
vibrators - have significant design and energy
limitations [6, 7]. A promising direction is the use of
active mechanical loosening devices that directly break
the capillary bonds between material particles above
the discharge opening [8].

Problem statement

The purpose of this article is to provide a theoretical
justification for the parameters of the active loosener in
the CMPs feeding system to ensure a stable mass flow
rate of moist, fine-grained aggregates in the 0 - 5 mm
fraction in accordance with regulatory requirements of
CVq <3%.

To achieve this goal, it is necessary to: establish the
physical-mechanical mechanism of dynamic arch
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formation in bunkers containing moist materials;
develop an analytical model of the influence of the
kinematic parameters of a horizontal-shafted loosener
on the material flow regime; and derive analytical
relationships for determining the threshold angular
velocity ¢ and the mass flow rate of the material.

Main material and results.

Analysis results demonstrate that the root cause of
batching plant (BP) productivity instability is the
physical change of flow regime of moist bulk materials
in hoppers. At sand moisture W > 5-6%, the standard
geometry of production hoppers (wall inclination angle
o = 55-65°) does not satisfy the conditions for mass
flow regime according to the Jenike criterion [9, 10],
leading to the formation of dynamic arches and
pulsating material feed.

The condition for mass flow regime is that the
hopper geometry and physical properties of the
material satisfy the inequality [10]:

Ow < @cr = (5, a, pw) (1)

where ¢w — effective internal friction angle of the
material at moisture W, deg;

¢cr — critical friction angle for mass flow regime,
deg;

a — wall inclination angle of the hopper, deg;

pw — wall friction coefficient of the material.

The relationship between moisture W and effective
internal friction angle ¢w for construction sand [4]:

Qw = Qo + kW - Wn 2)

where @o = 17-19° — friction angle of dry material;
kKW = 1.8-2.2 — empirical coefficient; n = 0.7-0.9;
W — absolute moisture content, %.

Table 1 — Dependence of effective internal friction angle of sand on moisture content and flow regime (a = 60°,
construction sand d = 0.5-2.0 mm)

Moisture Bulk density p, Effective friction angle Wall friction Flow regime
W, % kg/m3 ow, deg coefficient pw
0 (dry) 1550-1600 17-19 0.30-0.35 Mass flow
2 1480-1520 21-25 0.38-0.45 Mass/ transitional
4 1400-1450 28-33 0.47-0.55 Funnel flow
6 1410-1460 33-38 0.55-0.63 Funnel flow
8 1600-1650 37-42 0.60-0.68 Funnel flow
10-12 1720-1800 40-46 0.62-0.70 Funnel flow

Data in Table 1 confirm: at W > 4%, the sand
friction angle reaches 28-33°, which for a hopper with
a = 60° corresponds to funnel flow regime. Returning
to mass flow by changing the wall angle would require
a > 75-85°, which is structurally impractical [9, 10].

Based on the foregoing, a scientific hypothesis is
formulated: transitioning the flow regime of moist bulk
materials from funnel flow to mass flow without
changing the standard geometry of BP hoppers (o =
60°) is possible by artificially reducing the effective
internal friction angle ¢w below the critical value gcr —
through continuous mechanical destruction of capillary
bonds between particles directly above the discharge
outlet by an active loosener, whose pins are positioned
with 90° angular offset and rotate at a frequency
exceeding the threshold value mcr.

The mechanical action of the loosener is described
by the concept of reduced effective angle geff:

@eft = Gw — Ap(®, Rp) 3

where Ag(w, Rp) — decrement of reduction of the
effective friction angle under the action of the loosener
as a function of angular velocity o (rad/s) and pin
length Rp (m). The condition for transition to mass
flow:

Ag(w, Rp) > oW — @cr = AQrequired (4)

The appearance of surface moisture leads to the
formation of liquid menisci in contact zones between
particles. The capillary adhesion force between two

spherical particles of radius r forming a toroidal
meniscus is determined by the relation [4, 11]:

-r2. APc  (5)

where r — mean radius of sand grain, m;

o = 0.0728 N/m — water surface tension coefficient at
T =20°C;

0 = 0° — contact angle of wetting of quartz sand,;

APc — pressure difference in the meniscus, Pa,
determined by the Laplace equation [11]:

Fcap = 2m v -0 -cosO+ m

APc = o - (%+Ri2) ©)
where Ri, R» — principal radii of curvature of the
meniscus, m. For typical construction sand grains
(d = 0.5-2.0 mm) at W = 4-6%, the specific capillary
force is 100-500 Pa.

