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ABSTRACT: Block/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. Since caving is a dynamic process, the design of an effective ventila­
tion 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. 
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INTRODUCTION 

Mass mining methods such as block/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 produc­
tion rates and low operating costs. The deposits mined by the caving mining method are gen­
erally disseminated or low grade in nature [1]. Previous studies reported the advantage of 
block/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 block/panel caving. An optimally designed block/panel cave mining method can have 
the lowest operating cost as compared to other underground mining methods subject to condi­
tions of keeping ore dilution under checked limits [3, 4]. Super caves have been defined as 
those underground cave mines which have a production rate exceeding 25 Mt per annum or 
approximately 70 kt/day [5, 6]. The evolution of production rates over years with respect to 
conventional and super caves is shown in Figure 1. 
The cave mining methods demands a robust ventilation system to support the high produc­

tion rates of the future super caves. Therefore, this research study contributes to the know­
ledge base of block/panel cave mine ventilation. This study investigates a less explored 
concept of cave airflow resistance that plays an important role in the ventilation system with 
regards to requirements of air quantity. 
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Figure 1. Production rates: Open pits, conventional underground mining & super caves [5, 6]. 

2 LITERATURE REVIEW 

In panel caving, the cave is assumed to be fully developed when the broken rock reaches the 
economical ore boundary. Airflow resistance of a cave is defined as the resistance offered by the 
broken rock pile to the airflow when airflows 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 to 
buffer an air blast event. Thus, porosity and the broken rock resistance are important param­
eters for modeling airflow inside the cave [7]. Leakage of airflow into the cave and ore passes 
from the production drifts is also an important phenomenon; it has been mentioned 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 attempts have been made in the past for characterizing airflow through broken rock 

[9, 10]. Porous media can be modeled as a discrete or continuum model. Discrete modeling 
offers certain advantages over the continuum model with regards to 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 computationally inexpensive but accuracy gets 
sacrificed in the process [11]. CFD modeling has been successfully used in the past for under­
ground mining applications involving gob characteristics for a longwall gob involving spon­
taneous heating and airflow patterns in bord and pillar mining [12, 13]. 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 previous study did not consider the connection of the cave to the older 
workings which is very unlikely for a mature cave although the study indicated that the flow 
inside the cave is neither laminar nor turbulent [11]. 

3 MODEL LAYOUT AND RESEARCH APPROACH 

This study considered a panel cave continuum model with a cave dimension 375 m x 256 m x 
356 m (height x length x width) and nine production drifts, three undercut inlet ducts, eight 
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undercut drifts, eight exhaust drifts. The model also includes 94 drawbells, broken rock 
region and uncaved in-situ rock inside the cave. These regions are simulated as porous 
zones. The isometric, side and front views of the panel cave model are shown in Figures 2 
and 3. The cave advancement direction is assumed from right to left. Each of the production 
drifts, undercut drifts and exhaust drifts have dimensions of 4.3 m x 4.3 m. There are three 
undercut inlet ducts (inside the undercut drifts) of size 1 m x 1 m and are used for ventilating 
undercut 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 are modeled 
diagonally in the model consisting of 16 broken rock zones and 2 uncaved in-situ waste rock 
zones. Each broken rock zone is divided into 3 subregions laterally to conform to the obser­
vation in the field that the boundary of the cave has higher porosity values with larger par­
ticle sizes as compared to the mid-region. Sub-regions for broken rock zone 10 are shown as 
an example in Figure 3. The bulk cave porosity is calculated by dividing the sum of the 
porous volume of broken rock from all the regions by the total volume of the cave (exclud­
ing intact rock zone). 
This study modeled broken rock zones as porous media. The methodology used for this 

study is shown in Figure 4. Different scenarios of cave resistance are simulated by changing 

Figure 2. Isometric view of panel cave model [14]. 

