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Abstract
Panel caving is an underground bulk mining method that utilizes gravitational force for mining massive, steeply dipping, and 
deep-seated ore deposits at a lower operating cost. To control dust and gas emissions entering the production level during 
the extraction of ore from the draw points in a panel cave, relatively negative pressure is created in the cave by installing 
an exhaust fan in the exhaust drift located on top of the cave. Since caving is a dynamic process, the design of an effective 
ventilation system is a challenging task, and therefore, estimation of airflow resistance offered by the broken rock inside the 
cave is critical. The complex and dynamic nature of caving also makes it difficult to predict the airflow resistance by using 
traditional approaches. This study investigates the effect of changes in the bulk porosity of the broken rock on the cave airflow 
resistance using computational fluid dynamics (CFD) approach. The results show an inverse relationship between the cave 
airflow resistance and the bulk cave porosity. The pressure-quantity characteristic curves presented in this paper provide 
valuable information for sizing and operating an exhaust fan used for a mature panel cave ventilation.
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1  Introduction

Mass mining methods such as panel caving tend to be an 
ideal choice for massive, steeply dipping, and deep-seated 
ore deposits with an ability to extract deposits at high pro-
duction rates and low operating costs. The deposits mined 
by the caving mining method are generally disseminated 
or low grade in nature [1]. Previous studies reported the 
advantage of the panel caving mining method in terms of the 
maximization of net present value for low-grade ore deposits 
[2]. Thus, the economics for a low-grade ore deposit also 
tend to tilt in favor of panel caving. An optimally designed 
panel cave mining method can have the lowest operating cost 
compared to other underground mining methods subject to 
keeping ore dilution under checked limits [3, 4]. Super caves 
have been defined as those underground cave mines with a 
production rate exceeding 25Mt per annum or approximately 
70kt/day [5, 6]. The evolution of production rates over the 
years for conventional and super caves is shown in Fig. 1.

The increased popularity of cave mining methods 
demands a robust ventilation system to support the high 
production rates of the future super caves. Therefore, this 
research study contributes to the knowledge base of panel 
cave mine ventilation. This study investigates a less explored 
concept of cave airflow resistance that plays a vital role in 
sizing and operating the exhaust fan used for ventilating a 
mature panel cave in terms of airflow and pressure require-
ments with respect to the cave size and caved material prop-
erties (bulk porosity).

2 � Literature Review

In panel caving, the cave is assumed to be fully developed 
when the broken rock reaches the economic ore boundary. 
The airflow resistance of a cave is defined as the resistance 
offered by the broken rock pile to the airflow when air flows 
through the rock pile inside the cave. The porosity of the 
rockpile is defined as the percentage of air/void space inside 
the total volume occupied by the rock pile. The porosity of 
a cave varies as the cave propagates; it plays an important 
role in buffering an air blast event. Thus, porosity and the 
broken rock resistance are important parameters for mod-
eling airflow inside the cave [7]. The leakage of airflow into 
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the cave and ore passes from the production drifts is also an 
important phenomenon; it has been observed that around 40 
percent of air supplied into the production drifts leaks into 
the cave, and the ore passes, so the production drift airflow 
quantity should be adjusted for accounting these leakages 
[8].

Several studies have been conducted to characterize air-
flow through broken rock [9, 10]. Porous media can be mod-
eled as a discrete or continuum model. Discrete modeling 
offers certain advantages over the continuum model in terms 
of accuracy and realistic approach, but the meshing of the 
geometry becomes a tedious task in discrete modeling. The 
advantage of the continuum model is that it is computation-
ally inexpensive, but accuracy gets sacrificed in the process 
[11]. The advantage of CFD models is to simulate fluid 
flows through complex scenarios where experimental and 
field experiments are difficult to conduct. CFD modeling 
has been successfully used in the past for underground min-
ing applications involving pressure and shock losses in the 
ventilation configurations [12–17], radon control measures 
in block cave mines [18–22], the gob characteristics for a 
longwall gob involving spontaneous combustion [23], and 
airflow patterns in the room and pillar mining [24].