The relationship between moisture W and cohesion
C(W) of the material layer:

CW)=Co+ B - wm @)

where Co = 0 Pa — residual cohesion of absolutely dry
material;

B~ 120-180 Pa/% — capillary hardening coefficient;

m ~ 0.8-1.2 — exponent.

The increase of cohesion with increasing W is the
primary cause of arch formation, as confirmed by
calculated dependencies for various sand fractions
(Fig. 1).

Vertical stress at depth z from the material surface
in the hopper is described by the Janssen equation
accounting for cohesion [10]:
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ov(z) = e

‘Rh z
ki'_w' [1—exp(—kW-M-E)] +
where p — bulk density of material, kg/m3;

g — gravitational acceleration, m/s;

Rh = B-L/[2:(B+L)] — hydraulic radius of the
hopper cross-section, m;

kw = (1-sin ¢w)/(1+sin ow) — lateral pressure
coefficient (Rankine coefficient);

p — wall friction coefficient.

1200

® d=0510mm
® d=10-20mm
® d=20-50mu

BO0

Korezia CON), Ma

400

0 2 4 [] 8 10
Bonoricte W, %

Figure. 1 — Calculated dependence of sand cohesion
C(W) on absolute moisture content for various fractions
(formula2.7):1-d=0.5-1.0mm; 2-d =1.0-2.0 mm; 3

—d =2.0-5.0 mm. The increase of cohesion with
increasing W is the primary cause of arch formation.

A dynamic arch forms when horizontal
compressive stresses ch in the thin layer of material
directly above the discharge outlet exceed the shear
failure stress tf. Equilibrium condition for an arch in
the form of a parabolic arch over an outlet of width B
[9]:

oh = tf = C(W)+ on -tan(pw) 9
where on — normal stress in the arch plane, Pa;

ow — effective internal friction angle at moisture W,
deg. Substituting (2.8) into (2.9) and transforming gives
the critical outlet width Bcr, below which the arch is
stable [9]:

(1 +sin pw)
[p-g-sin w-(1 —sin pw)]

At B > Bcr — the arch is unstable and collapses on
its own; at B < Ber — the arch is stable.

Data in Table 2 show: at W > 6%, the value
Bcr =510-680 mm exceeds the smaller side of the
standard BP hopper outlet (300 mm), which guarantees
the formation of stable arches without external
mechanical intervention (Fig. 2). This directly confirms
the impossibility of ensuring stable discharge of moist
fine-grained material from a standard BP hopper
without additional technical means.

Ber = 2-C(W) -

(10)

30HAACKNIEMIHHA

Brp, mm

200 Pozmip oteopy (300 mm)

o 5 10
Bonoricts W, %

Figure. 2 — Dependence of critical discharge outlet width
Bcr on material moisture content for various fractions
(formula 9). Dashed line — actual smaller dimension of
BP hopper outlet (300 mm); at W > 5-6%, Bcr exceeds

300 mm for all three fractions.

The design feature of the loosener consists in the
arrangement of pins on the central shaft with 90°
angular offset between adjacent pairs and horizontal
shaft orientation. With a horizontal shaft, the plane of
pin rotation coincides with the vertical plane YZ, the
gravity vector g lies in this plane, ensuring uniform load
on the shaft per revolution.

