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A B S T R A C T   

The lateritic ore drying in the Cuban nickel producing industry is realized within flighted rotary 
dryers. In this investigation, performance indicators in regards to transfer of momentum, heat and 
mass were evaluated. The dryers operate in a concurrent configuration with combustion gas, at a 
productivity between 40 t h− 1 and 50 t h− 1. The distribution function of the residence time (RTD) 
was best fitted to a model of a multi-branch tanks-in-series system, theoretical residence time was 
51 ± 2 min and experimental mean residence time 61 min, at a rate of 45 t h− 1 and hydraulic 
efficiency 1.23, due to the presence of dead-zoon. Mass and energy balance was made following a 
“black box” model, as results, the specific fuel consumption was 27.25 ± 0.25 kg fuel t− 1 of wet 
ore, specific energy consumption 79.66 ± 0.95 kg fuel t− 1 of H2O evaporated, energy efficiency 
97.28 ± 0.01 %, thermal efficiency 66.88 ± 0.71 % and drying efficiency 98.77 ± 0.12 %. 
Mathematical modelling was made using a system of differential equations, the rate of drying in 
falling rate period was estimated by Arrhenius equation, then, temperature profile and ore 
moisture content along the dryer was simulated. The model provided a successful predictive 
performance; for an inlet gas temperature between 850 ◦C and 900 ◦C, the ore moisture was 
reduced form 33.0 % (wet basis) to a range depending on the dryer productivity, from 3.0 % to 
7.1 %. Designing a computerized system that implements these algorithms can benefit on effi-
ciency and productivity of the production plant.   
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1. Introduction 

Flighted roraty dryer are used in a variety of industrial process to processing granular or particulate materials. This dryer involves a 
long cylindrical drum inclined slightly with respect to the horizontal plane, towards the effluent, and it is constructed internally with 
an array of flights along the drum’s length. The drying gas is introduced as countercurrent or concurrent to the flow of solid [1–3]. 

The operation of the rotary dryer is known as a complex process gas-solid, this involves simultaneous and interdependent mass and 
heat transfer among the products and the drying gas, as well as the transport of both phases throughout the dryer [4,5]. 

Momentum transfer in a rotary drum contains the movement of particles in the transverse plane perpendicular to the drum-axis, 
and toward the axial direction. These are generally investigated in terms of solids’ holdup throughout the drum and residence time 
distribution, respectively. As the dryer rotates around its particular axis, solids are picked up by the action of flights, lifted for a certain 
distance around the drum periphery and then, fall via the gas-stream in a cascading curtain, the particle bouncing, rolling and sliding 
on influence with the dryer’s bottom [6]. 

The total holdup throughout a dryer is denoted by the sum of both the active (air-borne) holdup (AH) and the total passive (TP) 
holdup. According to Ref. [7] mechanistic model, the solids within the drum into the phase air - borne contain the particles falling from 
the flights under the action of gravitational, frictional, and centrifugal forces. The drum-borne and flight-borne contain the particles 
that still in the drum base and the flights, respectivally, witch are the total passive holdup (Fig. 1). 

The flights promote contact among solids and the drying gas as well as influencing the residence time of solids throughout the 
dryer. When the flights are not filled to their designed capacity, the dryer is designated as an under-loaded operating and the flight 
occurs after 9 o’clock positions, thus the particles’ residence time in the active region is shorter compared to the period needed for an 
effective drying. On the other hand, a design over-loaded dryer is when more solids fill the flights more than required, this occurs before 
the positions of the 9 o’clock and the excess of solid rolls in the dryer’s base; therefore, results into reasonable lower efficiency of the 
dryer. The operation’s point with a maximum interaction gas-solid is a design loaded of such dryer in which the fights are at the 
maximum capacity and occurs at the 9 o’clock positions [6,8–10]. 

Several geometric parameters of flighted rotating dryer have been formulated to optimize the gas-solid contact. The dynamic angle 
of repose (Θ, rad) is formed by the bed material to the horizontal; in contrast to that, kinetic angle of repose (γ, rad) is conceived by 
solid content in the fight with the horizontal, almost depends on the fight’s circumferential-position or discharge angle (δ, rad). Final 
discharge angle (δL, rad) is the angular-position of the flight where the last particles leave the flight sheet [3,11,12] (Fig. 2). 

The final discharge angle (δL) determine the amount of particles and its distribution in the air-borne phase, this increase with the 
flight length ratio (s2/s1), the rotational speed (n) and drum diameter. When the repose kinetic angle of the particle bed is attained (α 
= γ), the final discharge of solids proceed [3,8]. 

[6] used the 9 o′clock positions to define limits of the loading capacity (design loaded dryer) in a horizontal-pilot scale flighted 
rotary dryer, two-segment flights. The mass of air-borne solid was determined performing a combination of image-analysis calculations 
and Eulerian–Eulerian Computational Fluid Dynamics (CFD) simulation. As the rotational speed (n) increased from 2.5 to 4.5 rpm 
leads to an increase in the dynamic angle of repose (Θ) form 44.7◦ to 62.3◦, the bulk density of the flight-borne solids, and the solids’ 
discharge rate into the airborne phase which increased the holdup of the total dryer. 

Likewise [12], investigated the effect occurred by angulations in two-segment flights on the particle dynamics by methods 

Fig. 1. Total holdup in a flighted rotary drum, a) Flight-borne holdup (passive), b) Drum-borne holdup (passive), c) Air-borne holdup (active), d) 9 
o′clock positions. 
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experimental and numerical simulation at 21.3 rpm (Fr = 0.027), the best configurations that intensified the contact solid - fluid were 
100◦ ≤ α2 ≤ 110◦ at α1 = 90◦ (Fig. 2). For its part [3], documented a mathematical model for evaluating the final discharge angle (δL, 
rad) of rectangular-flights to scale-up the flight design, a highly significant agreement was attained between the experimental ob-
servations and the predictions with the model. 

On the other hand, momentum transfer in a rotary dryer was studied in terms of (RTD) of solid particles within dryer. RTD is the 
probability distribution function of numerous values of time that fluid elements discharge a known continuous system (or semi- 
continuous), of one or more unit operations [13]. 

Drum diameter (D), length (L), cylinder tild angle (λ), number of rotations per minute (n); the arrangement, shape and number of 
flights (nf) of particle, as well as the angle of repose are decisive factors for the RTD and therefore, for the efficiency of a rotary dryer. 
The following ranges are proposed: 3 < L/D < 10, 2◦ < λ < 5◦, 2 < n < 10 rpm [1]. Likewise [14], proposed the range 5 < nf/D < 10 
and [15] about 7 < nf/D < 10. The proportion of air-borne to flight-borne solids is reported between 10 % and 15 % of the total holdup 
[6,9,10]. 

The most applied models on the RTD measurement in rotary dryer, in a significant agreement with the data set are: tank in series 
model, axial dispersion model, and modified Cholette-Cloutier′s. This last model considers the presence of dead-spaces, that is a non- 
ideal behavior of the solids transportation, which can lead to improvements in dryer design the dryer design [4,16–19]. The literature 
showed the absence of comprehensive experimental works covering nickel laterite ore. 

In addition, several published works dealing with mathematical modelling of rotary dryer to predict the temperature and moisture 
profiles of phases, solid and gas, within the dryer. These models are different in the mathematical expression of drying rate, equi-
librium moisture and heat transfer; particle chemical-physical properties; the residence time distribution; and the operating param-
eters: flow, temperature and moisture [1,2,9,16,20–23]. 