In a multi-lift caving operation, the older working areas 
might be connected to a mature cave [11]. Attempts for pre-
dicting the airflow resistance of a mature panel cave have 
also been made in the past with limited success. The previ-
ous study did not consider the connection of the cave to the 
older workings which was very unlikely for a mature cave 
although the study indicated that the flow inside the cave 
was neither laminar nor turbulent [11]. Recent scale model 
studies of panel cave mines help validate the CFD simulation 
results and use CFD to investigate the airflow distribution in 
the panel cave mine [25, 26].

3 � Model Layout and Research Approach

This study considered a panel cave continuum model 
with a cave dimension of 375  m × 256  m × 356  m 
(height × length × width) and nine production drifts, three 
undercut inlet ducts, eight undercut drifts, and eight exhaust 
drifts. The model also contained 94 drawbells, broken rock 
region, and uncaved in situ rock inside the cave. These 
regions were simulated as porous zones. The isometric, side, 
and front views of the panel cave model are shown in Figs. 2 
and 3. The cave advancement direction was assumed to be 
from right to left. Each of the production drifts, undercut 
drifts, and exhaust drifts have dimensions of 4.3 m × 4.3 m. 
There were three undercut inlet ducts (inside the undercut 

Fig. 1   Production rates: open 
pits, conventional underground 
mining, and super caves [5, 6]

Fig. 2   Isometric view of the panel cave model [27]
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drifts) of size 1 m × 1 m and were used for ventilating under-
cut drifts. The computational time has been kept in mind 
while modeling the airflow through cave zones. Therefore, 
broken rock zones and in situ waste rock zones were mod-
eled diagonally, consisting of 16 broken rock zones and 2 
uncaved in situ waste rock zones. Each broken rock zone 
was divided into 3 subregions laterally to conform to the 
observation in the field that the boundary of the cave had 
higher porosity values with larger particle sizes as compared 
to the mid-region. Subregions for broken rock zone 10 are 
shown as an example in Fig. 3. The bulk cave porosity was 
calculated by dividing the sum of the porous volume of bro-
ken rock from all the regions by the total volume of the cave 
(excluding the intact rock zone).

This study modeled broken rock zones as permeable 
porous media. The methodology used for this study is shown 
in Fig. 4. Different scenarios of cave resistance were simu-
lated by changing cave porosity values in the model, and the 
pressure loss (the pressure difference was measured across 
the cave) obtained from the CFD analysis was plotted against 
airflow to obtain the equation for airflow resistance under 
different porosity conditions. Figure 5 shows the schematic 
of air leaking into the cave while all the outlets except the 
exhaust outlet were closed to calculate the airflow resist-
ance by allowing the air to leak through the porous media 
of broken rock. This study did not consider the undercuts 
for calculating the airflow resistance as their effect would 
be minimal for a mature panel cave. It was assumed that the 
matured cave was connected to old workings through the 
exhaust drifts, as shown in Fig. 5.

A reliable result from the CFD model is highly depend-
ent on the boundary conditions applied to the model. A 
summary of boundary conditions applied to the panel cave 
model is presented in Table 1. Static pressure condition was 

Fig. 3   Side and front views of the panel cave model [27]

Fig. 4   Airflow resistance calculation methodology
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applied to the exhaust drift outlet. Natural inflow/outflow 
condition was used for the cave roof. This condition assumes 
that velocity and pressure do not change in the normal direc-
tion. It is used because the flow was assumed to continue 
into other sections of the mine [28].

SC/Tetra (CFD software program) consists of three sets 
of programs. These include the pre-processor (for creation of 
computational mesh and setting up the boundary conditions 
for the simulation), solver (for the execution of analysis), and 
post-processor (for visualization and analysis of the results). 
The simulation study considered a steady-state incompress-
ible and turbulent airflow through the panel cave model. 
Standard k-ε turbulence model was used for the study to 
consider the effects of turbulence [12]. The flow field can be 
obtained by solving momentum and mass conservation equa-
tions. Therefore, for obtaining velocity and pressure fields, 
momentum and mass conservation equations were solved, 
respectively. A porous media condition was also used to con-
sider the pressure drop of flow through the broken rock [29].