Table 2 — Critical discharge outlet width Ber for construction sand (p = 1450 kg/m3, g = 9.81 m/s?, formula 2.10)

W, % | C(W), Pa ow, deg Bcr, mm Status of 800x300 mm outlet
0 ~0 17-19 ~0 Free flow

2 120-180 21-25 180-260 Free flow

4 280-380 28-33 380-490 Arch possible

6 450-580 33-38 510-680 Stable arch

8 600-780 37-42 640-870 Stable arch

10 750-920 40-46 780-1050 Stable arch

For four adjacent pins (i = 1, 2, 3, 4), polar angles
in the plane of Jrotatiorl?: ( " ’ Rp = Bzﬁ (12)

b =w-t + (—1-7, i=1234 (11)

This configuration guarantees that any point on a
circle of radius Rp in the rotation plane is crossed by
the trajectory of at least one pin every At = n/(2w)
seconds. The condition for complete coverage of the
arch formation zone is:

For a hopper 800x300 mm at Wmax = 8%:
Rp > 150 mm. Uniform arrangement of pins with 90°
angular offset provides a load uniformity coefficient
kuniform = 0.85-0.87 compared to kuniform =~ 0.60 for
the non-uniform scheme (2 pins at 180°), which
reduces peak drive load by 28% (Fig. 3).
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Figure. 3 — Comparison of torque on the loosener shaft:
uniform 90° placement (green curve) provides minimal
load oscillations (CV = 15%) compared to the non-
uniform scheme (red curve, CV = 60%). Shaded area —
peak shaft overload for the non-uniform scheme.

Resistance force of material to relative movement
of a cylindrical pin [14]:

Fres = kres - C(WW) - dp - Lp - vp?® (13)
where kres = 1.0-1.3 — dimensionless resistance
coefficient;

C(W) — material cohesion, Pa;

dp — pin diameter;

Lp = Rp — rv — pin length;

vp = o-p — linear velocity of pin tip. Shear stress
developed by the pin in the material at radius r:

] ) = Fres _
tloosen(r =D Ip- (1)
=kres - C(W) - (w - 1)?

The arch destruction condition, with substitution of
(14) and introduction of correction coefficient kc =1 +
on/C(W) = 2.0-3.5, gives the design formula for
threshold angular velocity wcr:

g - kc

' (kres - Rp?) (15

wcr = j[tan(ww — @cr)

where in the simplified calculation kc = 1 (conservative
estimate).

Expression (15) relates the kinematic parameters of
the loosener (wcr, Rp) to the physical properties of the
material (ow, determined by moisture W via
formula 2).

Table 3 — Threshold angular velocity ocr and rotation
speed ncr for construction sand
(kres = 1.1, ke =1, @cr = 25°, horizontal shaft)

Data in Table 3 are a primary engineering tool for
selecting  loosener  parameters. Key  design
recommendation: doubling Rp (from 0.10 to 0.20 m)
halves wcr at constant moisture (Fig. 4).

Interpretation of results and their approval.
The classical base is the Beverloo formula [12]:

5

Q°=Cd-p-\[g- (B —k-dp)z (16)
where Qo — mass flow rate in mass flow regime, kg/s;
Cd = 0.60-0.70 — empirical discharge coefficient for
slot outlet;
B — outlet width, m;
k =~ 1.5 — grain size coefficient;
dp — mean particle diameter, m.

At elevated moisture, the discharge coefficient Cd
decreases due to capillary cohesion. Based on
experimental data and results from [13], the following
modified dependence is proposed:

Cd(W) = Cd°® - exp(—1-W),

17
A~ 0.07-012%"" (17

where the parameter A for construction sand d = 0.5—
2.0 mm: L= 0.091 % '. At W > Wer = 5.5%, flow is
completely blocked by an arch: Q — 0.
When the loosener operates at ® > wcr, the loosener
efficiency coefficient n(w) is introduced:
W — wcr
n(w) = 1~ exp (~kn-————)

atw = wcr

wcr (18)