[24] presented a phenomenological model in stationary state for nickel laterite ore drying in a rotary cylindrical kiln on a 
semi-industrial scale; and [25] obtained a drying kinetics model of a nickeliferous limonitic laterite ore using a thermogravimetric 
technique. However, it is necessary identifying the specific models best explicative for the ore drying in the industrial installation. 

Starting of modelling and simulation of mass and heat transfer in rotary dryer, some performance indicators have been reported 
relating with thermal, energy, exergetic and drying efficiency; and specific consumption of energy [26–28]. These indicators are used 
to compare the results with those of the industrial process; also, these are base criteria for the application of technological im-
provements such as: new energy sources, models, design modifications, and optimization of control parameters. 

Therefore, the aim of this study was to estimate performance indicators on the lateritic ore drying within flighted rotary dryer at the 
nickel producing industry in Cuba. These indicators are correlated to momentum, mass and heat transfer. 

For this, ore transport model within the rotary dryer was determined by numerical modelling of the (RTD), and then, some per-
formance indicators of momentum transfer were evaluated in regards to deviations from ideal flow. In particular, was included [29]; 
which was previously applied to test the mixer′s RTD [13,30]. 

Furthermore, a “black box” model was performed to carry out the mass and energy balance, and determining the fuel flow, primary 
and secondary air, and the chemical composition of dryer gas at the inlet and outlet of rotary drum; which allowed specifying per-
formance indicators in terms of efficiency and productivity. 

Eventually, mathematical modelling of dryer was made to estimate the impact of some input variables on the drying performance, 
and the most suitable input variables to change the output were determined using the approach develop by Ref. [16]. The mathe-
matical model identified consists of a system of four differential equations presented by Refs. [2,9,21,31]. Furthermore, this include 
the drying rate model in period of the falling rate by Arrhenius equation with the constants presented by Ref. [25], and equilibrium 
moisture model performed from the date presented by Ref. [32]. The volumetric heat transfer coefficient was evaluated by the Perry′ 
model [33], and heat loss coefficient by the Arruda′s model [34]. 

Then, for the models validation, numerical simulation results were compared with the mass and energy balance, the analysis of 

Fig. 2. Geometrical parameters of flighted rotary drum: R [m] drum radio, rH [m] effective radial distance, γ [rad] kinetic angle of repose, δ [rad] 
flight′s discharge angle, δL [rad] final discharge angle, Θ [rad] dynamic angle of repose, s1 and s2 [m] two-segment flights length, α1 and α2 [rad] 
angulations in flights. 
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predictive performance, the insight and explain of industrial operation and the literature. 
In the lateritic ore processing industry for nickel production in Cuba, the ore preparation stages consist of the following operations: 

Natural drying by arranging the ore in piles and exposing the material to the solar radiation; crushing to a fragments size of up to 100 
mm; direct contact drying in flighted rotary dryers to a moisture content between 0.04 and 0.05 kg H2O kg− 1 of wet solid; and dry 
grinding to a particle size of up to 83 % of class: 0.074 mm. Subsequently, the ore is provided to reduction furnaces Herreshoff, where 
nickel is selectively reduced to metallic grade [35]. 

Moisture content of lateritic ore out-of-specification causes agglutination of the small particles with each other, adhesion and sieves 
holes covering, consequently change the operation of the classifier [36] and decreases the sieving efficiency. Moisture has an unfa-
vorable effect on the consumption of the specific energy by minimizing the throughput on the comminuting process [37]. Wet fine 
particles are adhered to the large material in the ore grinders, causing losses in the scalping process of the rocks with size greater than 2 
mm. Likewise, the higher the ore moisture, the higher the consumption of fuel in the reduction process. 

So, it is expected that the results of this work contribute to provide a better understanding of the drying mechanisms of the Cuban 
nickel-laterite ore. 

2. Material and methods 

2.1. Feed material 

The lateritic mineral fed to the rotary dryer had a mean concentration (± standard deviation) of nickel (Ni) 1.1 ± 0.03 %, cobalt 
(Co) 0.088 ± 0.004 %, iron (Fe) 41.86 ± 1.36 %, magnetic fraction 3.39 ± 0.79 % and particle mean diameter (dp) 0.1688 mm. The 
mineral number, which is understood as an ore quality, was 0.80 ± 0.36 %, Eq. (1) (Table 1) [38]. 

Nm=
CNi CFe

CMgO CSiO2

(1)  

2.2. Drying system of nickel laterite ore 

Wet ore is discharged from conveyor belts into ore bins. The feeders dose the load to the passage chamber of the dryers. The 
productivity of each dryer is between 40 t h− 1 and 50 t h− 1 of dry ore (Table 2). 

The ore enters the dryer at 30 ◦C and moisture (x) between 0.32 and 0.34 kg H2O per kg of wet solid and is placed in contact with 
hot gases in concurrent configuration. As a result, the ore discharges with moisture of 0.04–0.05 kg H2O kg− 1 of wet solid at a 
temperature of 75–110 ◦C (Fig. 3). 

Each rotary dryer has a combustion chamber to produce the flue gas at 1480 ◦C. The combustion fan disperses the fuel inside the 
chamber from 95 to 150 ◦C, with a pressure of 1.47–1.96 MPa. The fuel consumption rate is 25.65 kg per ton of wet ore. The flue gas 
come into contact with secondary air to reach the flow required of drying gas; but at the same time the temperature decreases between 
700 ◦C and 750 ◦C. Then, drying gas is heated in heat exchangers with water steam (0.54 MPa and 128 ◦C) to reach a temperature (TG) 
between 800 and 900 ◦C. Finally, the drying gas enter the rotating cylinder (drum) and transfer heat to the mineral, absorb moisture 
and discharge between 76 ◦C and 90 ◦C. The lateritic ore presents a retention time between 55 and 65 min. 

2.3. Models development 

2.3.1. Ore transport model 
A mass of 60 kg of the (Na2CO3) tracer was introduced at the feed input end using the pulse method in less than ⅟₃₀ the theoretical 

residence time; then, at regular intervals of 5 min, the concentration of the tracer (Ci) in the outlet was observed at the discharge end, 
Eq. (2) used to determine the RTD function, E(t), [13,39,40]. 

E(t) =
C(t)

∫∞
0 C(t) dt

≅
(Ci − C0)i
∑n

i=0
(CiΔt)

(2)  

where, E(t) [min− 1]. 

C0: the initial concentration in mg/L 
Ci: the concentration after a certain time (ti), in mg/L 
Cn: the final concentration in mg/L 
Δt: time between which measurements are taken, in min 

Table 1 
Particles size distribution of feed material.  

Dp (mm) − 0.045 − 0.075 + 0.045 − 0.150 + 0.075 − 0.177 + 0.150 − 3.36 + 2.00 − 4.75 + 3.36 − 6.35 + 4.75 

% 80.77 4.30 4.29 7.14 2.75 0.33 0.48  
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A normalized RTD is used to compare flow performance between systems of different sizes, Eq. (3) 

E(θ)=E(t) tm (3)  

where the symbol θ is the ratio of (t/tm) and E(θ) refers to the normalized RTD function. The symbol tm is known as the observed mean 
residence time and defined as the first moment of the RTD, Eq. (4) [13,39,41]. 

tm =

∫∞
0 t E(t) dt
∫∞

0 E(t) dt
=

∫ ∞

0
t E(t) dt ≅

∑n

i=0
ti (Ci − C0)

∑n

i=0
(Ci − C0)

(4) 

The second moment is designated as the variance; which refers to the dispersion of the distribution, Eq. (5) [13,42]. 