For obtaining reliable results from the CFD simulations, 
it is also important that the simulation results are grid-inde-
pendent. A mesh independence study was also conducted 
for the mature panel cave model. From the analysis of the 
results with mesh elements ranging from 5.5 to 15.8 million, 
it was observed that a further increase in the mesh elements 

from 11.83 million did not have a significant effect on the 
results. Hence, 11.83 million mesh elements were used for 
this study.

4 � Results and Discussion

4.1 � CFD Simulation of the Mature Panel Cave

To calculate the broken rock airflow resistance, the mature 
panel cave model was analyzed under six different bulk cave 
porosities and five different air quantities through the pro-
duction drift [30]. Figure 6 shows the measurement locations 
for airflow pressure at the entry of the cave (inside the pro-
duction drifts) and at the exit of the cave (inside the exhaust 
drifts) for cave porosities of 35% and 56%, with an airflow 
rate of 291 m3/s in the production drifts.

For a given porosity of the cave and airflow in the produc-
tion drifts, the pressure difference across the cave was cal-
culated and then plotted against the airflow quantity flowing 
through the cave, as shown in Fig. 7. For example, for a bulk 
cave porosity of 35%, five different air quantities were simu-
lated. Therefore, for six different bulk cave porosities, a total 
of 30 simulations were performed to develop the pressure-
quantity (P-Q) characteristic curves for a mature panel cave 
mine. Figure 8 shows the variation of the airflow resistance 
value with respect to the bulk cave porosity; these values are 
provided in Table 2.

From Fig. 7, the relationship between the pressure dif-
ference, P (Pa) across the cave, the airflow resistance, R 
(Ns1.8/m7.4), and the air quantity supplied, Q (m3/s) can be 
summarized by

Equation 1 suggests that the flow inside the cave is neither 
fully laminar nor fully turbulent.

To validate the CFD framework used for the full-scale 
mature panel cave discussed in Section 4.1, we conducted a 
CFD simulation study for a reduced cave model (1:100). For 
the CFD analysis, a 1:100 reduced cave model of dimensions 

(1)ΔP = RQ1.8

Fig. 5   Schematic illustration of air leakage into the cave

Table 1   Boundary conditions

n/a not applicable

Region Boundary condition type Value/condition

Production drifts (9 nos.) Fixed velocity 0.75 m/s, 1 m/s, 
1.25 m/s, 1.5 m/s, and 
1.75 m/s

Undercut inlet drift duct (3 nos.) Wall condition n/a
Undercut drift (8 nos.) Wall condition n/a
Exhaust drift (8 nos.) Static pressure Zero Pa
Cave roof Outlet Natural inflow/outflow
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Fig. 6   Pressure measurement at 
entry and exit of the cave in the 
production and exhaust drifts 
at 35% and 56% cave porosity 
conditions (top to bottom)

Fig. 7   Pressure-quantity charac-
teristic curves
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8 ft × 7.5 ft × 3.9 ft was considered to study the effect of 
varying cave porosity on the pressure drop across the cave.

4.2 � CFD Simulation of a Reduced Cave Model

The model consisted of 9 production drifts (1.5″ diameter), 8 
undercut outlet drifts (1.5″ diameter), 3 undercut inlet drifts 
(0.82″ diameter), and 94 drawbells arranged in the El Teni-
ente layout as shown in Figs. 9 and 10.

The relationship between the pressure and quantity 
under different bulk cave porosities (30–70%) was exam-
ined using the scaled model. For the scaled experimental 
model, the pressure measurements across the cave are illus-
trated in Figs. 11 and 12 for cave porosities of 30% and 70%, 
respectively.

The model was also tested for observing the pressure drop 
and velocity vectors under forcing and exhaust conditions, 
but no significant difference was observed. Figures 13 and 
14 show the pressure contours and velocity vectors for the 
30% porous experimental cave model for forcing and exhaust 
scenarios, respectively.

The P-Q characteristics curves were developed for 
different porosities as shown in Fig.  15 whereas the 
airflow resistance variation with porosity is shown in 
Fig. 16.

As it can be seen from Figs. 15 and 16, once the porosity 
of the cave approaches 50%, the cave airflow resistance does 
not change significantly.

4.3 � Experimental Study

A reduced physical cave model representing the CFD model 
discussed in Section 4.2 is shown in Fig. 17. This experi-
mental study investigated the effects of material size com-
binations, fan configurations, and undercut structure on the 
cave airflow resistance.