where kn~2.0-3.5 — loosener efficiency coefficient. At

o < ocr: n(w) = 0 — the loosener does not ensure mass

flow. Mass flow rate with loosener operation:
Qr(W,w) = Q° - [exp(—2- W) x

9
x(1-n@)+ @] D

w— BuCOKa BOROTICTE

Cepeara EONOTICT

ManbHUil R

WKP, pas/c

W= 10%

W, R, m Ow, Ow — Qcr, ®cr, Ner, 0.05 010 015 0.20 025 "
% deg deg rad/s | rpm Pagiyc wpie R u
4 0.10 30 S 94 90 Figure. 4 — Dependence of critical angular velocity ocr
4 0.15 30 5 6.3 60 on pin radius Rp at various sand moisture levels
6 0.10 35 10 13.6 | 130 (formula 2.20, kres = 1.1, kc = 1). Horizontal dashed lines
6 0.15 35 10 91 87 — practically achievable values for standard gearmotor
6 | 020 35 10 68 | 65 SEries.
g 8;3 gg 13 180i8 17073 At © >> ocr: (o) — 1, and Qr — Qo = const —
10 0'15 43 13 12‘ > 117 mass flow rate becomes independent of material
: . moisture W. This is the mathematical formulation of
10 0.20 43 18 9.1 87 the proposed scientific hypothesis (Fig. 5).
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Figure 5. Theoretical dependences of mass flow rate Qr
on loosener angular velocity o at various sand moisture
levels (model 2.25, Rp = 0.15 m, B = 0.30 m, horizontal
shaft). At ® > 2.5-ocr, curves for all moisture levels
merge into a single horizontal line Qo = const.

From the normative requirement CVq < 3% [1] and
substituting (18) into (19), we obtain the required
loosener efficiency level n(w) > 0.91 at A =0.091 %",
Wmax = 8%. Substituting into (2.24) and solving for o:

1

1 -
wop = wcr - [1 - <E) -In(1-091)| = (20)

~ 25 -wer atkn = 2.8

That is, to guarantee stable dosing at W < 8%, the
operating speed of the loosener with a horizontal shaft
must exceed the threshold mcr by at least 2.5 times.

The consolidated mathematical model of material
mass flow rate Qr(W, o, Rp) analytically links three
groups of parameters: material properties (W, p, dp, L),
hopper geometry (B, k), and kinematic parameters of
the loosener (o, Rp, kn):

5
Qr(W,w,Rp) = Cdo-p-\/g-(B—k-dp)Ex

X {exp(—/l W) - exp [—kn . (wcrL(W) — 1)] + 1—exp [—kn . (wcrL(W) — 1)]}

(1)

where wcr(W) is calculated by formula (20) for the given moisture W.

Table 4 — Theoretical mass flow rate Qr and coefficient of variation CVq depending on loosener
operating mode (B =0.30 m, p = 1500 kg/m?, dp = 1.0 mm, kn =2.8, Rp =0.15 m)

W, % IOSSZ\II”II(:?,OE;]/S Q at wcr, Kg/s Qat 1.50¢ Qat2.50¢ CVe a&)Z.Su)cr,
0 8.35 8.35 8.35 8.35 0.0
2 7.23 7.55 8.10 8.28 0.8
4 541 6.80 7.94 8.22 1.6
6 3.87 5.72 7.65 8.15 2.4
8 2.75 4.68 7.38 8.07 34*
10 1.96 3.65 7.12 7.98 45*

* At W > 6%, to comply with the standard CVQ < 3%, it is necessary to increase o to 3.0-3.5-wcr or

increase Rp to 0.20 m.

Analysis of Table 4 allows formulating three key
quantitative conclusions:

1. Atw=2.5-ocrand W < 6%, the standard
CVq <3% [1] is met for the entire moisture range.

2. Increasing moisture from 0 to 6% without
loosener reduces flow rate from 8.35 to 3.87 kg/s (by a
factor of 2.16); with loosener at ® = 2.5-wcr — only
from 8.35 to 8.15 kg/s (deviation 2.4%, within
standard).

3. At o < ocr, the loosener does not ensure
mass flow even with increased drive power.
Comparison of two pin arrangement schemes confirms
the advantage of uniform 90° placement: the coefficient
of variation of torque decreases from CV = 60% to CV
~ 15%, which reduces the installed drive power by 28%

(Fig. 6).

Conclusions.

1.1t is theoretically substantiated that transitioning
the flow regime of moist bulk materials of fraction 0-5
mm from funnel flow to mass flow without changing
the standard geometry of BP hoppers (a0 = 60°) is
possible by artificially reducing the effective internal
friction angle ¢ow below the critical ¢cr through
continuous mechanical destruction of capillary bonds

by an active loosener with a horizontal shaft and 90°
pin angular offset.