σ2 =

∫ ∞

0
(t − tm)

2 E(t) dt (5)  

In general, the tm parameter is equivalent to the theoretical residence time parameter (t0) as long as there are no considerable deviation 
from the ideal flow. 

[15] suggested Eq. (6) for residence time estimation of granular solids in the rotating drums involving dryers and kilns [1,43–46]. 

t0 = 0.3344
(

Z
D

)
n− 0.9

λ
+ ϵ 0.6085 Z d− 0.5

(
Gs

Ls

)

(6)  

where, t0 is the theoretical residence time in [min], D is the drum internal diameter in [m], Z is the section length in [m], n is the 
rotation rate of drum in [min− 1], λ is the inclination angle of drum [rd], d is particle diameter [mm], Gs [kg s− 1] is gas flow, Ls [kg s− 1] 
is ore flow. The symbol epsilon (ϵ) is equal to (1) for concurrent, and (− 1) for countercurrent flow. 

[47] correlated experimental data of a design-loaded shell, by Eq. (7). 

t0 =Z
0.375

tan λ n D
+ ϵ

m
60

ug (7)   

[48]proposed Eq. (8) based on a theoretical analysis. 

t0 =
Z

fH n D
(
tan λ + ϵ km ug

) (8) 

[49], Eq. (9). 

t0 =
Z

a tan λ n D
(9) 

[50], Eq. (10). 

Table 2 
Rotary dryer main dimensions.  

L [m] D [m] n [rpm] λ [m•m− 1]; [deg.] Ls [t.h− 1] τ0 [min] 

39.624 4.267 2.06–2.16 0.04167; 2◦ 23′ 40.0–50.0 55.0–65.0 

L: length, D: Drum diameter, n number of rotations per minute, λ: cylinder tild angle. 

Fig. 3. Schematic depiction of the combustion chamber and industrial flighted rotary dryer. L and G are the flows [kg h− 1] of laterite ore and drying 
gas, respectively. W [kg h− 1] is the flow of fuel (FO), primary air (aip), secondary air (ais). Int-inlet, Out-outlet. 
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t0 =Z
22.7/60
λ n0.9 D

(10)  

where m = 177 s m− 1 is a constant, fH is the cascade factor varying between (2) and (π), and increasing as solid hold up raises; km =

0.001 s m− 1 is a constant for a given material; ug [m s− 1] is the gas-velocity and constant a = 2.4 [-]. 
Ore transport model within the dryer was determined by numerical modelling of the RTD, considering the following models: 

2.3.1.1. Tanks-in-series. This model suggests that the flow throughout a vessel could be depicted by the flow through a series of several 
equal-sized continuous stirred tank reactors (N-CSTR) model, Eq. (11) [13,39–41,51]. 

E(θ)=
N (N θ)N− 1

(N − 1)!
exp(− N θ) (11)  

where the symbol N is the regulating variable of this model. 
Dispersed Plug Flow 
Dispersed plug flow model suggests that the fluid moves throughout the system at a constant flow rate, the radial concentration 

gradient and diffusion radial are neglected. The Peclet-Bodenstein module is emphasized by the vessel dispersion number, Eq. (12) [13, 
51]: 

Bo=
D

υ L
(12)  

Where: D, L, and υ are designated the coefficient of dispersion, the vessel’s length or its diameter, and the velocity of electrolyte, 
respectively. 

Based on Bo value, the status of dispersion of such designed system could be categorized as follows:  

• Bo = 0.002: Small or negligible and plug flow behavior of fluid.  
• Bo = 0.025: Medium and non-ideal flow behavior of fluid.  
• Bo = 0.2: Large and a complete mixing behavior of fluid. 

For Bo value less than 0.01, the normalized value of RTD does not pointedly change alter as the electrolyte flows through the 
measurement point which is given by Eq. (13), and the normalized value of variance indicator is given by Eq. (14). 

E(θ)=
1

2
̅̅̅̅̅̅̅̅̅̅
π Bo

√ exp

[

−
(1 − θ)2

4 Bo

]

(13)  

σ2
θ =

σ2

t2
m
= 2 Bo (14) 

Regarding the value of Bo is larger than 0.01, for an open-boundary condition where the flow is not influenced by passing through 
the input and output of the designed system, Eq. (15), and the normalized variance indicator, by Eq. (16) [13,41,52,53]. 

E(θ)=
1

2
̅̅̅̅̅̅̅̅̅̅̅̅̅
π θ Bo

√ exp

[

−
(1 − θ)2

4 θ Bo

]

(15)  

σ2
θ =

σ2

t2
m
= 2 Bo + 8 Bo2 (16)  

2.3.1.2. Multi-branch tanks-in-series. This model was proposed by Ref. [29] and conducted to characterize the degree of mixing and 
estimate the presence of dead-zoon or bypassing in a mixer, Eqs. (17)–(20) [13,30]. 

E(θ)=C1 θn− 1 exp(− n β θ) + C2 θm− 1 exp
(

− m
β
α θ
)

(17)  

C1 = f
nn

(n − 1)!
βn (18)  

C2 =(1 − f )
mn

(m − 1)!

(
β
α

)m

(19)  

β= f + (1 − f ) α (20)  

where, α = tm2/tm1 is characterized as the ratio of the main branch residence time to the side branch residence time; f refers to the 
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fraction of total fluid flow to a branch which equals one; n and m depicted to the total number of stirred-tanks in branches 1 and 2, 
respectfully. 

2.3.1.3. Model of perfectly mixed-reactors-in-series with dead-space and bypassing. RTD function that relates the number of mixed 
reactors-in-series, dead zoon and bypassing at each mixed-tank was documented by Ref. [54], Eq. (21). 

E(θ)=
N n
M
∑N

i=1

N! exp
(

− n N θ
M

) (
n N θ

M

)i− 1

(1 − n)N− i ni

(N − i)! i! (i − 1)!
+ (1 − n) δ

(
n N θ

M

)

(21)  

where, N is the number of (CFSTR) reactors, allowing for fractions of dead-zoon and bypassing equal (1-M) and (1-n), respectively, at 
each CFSTR. 

Average Relative Error (ARE) and Marquardt’s Percent Standard Deviation (MPSD) are performed to verify the consistency of RTD 
models, Eqs. (22) and (23) respectively. 

ARE=
1
n
∑n

i=1

[(
E(θ)exp − E(θ)model

E(θ)exp

)]

(22)  

MPSD=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
n − P

∑n

i=1

[(
E(θ)exp − E(θ)model

E(θ)exp

)]2
√
√
√
√ (23)  

where, n and P are the numbers of data points and parameters, respectively. 

2.3.2. Black box model 
The “Black box” model represents the input-output relationships of the drying system; but in this case clues are showed about its 

inner workings for a much easier understanding and interpretation of the physicochemical transformations of materials. The model 
was used in the trial-and-error process, to estimate operation parameters and then compare the results with the target values (Fig. 4). 

The combined balance of mass and energy in concurrent configuration was performed by the "black box" model, Eqs. (24) and (25) 
[55]. 

Gs
(
Ys,out − Ys,int

)
= Ls

(
Xs,int − Xs,out

)
(24)  

Ls HL,int +Gs HG,int = Ls HL,out + Gs HG,out + Qp (25) 

Fig. 4. Representation of “Black box” model.  
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where, Gs [kg h− 1] is the flow of dry gas, Ls [kg h− 1] is the dry solid flow, Xs [kg H2O kg− 1] dry solid is the solid moisture, Ys [kg H2O 
kg− 1] dry gas is gas moisture, Qp [kJ] is the lost heat, HL [kJ kg− 1 dry solid] is the enthalpy of the solid, HG [kJ kg− 1 dry gas] is the 
enthalpy of the gas. 