Fig. 8   Airflow resistance vs. 
bulk cave porosity

Table 2   Cave porosity and 
airflow resistance

Cave porosity 
(%)

Cave airflow 
resistance (Nsa/
mb)

21 0.17
28 0.08
35 0.04
42 0.02
49 0.01
56 0.005

Fig. 9   Isometric view of the reduced cave model
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Fig. 10   Top view of the reduced 
cave model

Fig. 11   Pressure measurement across the cave with 30% porosity

Fig. 12   Pressure measurement across the cave with 70% porosity

1847Mining, Metallurgy & Exploration (2022) 39:1841–1851



1 3

In the physical scale model (1:100), the broken rock 
materials were not scaled down as it was difficult to achieve 
desired porosity values with the representative particle sizes. 
We simulated three porosity conditions (10%, 20%, and 
16%) in the cave zone using cubic cardboard boxes of dif-
ferent sizes. We used 3 layers of 10 cm cubic boxes to simu-
late the 10% porosity condition in case 1, 2 layers of 15 cm 
cubic boxes to simulate the 20% porosity condition in case 
2, and the 16% porosity condition was simulated using the 
combination of 10 cm and 15 cm boxes in case 3. Figure 18 
shows the two layers of 15 cm boxes used in case 2 and the 
overview of the experimental setup for case 2.

To study the effect of cave porosity and particle size 
on the cave airflow characteristics, experiments were per-
formed under the following conditions: four different flow 
conditions for the top fan with a fully open bottom fan; two 
undercut structure conditions (open and close). A total of 
24 data sets were collected (3 cases × 4 flow conditions × 2 

undercut structures = 24 experiments). Each data set was 
repeated to obtain two replications, and the average value 
was used for data analysis.

From the reduced CFD cave model simulations and 
experimental analyses discussed in Sections  4.2 and 
4.3, respectively, it was concluded that the reduction in 
porosity and particle size of caved materials increased 
cave airflow resistance while the existing undercut open-
ings decreased the airflow rate through production drifts, 
increased the overall airflow through the cave system, 
reduced the overall cave resistance, and increased the 
exponent n value in the P-Q equation. The additional 
fan increased cave airflow resistance and decreased the 
exponent n value [26]. Similar trends were observed in 
the P-Q characteristic curves developed from simulation 
models and physical experiments as shown in Figs. 15 and 
19 respectively.

Fig. 13   Forcing system—pressure contours and velocity vectors

Fig. 14   Exhaust system—pressure contours and velocity vectors
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5 � Conclusions

The scope of work for this paper is to develop pressure-
quantity characteristic curves for a mature panel cave. The 
novelty of the paper is the investigation of the panel cave 
mine ventilation under various cave conditions. This study 

is valid for a mature panel cave (with no air gap) where the 
cave is connected to the older working areas, or an exhaust 
drift located on top of the cave.

The airflow characteristics of a panel cave are examined 
with the help of CFD using a continuum approach. This 
study reveals that porosity plays a vital role in changing the 
resistance offered by the broken rock to the airflow leaking 

Fig. 15   Pressure-quantity char-
acteristic curves for the reduced 
cave model

Fig. 16   Airflow resistance vs. 
bulk cave porosity for reduced 
cave model
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Fig. 17   Flow Inlets - Nine pro-
duction drifts and three under-
cut drifts (top); arrangement of 
drawbells and drawpoints with 
an El Teniente layout (bottom)

Fig. 18   Two layers of 15 cm 
boxes used in case 2 (left); 
overview of the cave model and 
fan setup (right)

Fig. 19   P-Q curves for the 
experimental cave model under 
various porosity conditions 
(10%, 20%, and 16%) and 
undercut structures
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into the cave. The airflow resistance increases as the poros-
ity of the broken rock pile decreases. The resistance of the 
panel cave changes dynamically with the bulk porosity of the 
broken rock. The CFD analysis of the scaled experimental 
model provided valuable information critical for the suc-
cess of the experimental studies. No significant change in 
the airflow resistance of the cave was observed beyond the 
upper limit of 50% cave porosity.
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