HECTABUNGHHA PEXUM

Koedpije HT Baplalii C¥Q, %

30HA BIANOBIJHOCTI ACTY

0 10 20 30 40
BiaHoCHa KyTOBa WBMAKICTL W / WKp

Figure 6. Dependence of mass flow rate coefficient of
variation CVq on relative angular velocity o/mcr at
various sand moisture levels. Red dashed line — standard
CVq =3% (DSTU B V.2.7-96-2000 [1]). Vertical green
line — ® =2.5-mcr.

2.The physical mechanism of dynamic arch
formation is established: at W > 6%, cohesion C(W) =
450-580 Pa, critical outlet width Ber = 510-680 mm
exceeds the standard dimension (300 mm), which
guarantees the formation of stable arches.

3.A design formula for the threshold angular
velocity ocr (20) and a consolidated mathematical
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model of mass flow rate Qr(W, o, Rp) (21) are
obtained, forming the basis of an engineering design
method for loosener parameters.

4.The practical condition for dosing stabilization is
established: at wop > 2.5-wcr, CVo < 3% is ensured at

W < 6% in accordance with the requirements of DSTU
B V.2.7-96-2000 [1]. The load uniformity coefficient
kuniform = 0.72 for 4 pairs of pins with 90° offset on a
horizontal shaft provides 28% savings in peak drive
load compared to non-uniform schemes.
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TeopeTuuHe 0brpyHTYBaHHS NMapameTpiB cuctemn xxueneHHs b3Y ana ctabinisauii
MacoBol BUTPaTW BOMOrMX MaTepianis

AnHoTauis. Y cTaTTi TeOPeTUYHO 0BIPYHTOBAHO NapaMeTpy CUCTEMM XMBIEHHS 6eTOHO3MILLYBanbHOI YCTaHOBKM Afis cTabinisauji
MacoBoi BUTPaTH BONOrMX ApPibHO3epHUCTMX 3anoBHIoBaYiB dpakuji 0 - 5 MM. BcTaHoeneHo, wp npu BonorocTi nicky W > 4 - 6%
CTaHpapTHA reoMeTpis ByHKepIB 3 KYTOM Haxwuiy CTiHOK a = 60° He 3abe3neyye MacoOBOr0O PEXUMY TEXHIKU 3a KpUTepieM [DieHike,
O 3YMOBIIOE CTBOPEHHS [AMHAMIYHWX CKJemiHb i MynbCylody mopadvy MaTtepiany 3 koediujeHTom Bapiauii CV = 15-25%.
CdhopMyrboBaHO HayKoBY FiMoTesy MpO MOXJMBICTb MepeBefieHHs PeXuMy Teuil 3 BOPOHKOBOrO B MacOBMIA LWISIXOM LLTYYHOTO
3HWKEHHS1 eheKTUBHOrO KyTa BHYTPILLHBOTO TEPTS HKUE KPUTUUHOO 3HAUEHHS! 33 PaXyHOK MeXaHiuHOro pyiHyBaHHs KarinspHUX
3B'A3KIB aKTVBHUM pO3MyLLYBaYyeM 3 FOPU3OHTANbHUM BasioM Ta KyTOBUM 3MillieHHsM wrupiB 90°. Ha ocHoBi Teopii rpaHMuHuX
piBHOBAr i PIBHAHHA AHCCEHa 3 po3paXxyHKy Koresii po3pobneHo aHaniTU4HY Mofenb hopMyBaHHS AUHAMIYHUX CKAeniHb Ta 0TPUMAHO
pO3paxyHKoBY thopMysy NOPOroBol KyToBoI LBUAKOCTI wKp. [obyposaHo 3BepeHy MaTeMaTUYHY Mofeslb MacoBUX BUTPAT MaTepiany.
BcTaHoBneHo, Lo npy poBosin LWBMOKOCTI wrp = 2,5-wKp AocaracTbes KoediljeHT Bapiavji Macosoi BuTpat CVA < 3% npu W < 6%
BignosigHo ao sumor ACTY b B.2.7-96-2000.

Kntoyosi cnoBa: Hacoc, 6eToHO3MiLLYBasnbHa YCTAHOBKA, pO3MyLLyBaY, CKAEMiHHS, Koresis, BosoricTb, A03yBaHHS, ByHkep, BUTpaTa,
KyTOBa LUBUAKICTb, TeuYis
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