Moisture wet basis (x) and (y) is converted to dry basis (X) and (Y) by Eqs. (26) and (27), respectively. 

X =
x

1 − x
;

kg H2O
kg dry solid

(26)  

Y =
y

1 − y
;

kg H2O
kg dry gas

(27) 

The enthalpy of solid and gas was determined by Eqs. (28) and (29), respectively [55]. 

HL =(TL − TR) (CpLs +Xs Cpw) (28)  

HG =CpGs (TG − TR) + Ys λ0 (29)  

where, CpLS [kJ (kg ◦C)− 1] is the specific heat of dry solid, Cpw [kJ (kg ◦C)− 1] is the specific heat capacity of liquid water that ac-
companies the solid, TR [◦C] is the reference temperature, CpGS [kJ (kg ◦C)− 1] specific heat of dry gas. 

The specific heat of lateritic ore was determined by Eq. (30) form 20 ◦C to 100 ◦C [56] and latent heat of vaporization of water by 
Eq. (31). 

CpL = 0.465185294117647 + 0.00450005 TL (30)  

λw =
R

Mw
[6547.1 − 4.23 (T + 273.16)] (31)  

Where, λw [kJ kg− 1], R = 8.3145 kJ kmol− 1 K− 1 is the universal gas constant, Mw = 18.01 kg kmol− 1 is the molar mass of water, T [◦C] 
is the temperature. 

The primary air flow fed to the combustion chamber was determined by Eq. (32)–(35), from fuel elemental analysis (Table 3) [57]: 

Waip =(W′O2 +WN2 +WH2O)

(

1+
Eaip

100

)

(32)  

W′O2 =
8
3

C + 8 H − O + S (33)  

W′N2 =W′O2

0.768
0.232

(34)  

W′H2O =Y (W′O2 +WN2 ) (35)  

where, Waip [kg kg− 1] is the primary air flow per kg fuel, Eaip [%] is the percent of excess primary air equal to 20 %, W′ [kg kg− 1] is the 
of stoichiometric flow of oxygen (O2), nitrogen (N2) and water (H2O). 

Outlet gas flow from the combustion chamber was determined by Eq. (36)–(41): 

WCG =WCO2 + WSO2 + WN2 + WO2 + WH2O (36)  

WCO2 =

(

C −
A
Ar

Cr

)
44
12

(37)  

WSO2 =

(

S −
A
Ar

Sr

)
64
32

(38)  

WN2 =

(

N +WO2

0.768
0.232

) (

1+
Eaip

100

)

(39)  

Table 3 
Fuel elemental analysis.  

Elemental analysis [%w] Residue analysis [%w] API VCS [kJ.kg− 1] 

C S N H H2O O A Cr Sr Ar VCM 

63.70 2.50 0.08 11.85 0.40 0.62 0.05 0 0 100 0 13.70 41589  
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WO2 =
Eaip

100
W′O2 (40)  

WH2O =H
18
2
+ Y W′O2

(

1+
0.768
0.232

) (

1+
Eaip

100

)

(41)  

where, WCG [kg kg− 1] is the flue gas flow per kg fuel and the elements of Table 3 in mass fraction. 
Secondary air flow was calculated as the difference between the wet gas feed by Eq. (24) and the combustion gas flow by Eq. (36) 

(Fig. 4). 
The energy balance in the combustion chamber – rotary dryer system was carried out according to “black box” model, Fig. 4, by Eq. 

(42)–(50) [57]. 
Energy entered into the system (Q0, kW) 

Q0 =W2 HCV (42)  

where, HCV [kJ kg− 1] is the higher calorific value. 
Energy consumption for ore moisture evaporation (Q11, kW) 

Q11 =(Hw5 − Hw1 + λw) Ls (Xs1 − Xs5) (43)  

where, Hw5 [kJ kg− 1] is the H2O enthalpy at 0.101325 MPa and 88 ◦C, Hw1 [kJ kg− 1] is the H2O enthalpy at 0.101325 MPa and 30 ◦C 
[58], λw at 88 ◦C. 

Energy consumption for ore heating (Q12, kW) 

Q12 =(CpLs Ls+Cpw Ls Xs5) (T5 − T1) (44) 

Energy consumption for water evaporation that contains the fuel (Q2, kW) 

Q2 = 4.1867 H2O (595.4+ 0.46 T7 − T3) W3 (45) 

Energy consumption for water formation by the hydrogen combustion of fuel (Q3, kW) 

Q3 = 9 H [4.1867 (0.46 T7 − T3)] W3 (46) 

Energy consumption for water evaporation that contain the primary combustion air (Q4, kW) 

Q4 =W′O2

(

1+
0.768
0.232

)

Yai 1.925 (T7 − T2) W3 (47)  

Energy consumption for heating the secondary dry air to chamber temperature (Tc) of 850 ◦C (Q5, kW) 

Q5 =Wai− s cps (Tc − T4) W3 (48) 

Energy consumption for water evaporation that contain the secondary air (Q6, kW) 

Q6 =Wai− s Yai 1.925 (T7 − T4) W3 (49) 

Energy lost by the contained heat in the dry gaseous products of combustion that leave the system (Q7, kW) 

Q7 =Gs7 cps (T7 − T2) W3 (50) 

Energy lost by incomplete combustion (Q8 = 0). 
Energy lost by carbon non burnt (Q9 = 0). 
First, the heat loss was assumed for a conservative relative error (ξ) in the heat balance; subsequently, the mean value of the losses 

Table 4 
Constants of specific heat versus temperature between 300 K and 2000 K (Eq. (30)).  

Substance Range T [K] c0 c1 • 10− 3 c2 • 10− 6 c3 • 10− 9 c4 • 10− 14 c5 • 10− 18 c6 

Combustion gas 
CO2 375–1300 − 0.11819 3.2033 − 4.1611 3.4052 − 0.0156 0.30046 5.21188 
SO2 375–1300 0.40280 90.5370 − 59.5470 13.4530 1590.0 − 29974.0 − 0.00011 
N2 375–2000 1.0385 − 61.690 1.6358 − 1.3755 0.5181 − 0.74335 1.31594 
O2 375–2000 − 0.54009 2.6849 − 2.5707 1.4075 − 0.4076 0.48923 14.76330 
Mixturea 375–1300 0.67392 27.9250 0.4052 − 0.4713 0.1708 − 0.18762 3.84716 
Water 
State Range T [K] c0 c1• 10− 2 c2 • 10− 4 c3 • 10− 7 c4 • 10− 10 c5 • 10− 14 c6 

H2O liquid 273–573 − 27.4041 41.5297 − 21.5970 0.5558 − 0.7098 0.036236 0.0 
H2O vapor 300–2000 3.3381 − 0.3137 442.9240 − 236.60 5180.55 − 3005.39 − 15.2939  

a Mixture of flue gases and secondary air. 
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in the control volumes (dz) was determined by Aruda′s model, Eq. (57), ξ was calculated and reasonably incorporated into the iterative 
mass and heat balance process. 

Specific heat versus temperature between 300 K and 2000 K was estimated by Eq. (51). The function was obtained from the data set 
presented by Ref. [33] (Table 4). 

CpG = c0 + c1 TG + c2 T2
G + c3 T3

G + c4 T4
G + c5 T5

G + c6 T − 0.5
G (51)  

where, Cp [kJ (kg K)− 1] is the specific heat capacity, TG [K] is the gas temperature. 