Figure 3. Side and front view of panel cave model [14]. 
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Figure 4. Airflow resistance calculation methodology. 

cave porosity values in the model, and the pressure loss (the pressure difference is measured 
across the cave) obtained from the CFD analysis is plotted against airflow to obtain the equa­
tion for airflow resistance under different porosity conditions. The pressure difference is meas­
ured across the cave. Figure 5 shows the schematic of air leaking into the cave while all the 
outlets except the exhaust outlet have been closed to calculate the airflow resistance by allow­
ing the air to leak through porous media of broken rock. The undercuts have not been con­
sidered in this study for calculating the airflow resistance as their effect would be minimal for 
a mature panel cave. This study considers that the matured cave is connected to old workings 
through the exhaust drifts in the model. 
A reliable result from the CFD model is highly dependent on the boundary conditions 

applied to the model. A summary of boundary conditions applied to the panel model is pre­
sented in Table 1. Static pressure condition is applied to the exhaust drift outlet. Natural 
inflow/outflow condition is used for the rooftop. This condition assumes that velocity and 
pressure do not change in the normal direction. It is used because the flow is assumed to con­
tinue into other sections of the mine [15]. 
SC/Tetra (CFD software program) consists of three sets of programs. These include the 

pre-processor (for creation of computational mesh and setting the boundary conditions for 
the simulation), solver (for the execution of analysis) and post-processor (for visualization 
and analyze the results). The simulation study considers a steady-state incompressible and 
turbulent airflow through the panel cave model. Standard k-ε turbulence model is used for 
the study to consider the effects of turbulence [16]. Flow field can be obtained by solving 
momentum and mass conservation equations. Therefore, for obtaining velocity and pressure 
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Figure 5. Schematic of air leaking into the cave. 

Table 1. Boundary conditions. 

Region Boundary Condition Type Value/Condition 

Production Drifts (9 Nos.) 

Undercut inlet Drift duct (3 Nos.) 
Undercut Drift (8 Nos.) 
Exhaust Drift (8 Nos.) 
Roof Top 

Fixed velocity 

Wall condition 
Wall condition 
Static Pressure 
Outlet 

0.75 m/s, 1 m/s, 1.25 m/s, 1.5 m/s 
and 1.75 m/s 
n/a 
n/a 
zero Pa 
Natural inflow/outflow 

fields, momentum and mass conservation equations have been solved respectively. A porous 
media condition is also used to consider the pressure drop of flow through the broken 
rock [17]. 
For obtaining reliable results from the CFD simulations, it is also important that the simu­

lation results are grid-independent. Mesh independent study was also conducted for the 
mature panel cave model. From the analysis of the results with mesh elements ranging from 
5.5 million to 15.8 million, it was observed that a further increase in the mesh elements from 
11.8 million did not have a significant effect on the results. Hence, 11.8 million mesh elements 
were used for this study. 

RESULTS AND ANALYSIS 

For calculating the airflow resistance of the broken rock, the mature panel cave model 
was analyzed under six different bulk cave porosities and five different air quantities 
through the production drift. Figure 6 represents the measurement of airflow pressure at 
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Figure 6. Pressure measurement at entry and exit of the cave in the production and exhaust drifts at 
35% and 56% cave porosity condition (top to bottom). 

the entry of the cave inside the production drifts and at the exit of the cave inside the 
exhaust drifts for cave porosities of 35 and 56 % and an airflow rate of 291 m3/s in the 
production drifts. 
For a given porosity of the cave and airflow in the production drifts, the pressure dif­

ference across the cave is calculated and then plotted against the airflow quantity flowing 
through the cave as shown in Figure 7. For example, for a bulk cave porosity of 35 %, 
five different air quantities were simulated. Therefore, for six different bulk cave poros­
ities, 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 tabulated 
in Table 2. 
From Figure 7, the relationship between the pressure difference (Pa) across the cave and the 

airflow resistance (Nsa/mb), quantity supplied (m3/s) can be summarized by 

where, 1:8 � a � 1:9; 7:4 � b � 7:7 and 1:8 � c � 1:9
 
Equation 1 suggests that the flow inside the cave is neither fully laminar nor fully turbulent.
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Figure 7. Pressure-Quantity characteristic curves. 

Figure 8. Airflow resistance vs. bulk cave porosity. 
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Table 2. Cave porosity and airflow resistance. 

Cave Airflow Resistance 
Cave Porosity (%) (Nsa/mb) 

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

CONCLUSIONS 

The airflow characteristics of a block cave mine is examined with the help of CFD using 
a continuum approach. This study reveals that porosity plays an important role in changing 
the resistance offered by the broken rock to the airflow leaking into the cave. The airflow 
resistance increases as the porosity of the broken rock pile decreases. The pressure-quantity 
relationship for the airflow through the broken rock is different from the Atkinson’s law for 
the turbulent flow in a regular mine airway. The resistance of the block cave mine changes 
dynamically with the bulk porosity of the broken rock. This study is valid for a mature panel 
cave (with no air gap) where the cave is connected to the older working areas. 
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