2.3.3. Mathematical model 
The mathematical model was predicted based on the application of energy and mass conservation equations on the phases gas (G) 

and the particles solid (L). The following assumptions were made [2,9,21]:  

₋ The flow model through the dryer is Plug flow.  
₋ The operating is at concurrent flow and at stationary state on a control volume of dryer (dz).  
₋ The ore particles possess a spherical geometry and their dimensions still constant.  
₋ The reference temperature and pressure are constants.  
₋ The principles of the ideal gas mixture are conducted for gases in the system.  
₋ The composition of gases in the combustion chamber is constant for each ore flow.  
₋ The heat capacities of materials drying gas and lateritic ore are depending on the temperature profile through the dryer.  
₋ The drying process occur in the falling rate period according to Arrhenius equation.  
₋ The potential energy, kinetic energy and exergy of materials are negligible. 

Mass balances in a control volume, Eq. (52) and (53). 

dX
dz

= −
R M
Ls

(52)  

dY
dz

=
R M

G
(53) 

Energy balance in a control volume, Eq. (54) and (55). 

dTL

dz
=

U. V (TG − TL) − λw M R
Ls (CpL + X Cpw)

(54)  

dTG

dz
=
− U. V (TG − TL) − CpG R M (TG − TL) − Up A (TG − TR)

G (CpG + Y Cpw)
(55)  

where, M [kg] is the rate product of solid flow (Ls) and the average residence time (t0), R [kg] water kg− 1 dry solid s− 1 is the dryer rate, 
U [kW (m2 ◦C)− 1] is the global coefficient of the volumetric heat transfer, Up [kW (m2 ◦C)− 1] is the coefficient of heat loss, V [m3] and A 
[m2] are the dryer volume and area respectively. 

Volumetric heat transfer coefficient in rotary dryer was estimated by Eq. (56) [33]. This model was as consistent with spectated 
results as Luikov′s model, cited by Ref. [1], for a fraction of drum cross-section occupied by solids 0.044 (Table 5). 

On the other hand, the heat loss coefficient U [kWm− 3 K− 1] was determined by Eq. (57) [34]. 

U = 0.237
(
G′

s

)0.67

D
(56)  

Up = 0.022
(
G′

s

)0.879
(57)  

where, Gs′ [kg m− 2 s− 1] is designated as the mass velocity of dry gas. 
The drying rate (K) in the period of the falling rate was assumed by Eq. (58); but K is equal to zero at the equilibrium moisture (X*), 

then, Eq. (59) was deduced [21]. 

−
dx
dt

=K = AX + B (58) 

Table 5 
Volumetric heat transfer coefficient in rotary dryer by some models at G′s 1.620 kg m− 2 s− 1, L′s 1.285 kg m− 2 s− 1.  

Variable Unit Perry model Luikov′s model Agustini model Aruda model 

fv % – 3.83 4.40 – – 
U kW m− 3 K− 1 0.0930 0.0866 0.0933 0.0865 0.0519  
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K = k (X − X∗) (59) 

The Arrhenius equation is extremely correlated to the temperature of the drying gas Eq. (60). 

k= k0 exp
(

−
Ea

R TG

)

(60)  

where k, k0, and Ea are designated as the rate constant, frequency constant, and the activation energy in [kJ mol− 1], respectively. R =
8.3145 kJ kmol− 1 K− 1 is the universal gas constant, TG [K] is the gas temperature. 

It was assumed at temperatures below 100 ◦C, k0 = 2.016 × 10− 9 and Ea = 25.5 kJ mol− 1, while at higher temperatures k0 = 0.0015 
and Ea = 12.90 kJ mol− 1 [25]. 

The equilibrium moisture content was determined depending of solid temperature, from date presented by Ref. [32], Eq. (61). 

X∗ = 22.438 T − 1.453
L (61)  

where, X* [kg kg− 1] dried solid is the equilibrium moisture, TL [◦C] is the solid temperature. 
Equations of the predicted model were solved using the Euler method with integration step h = 0.05 m. The properties of drying gas 

and solid were calculated for each control volume (Table 4). Initial conditions are presented in Table 5. The predicted model was 
validated by comparing the numerical simulation findings with mass and energy balance, the analysis of predictive performance, the 
insight and explanation of industrial operation and the literature. 

2.3.4. Input parameters 
Input parameters for laterite ore drying are summarized in Table 6. 

2.4. Sensitivity analysis 

The most suitable input variables (manipulated variable or decision variables) was identified for different operation condition, by 
estimating the relative index of the output variable (controlled variable) to variations in the input variable. Manipulated variable could 
be adjusted in order to maintain the controlled variable, i.e. output variable, at its set-value [18,59], Eq. (62). 

η=
(
ψ − ψref

)/
ψref(

χ − χref
)/

χref
(62)  

where, η is the relative-index, ψ and ψref are the variables’ values after and before each change, respectively, χ and χref are the new and 
initial values of the input variable, respectively. 

2.5. Chemical analysis 

Atomic absorption spectrophotometry was employed to measure the concentration of metals using a SP-9 Spectrophotometer. All 
inorganic chemicals performed (HNO3, HCl, H3BO3, KClO3) were at analytical grade and reagents have been prepared using deionized 
water. 

3. Results and discussion 

3.1. Performance indicators of momentum transfer 

The sodium carbonate tracer substance was simultaneously monitored in the effluent of three rotary dryers every 5 min in the 
industrial process. The operation variables were controlled at its set value by means of the Cuban Supervisory Control and Data 
Acquisition (SCADA) EROS. 

Table 6 
Input parameters for laterite ore drying.  

Variable Stream a Code Unit Value Range 

Inlet dry ore flow 1 Ls1 kg•h− 1 4500 4000–5000 
Inlet ore moisture 1 X1 kg H2O kg− 1 wet solid 0.33 22–36 
Outlet ore moisture 5 X2 kg H2O kg− 1 wet solid 0.04  
Inlet ore temperature 1 TL1 

◦C 33  
Outlet ore temperature 5 TL2 

◦C 80  
Primary air temperature 3 Tai-p 

◦C 65  
Secondary air temperature 4 Tai-s 

◦C 65  
Outlet gas temperature 6,7 TG2 

◦C 88   

a Black box model. 
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The measurements of Residence Time Distribution (RTD) were trunked at a final time of 120 min, which represents 2.4 times the 
theoretical residence time (t0) predicted; but a pick of sodium concentration was obtained at the exit age distributions, thus, second 
moment RTD may results higher and the quality-of-fit of the solid transport model lower than expected. Normalized RTD was 
determined by Eq. (3); this suggested a behavior different of solid motion through the dryers, which is discussed as follow (Fig. 5). 

Some approached were applied to predict the theoretical residence time (t0) and also to compare the quality of estimations, 
resulting an average values (± standard deviation) of 51 ± 2 min for a drying gas flow (Gs) 15.8 kg s− 1 and dry ore (Ls) 12.5 kg s− 1. All 
equations presented reasonable predictions due to these include the dryer geometry and flow properties (Table 7). 

In the dryers D-2 and D-3, a hydraulic efficiency (k0) < 1 (Table 8) and concentration fluctuations (picks) between 80 and 120 min 
(Fig. 5) suggests the effect of short-circuit (bypass or channelization). In addition, the tracer (Na+) appeared quickly in the outlet (5 <
ta < 10 min), k1 = 0.2 < 0.3; and the period in which 50 % of the tracer (Na+) left the dryer was k2 = 0.92 < 1 [13,60]. This can be the 
result of deviations from flights design specifications caused by maintenance activity, or breakage of some flights section due to the 
abrasive effect of the solid; so ore fractions pass faster through the dryer resulting in a lower value of the residence time. Consequently, 
the energy efficiency and product moisture content is affected. 

However, in the rotary dryer D-1, the (tm) was greater than the (t0) and the hydraulic efficiency of k0 is greater than 1; also, after 80 
min a second pick was performed, this can be a result of dead-spaces [61] and so, fluids fraction flow toward the effluent stream at a 
slower velocity compared to the main stream (Fig. 5). 

Although the use of flights promotes homogeneity and uniformity, the wide size distribution of lateritic ore (Table 1) and small 
peaks of tracer concentration also suggested particle segregation [19]. Segregation is an intensive property of dry granular solids, 
which tend to separate spatially by shape, size, or density under varying conditions of the flow [62]. Furthermore, ore moisture causes 
adhesion of the material to the flights and walls, causing retention of the tracer within the dryer [18]. Consequently, the quality of 
adjustment of solid transport models may be affected. 

Furthermore, some parameters proposed fluid non-ideal and intermediate between plug flow and complete mixing, such as k3, k4 
and k5 (Table 8). 

[29] was the most representative of the tracer distribution within the dryer, with a determination coefficient (R2) ranged between 
92.32 % and 94.77 %, the lower (ARE) and (MPSD). For dryer D-1, both the main and side branches were characterized to provide a 
high mixing level, n = 35 and m = 50, respectively, non-ideal flow fraction (f) was 15 % of total fluid, the residence time estimated α − 1 

= 71.9 % of the experimental time (tm). This behavior is consistent with a hydraulic efficiency of 123 % (Table 9). 
From Table 9, the highest deviation between estimations and measurements were for Tanks-in-series model, followed by Martin 

et al. (2005) and Open Axial Dispersion. This is interpreted as because of some assumptions of the predicted model do not apply for the 
lateritic ore distribution. These models were not in good agreement with measurements since present lower R2 < 85.2 %, and relatively 
higher ARE and MPSD values. 

3.2. Performance indicators of mass and heat transfer 

Following the “black box” model from Fig. 4, the mass and heat balances were carried out in the drying system at an ore input flow 
rate of 40 t h− 1, 45 t h− 1 and 50 t h− 1 (dry basis). 

The unknown variables were fuel flow; drying gas flow, which consist of two partial flows, flue gas and secondary air (see Fig. 3), its 
chemical composition, temperature and specific heat; as well as the final moisture of drying gas. These variables were determined 
through an iterative process, and then, the results were verified through the law of conservation of mass, for a relative error (ξ) of 0.01 
% (Table 10). 

Fig. 5. Normalized Residence time distribution (RTD) of the ore transport through flighted rotary dryers at a productivity of 45 t h− 1 (dry ore).  
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The sources of consumption and heat losses are shown in Table 11. The inlet drying gas temperature (TG int) resulted between 
860 ◦C and 871 ◦C. A potential reduction in fuel consumption can be obtained by increasing the temperature of secondary air (Q6), also 
using hot gases from other stages of the industrial process. 

From the above results, performance indicators were determined for the rotary dryer of nickel laterite ore (Table 12). 
Specific fuel consumption (r1) was an average 27.25 ± 0.25 kg fuel per ton of wet ore, and specific energy consumption (r2) 79.66 

± 0.95 kg fuel per ton of H2O evaporated, these values exceeded the target indexes in the industry (r1: 25.65 kg t− 1, r2: 72.96 kg t− 1). In 
this work, the H2O evaporated coming from ore moisture, fuel, primary and secondary air. 

Table 7 
Theoretical residence time in the flighted rotary dryer for Gs: 15.8 kg s− 1 and Ls: 12.5 kg s− 1  

Models: Friedman and Marshall (1949) Putton (1942) Saeman and Mitchell (1954) Kelly (1995) Karali et al. (2020) t0 

t0 [min] 48 53 49 53 52 51 ± 2  

Table 8 
Parameters of (RTD) in the flighted rotary dryer at Ls 45 t h− 1  

Dryer 
(D) 

1 2 3  

tm [min] 61 46 44 Experimental mean residence time 

k0 =
tm
t0 

1.23 0.92 0.88 Hydraulic efficiency t0 = 50 min 

Σ 63.88 49.52 46.76 Second moment RTD, Eq. (38) 

k1 =
ta
t0 

0.49 0.22 0.23 ta: Time recorded when the selected tracer presents in the outlet; t0: The theoretical time. k1 = 0 for Mixed flow; k1 < 0.3 
for Hydraulic short – circuit; k1 = 1 for Plug flow 

k2 =
t50

t0 

1.01 0.92 1.09 t50: Time required for 50 % of the selected tracer leaves. k2 < 1 for hydraulic short – circuits; k2 > 1 for experimental 
errors or stagnant zones. 

k3 =
tp
t0 

1.06 0.98 1.38 tp: Time required for the presentation of the maximum tracer amount. k3 ~ 0 for Mixed Model; k3 ~ 1 and k1 > 0.5 for 
Plug flow 

k4 =
tc
t0 

0.90 0.76 1.15 tc: Time required for the concentration to be 50 % of the maximum tracer amount. k4 ≥ 0.693 for Complete mix 

k5 =
tb
t0  

0.57 0.22 0.11 tb: Time recorded when the concentration is 1/10 of the maximum tracer amount. k5 ~ 2.3 for Complete mix  

Table 9 
Modelling parameters of the (RTD) function in the flighted rotary dryer at Ls 45 t h− 1 (dry basis).  

Rotary dyer (D) 1 2 3 Descriptions  

Tanks-in-series model 
N 33 15 12 Equal-sized CSTR 
R2 [%] 85.65 85.70 9.07 Determination coefficients 
ARE 2.56 2.03 2.36 Average Relative Error 
MPSD 1.35 0.82 1.21 Marquardt’s Percent Standard Deviation  

Open Axial Dispersion Model 
σ2 375 497 399 Distribution width 
σ2

θ 0.10 0.23 0.21 Normalized variance 
Bo 0.015 0.033 0.033 Peclet–Bodenstein module 
R2 [%] 82.67 77.94 9.35 Determination coefficients 
ARE 1.15 0.92 0.99 Average Relative Error 
MPSD 1.83 1.15 1.26 Marquardt’s Percent Standard Deviation  

Himmelblau and Bischoff’s model (1968) 
А 1.39 0.95 1.85 Ratio between the main and the side branch 
F 0.15 0.60 0.53 Total fluid flow to side branch (fraction) 
M 50 50 90 Number of tanks in the main branch flow 
N 35 4 2 Number of tanks in the side branch flow 
R2 [%] 90.32 94.77 92.47 Determination coefficients 
ARE 0.87 0.59 0.22 Average Relative Error 
MPSD 1.12 0.86 0.09 Marquardt’s Percent Standard Deviation  

Martin, et al. model (2005) 
N 40 25 12 Equal-sized CSTR continuous flow 
1-n 0.10 0.20 0.015 Bypassing (fraction) 
1-M 0.01 0.02 0.01 Dead-spaces (fraction) 
δ 0.011 0.011 0.033 Dirac delta function 
R2 [%] 85.16 85.12 0.57 Determination coefficients 
ARE 0.91 0.69 1.00 Average Relative Error 
MPSD 1.41 0.91 1.32 Marquardt’s Percent Standard Deviation  
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Furthermore, the energy efficiency, assumed as the ratio of the total energy consumed to the maximum theoretical energy that can 
be supposed from the system [2] (Q11/Q0), was 97.28 ± 0.01 %; the thermal efficiency, which consist of amount of energy performed 
to evaporate 1 kg of water (96.3 % Q1+ Q2+ Q4 + Q6) • Q0

− 1 of 66.88 ± 0.71 %; and drying efficacy, evaluated considering the initial, 
final, and equilibrium moisture contents [28] of 98.77 ± 0.12 %. 

The simulation of drying process was made based on the mathematical model depicted in Section 2.3.3, considering the results of 
the “black box” model referring to flows, composition and temperature. The temperature profile along the rotary dryer of the two 
streams into gas and solid phase are shown in Fig. 6 a, b. 

The simulation predicted an increase of ore temperatures at a decreasing rate up to 206 ◦C, which can be appreciated with an ore 
temperature peak near the drum inlet, approximately at the firth 1.5 m long. After that, the temperature remained fairly constant and 
finally decreased with value close to the gas temperature. This is typical behavior concurrent rotary dryer [2]. Simultaneously, the inlet 
ore moisture (X) decreased exponentially from 0.4925 kg H2O kg− 1 to 0.033 kg kg− 1 dry basis (Fig. 6c), due to moisture (X) in every 
instant depends on the evolutions of the moisture gradient within the ore (internal driving force), Eq. (60), and drying gas temperature 
(TG) by the Arrhenius equation, Eq. (61). 

In that order of ideas, according to Fig. 6d, with raise in temperature of drying medium (TG) the amount of heat provided to the ore 
tends to increase and therefore the drying rate increases [17]; in turn, increase of drying medium moisture (Y) (Fig. 6c) and TG 

Table 10 
Mass balance in the flighted rotary dryer by “black box” model.  

Current Variable Code Unit Dry ore flow, Ls [kg h− 1] (Current 5) 

40000 45000 50000 

1 Wet ore L1 kg h− 1 59701.50 67164.18 74626.87 
2 Fuel flow w2 kg h− 1 1611.94 1830.22 2052.24 
3 Wet primary air w3 kg h− 1 27063.40 30728.24 34455.72 
4 Wet secondary air w4 kg h− 1 20855.55 24195.21 27479.00 
6 Combustion gas w4 kg h− 1 28665.84 32547.67 36495.86 
7 H2O vapor from ore w6 kg h− 1 18034.83 20289.18 22543.53 
8 Dry residue w4 kg h− 1 0.81 0.92 1.03 
Total inlet (currents 1 to 4) Wint kg h− 1 kg h− 1 123917.85 138613.82 
Total outlet (currents 5 to 8) Wout kg h− 1 kg h− 1 123908.02 138602.79 
Relative error ξ % 0.01 0.01 0.01  

Table 11 
Energy balance in the flighted rotary dryer by “black box” model.  

Dry ore flow, Ls [kg h− 1]  40000 45000 50000 

Variable Code Energy 

kW % kW % kW % 

Ore heating and evaporation of ore moisture Q1 12593.2 68.11 14167.3 67.53 15741.5 66.84 
H2O evaporation contained in the fuel Q2 534 2.89 601 2,87 668 2,84 
H2O formation by hydrogen combustion of fuel Q3 3.9 0.02 4.4 0,02 4.9 0,02 
H2O evaporation contained in primary air Q4 10.3 0.06 11.7 0.06 13.1 0.06 
Air secondary heating Q5 5.3 0.03 6.0 0.03 6.7 0.03 
H2O evaporation contained in secondary air Q6 4961.6 26.84 5754.7 27.43 6627.0 28.14 
Dry gassy products Q7 4.05 0.02 4.70 0,02 5.33 0,02 
Incomplete combustion Q8 347.8 1.88 398.3 1,90 449.1 1,91 
Non burnt carbon Q9 0.0 0.00 0.0 0,00 0.0 0,00 
Radiation, convection and conduction Q10 0.0 0.00 0.0 0,00 0.0 0,00 
Energy entered into the system, by Eq. (20) Q0 27.9 0.15 31.7 0.15 35.6 0.15 
Total useful energy (Q1-Q6), by Eq. 21–28 Q11 18112.60  20549.90  26066.50  
Total energy losses (Q7-Q10), by Eq. 29–34 Q12 375.80  430.00  484.68  
Relative error ξ  0.72  0.77  0.66  

Table 12 
Performance indicators in the flighted rotary dryer for lateritic ore drying.  

Indicator Dry ore flow, Ls [kg h− 1] 

40000 45000 50000 

Specific fuel consumption [kg fuel t− 1 of wet ore] 27.00 27.25 27.50 
Specific energy consumption [kg fuel t− 1 of H2O evaporated] 78.83 79.45 80.07 
Energy efficiency [%] 97.27 97.29 97.29 
Thermal efficiency [%] 67.70 66.47 66.47 
Drying efficiency [%] 98.64 98.78 98.88  
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decreases (Fig. 6a) by Eq. (56). This is interpreted as moisture difference between the bulk gas and the local moisture content of the ore 
surface act as driving force external [5,63]. 

Although the rate of drying depends on the drying gas, the product, and the geometrical configuration of the dryer, the above 
results suggest that the Arrhenius equation is suitable for modelling the drying rate of lateritic ore, resulting final moisture between 
4.17 and 5.2 % (dry basis) according to target moisture. 

As the inlet ore moisture or dryer productivity increases, the amount of water to be evaporated increases too; thus it is essential to 
enhance the heat transfer rate from gas to product [21,22]. According to mathematical modelling results, an increase in the tem-
perature of the inlet drying gas (TG int) (flue gas and secondary air) reduces exponentially the ore moisture content in the outlet stream 
at dryer productivity between 40 t h− 1 and 50 t h− 1 (dry basis) and initial moisture 0.33 kg H2O kg− 1 wet solid (Fig. 7). 

Fig. 7 also indicate that the best temperature was 900 ◦C resulting in moisture between 3.0 % and 4.54 %; while at 850 ◦C the 
moisture varied from 3.81 % to 7.12 %. Inlet gas temperature (TG) predictions presented a good agreement between the mathematical 
model, “black box” model (860 ≤ TG ≤ 871 ◦C), and the target temperature (TG = 900 ◦C maximum). In addition, Fig. 7 suggest that 
solid feed rate is a solution to attaining target ore moisture in comparison to performing the gas influent temperature to control the 
product moisture content, due to this increases the consumption of fuel throughout the combustion chamber [18]. 

The outlet moisture content presented an exponential relationship with inlet moisture (0.22 ≤ x ≤ 0.36 kg H2O kg− 1 wet ore) under 
constant operation conditions (Fig. 8). Therefore, any change in this variable affects the outlet moisture and, consequently, the 
productivity and the specific consumption of energy in the dryer’s operating zone [21,23]. This highlights the benefits of minimizing 
the solid’s inlet moisture content, as much as possible, by solar drying [64–66]. 

The final gas temperature (TG out) remained approximately constant with a variation of dryer productivity from 40 t h− 1 to 50 t 
h− 1; but the final moisture (x out) ranged from 0.024 to 0.126 kg H2O kg− 1 wet ore at an inlet temperature (TG int) of 900 ◦C. This is 
interpreted as the productivity threshold to the maximum mass and heat transfer. The relationship between both variables followed a 
double inverse function, with a coefficient of determination adjusted by the degrees of freedom of 95 % (Fig. 9). 

From Fig. 9, for final ore moisture between 0.030 and 0.052 kg H2O kg− 1 wet ore, the final temperature of drying gas (TG) (equal to 
final ore temperature) resulted from 92 ◦C to 100 ◦C, which is coherent with target temperature threshold of 75–110 ◦C and the set up 
value to mass and energy balance of 90 ◦C. 

The heat loss determined by mass and energy balance presented a mean relative error of 2.10 ± 1.22 % with regard to mean heat in 
control volumes of dryer (dz) by Aruda′s model, Eq. (57). 

The most suitable manipulated variable for different operational conditions was identified by the approach of Duchesne et al. 
(1997). Ore moisture content (x int) and drying gas temperature (TG int) were considered as input variables (manipulated). On the 
other hand, the output variables (controlled) were: ore moisture content (x out) and gas temperature (TG out) (Table 13 and Table 14). 

The relative indices showed that inlet TG has the higher significant on product moisture content in an opposite relationship, which 

Fig. 6. Drying of lateritic ore at Ls 45 t h− 1 and 28.5 kg fuel t− 1 wet ore; a, b) Temperature profiles along the rotary dyer, c) Moisture profile, 
gaseous phase (Y) and solid phase (X), d) Drying Rate at different inlet gas temperature (TG, ◦C). 
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is consistent with Fig. 9. It should note that at a scaled to 3 %, both input variables enhance drying rate with similar extent. 
Although inlet ore moisture has reduced effect on decreasing the product moisture at a scaled to 15 % in a direct relationship (see 

Table 14 and Fig. 9), its effect is much more significant on lowering both final temperature gas and product in an opposite relationship. 
Based on previous results, it is suggested to develop a computerized system for the modelling and simulation of lateritic ore drying 

that implements these algorithms, with features that facilitate evaluating the operating parameters and deciding a better operation and 
control strategy. It is necessary to carry out a detailed characterization of the dryers as for the geometric design parameters of flighted 
rotary dryer, taking into account results of the bibliographic review. Combining the hydrodynamic and mathematical models can 
results in ore moisture prediction with much more successful outcomes. Furthermore, future research should be done in order to 
enhance drying kinetics model and the heat transfer coefficient in this system. 

4. Conclusions 

Some performance indicators related to momentum, mass and heat transfer were evaluated in the drying process of Cuban nickel 
laterite ore within flighted rotary dryer. As a result: The solid transport was approached to the model of multi-branch tanks-in-series 
with the highly significant goodness of fit (R2) ranged between 90.32 % and 94.77 %. For a hydraulic efficiency (tm/t0) higher than 1, 
the solid transport was categorized to present a high mixing level in the branches, the fraction of non-ideal flow was 15 % of total fluid 
due to dead-spaces and so, experimental mean residence time (tm-1 = 60 min) was higher than the theoretical residence time (t0 = 51 

Fig. 7. Effect of inlet dryer gas temperature variations on the outlet ore moisture, at inlet ore moisture 0.33 kg H2O kg− 1 solid and different ore rate 
(Ls, t h− 1) (wet basis). 

Fig. 8. Effect of inlet ore moisture variations on outlet moisture at inlet TG 900 ◦C and different ore rate (Ls, t h− 1) (wet basis).  
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± 2 min). For a hydraulic efficiency (tm/t0) less than 1, the solid transport showed a high mixing level in the main branch flow, and low 
level of mixing in the side branch. The non-ideal flow fraction was 53 % and 60 % due to short-circuit, resulting in a smaller 
experimental mean residence time, 44 min and 46 min, respectively. At productivity between 40 t h− 1 and 50 t h− 1 (dry basis), the 
specific fuel consumption was 27.25 ± 0.25 kg fuel per ton of wet ore; specific energy consumption 79.66 ± 0.95 kg fuel per ton of H2O 
removed; energy efficiency 97.28 ± 0.01 %; and the thermal efficiency 66.88 ± 0.71 %. The ore feed rate between 45 t h− 1 and 50 t 
h− 1 propitiates the better heat and mass transfer to achieving target ore moisture. The temperature of the inlet drying gas between 
873 ◦C and 900 ◦C results in outlet ore moisture between 3.00 % and 4.38 %, under the above condition, the inlet ore moisture must be 
less than 34 % (wet basis). Input variables drying gas temperature and ore moisture, exhibits the higher significant on the output 
variables product moisture and outlet gas temperature respectively, in an opposite relationship. Thus, both input variables could be 
used in conjunction to better control the rotary dryer. The algorithms proposed for “black box” model and mathematical modelling can 
be used to decide the better operation strategy and control of ore drying. In addition, future research should be conducted to achieve 
major adequacy of both drying kinetics model and heat transfer coefficient to this industrial system. 

Data availability statement 

The data used to support the findings of this study are included within the article. 

Fig. 9. Interaction between outlet gas temperature and outlet ore moisture at the inlet conditions: ore moisture 0.33 kg H2O kg− 1 solid, TG 900 ◦C 
and different ore rate (Ls, t h− 1) (wet basis). 

Table 13 
Relative index of output variables for change in the inlet gas temperature at 0.33 kg H2O kg− 1 wet solid.  

Scaled [%] TG int [◦C] 40 t h− 1 45 t h− 1 50 t h− 1 

x out TG out x out TG out x out TG out  

900       
− 3 873 − 10.29 0.74 − 12.13 1.22 − 10.51 1.61 
− 5 855 − 10.59 0.64 − 12.59 1.13 − 12.11 1.36 
− 10 810 − 10.87 0.50 − 14.15 0.83 − 14.47 0.96 
− 15 765 − 10.87 0.42 − 14.79 0.66 − 15.39 0.76  

Table 14 
Relative index of output variables for change in the inlet ore moisture at TG 900 ◦C.  

Scaled [% x int [g kg− 1] 40 t h− 1 45 t h− 1 50 t h− 1 

x out TG out x out TG out x out TG out  

0.340       
− 3 0.330 10.34 − 0.87 11.11 − 1.63 10.42 − 2.05 
− 5 0.323 9.47 − 1.17 8.34 − 2.33 7.65 − 2.67 
− 10 0.306 6.24 − 2.31 5.53 − 3.01 5.25 − 3.18 
− 15 0.289 4.71 − 2.82 4.31 − 3.28 4.15 − 3.38  
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Nomenclature 

List of symbols 
TR Reference temperature [◦C] 
Cp Specific heat [kJ (kg ◦C)− 1] 
D Drum diameter [m] 
Dp Particle mean diameter [mm] 
fv Fraction of drum cross section occupied by solids [− ] 
Gs Dry gas flow [kg•h− 1] 
G′s Dry gas flow [kg m− 2 s− 1] 
H Enthalpies [kJ kg− 1] 
L Drum length [m] 
l Two segment flights length [m] 
Ls Dry solid flow [t h− 1] 
L′s Dry solid flow [kg m− 2 s− 1] 
n Number of rotations per minute [rpm] 
Nm Number of mineral [− ] 
Qp Lost heat [kJ kg− 1] 
r Inside radius [m] 
rH Effective radial distance [m] 
r0 Outside radius [m] 
t0 Time [min] 
TG Dryer gas temperature (flue gas and secondary air) [◦C] 
U Volumetric heat transfer coefficient [kW m− 3 K− 1] 
Up Heat loss coefficient [kW m− 3 K− 1] 
xs Solid moisture [kg H2O kg− 1] dry solid 
Ys Gas moisture [kg H2O kg− 1] dry solid  

Greek symbols 
α1 Angulations in flights [rad] 
γ kinetic angle of repose [rad] 
δ flight′s discharge angle [rad] 
Θ Dynamic angle of repose [rad] 
λ Cylinder tild angle [rad] 
τ0 Experimental 
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Indices 
ai Air 
aip Primary air 
Int Inlet 
Out Outlet 
s Dry 
w Water 
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