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Abstract 
 

In order to leverage on existing scaling methodologies, clinker bed was investigated to evaluate its performance for scaled down sizes. 

Small-sized clinker bed will provide cheaper and faster means of carrying out performance optimization study of clinker cooling 

process, which has been a research focus in recent years. Heat transfer mathematical equations were adopted to determine the outlet’s 

temperatures and air pressure drop across the clinker bed, while Buckingham Pi theorem was employed to perform the scaling down 

of the clinker bed. Findings from the study revealed that for the actual size, predicted air outlet temperature, when compared to the 

experimental and numerical simulation results from existing literature, produced deviation of –5.46% and +1.65% respectively. For 

the scaled down-sizes, the air outlet temperature when compared with the actual size of experimental result, yielded deviations of 

3.96%, 5.77% and 4.9% because the scaled sizes have 3, 6 and 9 scale factors, respectively. The results further revealed that an increase 

in mass flow rate of air will improve the heat transfer performance of the clinker bed, but this comes with an increase in pressure drop 

across the clinker bed heights. Furthermore, an increase in clinker flow rate was observed to be undesirable because the clinker outlet 

temperature actually being expected to cool down eventually increases, although pressure drop remained unchanged. By adopting a 

thermal-hydraulic performance factor (𝜗), maximum percentage deviation between 𝜗 of the actual size and each scaled size was 0.08% 

which indicates negligible performance deviation. The study therefore reveals that the size of clinker bed can be reduced to enable the 

development of small-scale prototype, and for numerical simulation to optimize the cooling process, especially when the outlet 

temperature and air pressure drop are the primary targets of investigation.         

 

Keywords: Scaling, Temperature, Pressure drop, Clinker cooler, Porous media, Performance factor 

  

 

1. Introduction 

 

Heat transfer is primarily required to offset heat from high-temperature solid materials. These high-temperature solid materials are 

common intermediate products e.g. ceramic granules and cement clinkers, which needs to be cooled down for further processing or 

transportation [1]. Energy utilization in the global cement industry accounts for about 40 to 60% of the production cost [2], and the 

cement being the final product is the most manufactured product on earth [3]. Clinker is the fundamental component of the cement, 

produced through a baking process in a kiln and a subsequent cooling process in a clinker cooler [4]. Clinker coolers are important 

equipment in cement industry that recover heat from the hot clinkers by passing cooling air through the grate plates of the grate cooler 

upward through the pore space of the clinker bed [5, 6], thereby cooling down the hot clinker to a non-destructible temperature. 

Numerous studies have been carried out in order to improve the performance of clinker coolers. For instance, numerical simulation of 

heat transfer process in cement grate cooler was carried out by Shao et al., [7], using Fluent dynamic mesh technique and porous media 

model. From the study, the heat recovery boiler increases by 29.04°C and the ratio of heat effective utilization increases by 5.3%. Shao 

et al. [8] considered a multi-objective optimization of cooling air distributions of grate cooler with different clinker particle diameters 

and air chambers by genetic algorithm. The results show that the most effective and economic average diameter of clinker particles is 

0.02 m. A theoretical study was performed for a coupled gas–solid heat transfer process in a moving cooling packed clinker bed by 

Cui et al. [9]. The study revealed that for the same clinker mass flow rate, operating with a thicker clinker layer can improve heat 

recovery and decrease the clinker outlet temperature. The distribution of heat transfer rates in the cement grate cooler shows that the 

first stage, the next four stages, and the last four stages undertake 47.87%, 48.49%, and 3.93% of the total heat load, respectively. In 

another study, experimental and numerical simulation of clinker cooling process was carried out by Shao et al. [10]. It was reported by 

the study that sensible heats of secondary and tertiary air, air discharge, clinker discharge, and the surface dissipation heat account for 

50%, 40%, 9%, and 1% of the total heat flowing in the system, respectively. In a study by Wang et al. [11], numerical simulation and 

analytical characterization was carried out for unsteady heat transfer between cement clinker and air in a grate cooler. The model was 

developed using seepage heat transfer theory in porous media. The model analyzed the influence of grate speed and wind pressure on 

clinker cooling. Results from the study revealed that air temperature and clinker temperature increased with grate speed and decreased 
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with air supply pressure. Another study by Wang et al. [12] further investigated heat transfer between clinker and cooling air with 

variable properties of grate cooler using the seepage approach. A seepage heat transfer model was constructed for compressible fluid 

flowing through a porous clinker layer, considering local thermal non-equilibrium and thermal dispersion effects. A solution algorithm 

for thermally coupled seepage was proposed. Simulation results showed a large deviation between the variable properties model and 

constant properties model, suggesting the variable properties model provides a more accurate description of clinker layer temperature 

distribution. In another study by Yao et al. [13], thermal efficiency model of the whole clinker calcination system was established by 

mass/heat balance analysis of its subunits, and its application was carried out on one 5000 MT/D production line. Findings from the 

study revealed that the thermal efficiency of the whole system is linearly correlated with the thermal efficiencies of its subunits. 

Increases in the thermal efficiency of each subunit lead to increases in the thermal efficiency of the whole system. As pointed out by 

Abdul et al. [14], research into thermodynamic modeling allows for product and process optimization of cement clinkers. However, 

considering the magnitude and chemistry of clinker production, there is a great challenge in modeling such a complex system. Hence, 

they developed a thermodynamic database with a specific application of cement clinkers. The developed model’s effectiveness was 

shown through the prediction of real clinker, resulting to a good prediction for the main clinker phase compared against the experimental 

values. The results were favourable against the more traditional calculation methods. Okoji et al. [15] also studied the thermodynamic 

efficiency of a cement grate clinker cooling process. However, the study adopted the use of artificial neural network (ANN) and 

adaptive neural inference systems (ANFIS). The ANFIS optimal solutions are used to choose and validate the ultimate ideal kiln clinker 

discharge temperature, clinker mass flow, clinker cooling air, and ambient air. There is a notable reduction in energy usage when the 

ex-clinker cooler discharge temperature drops to 120 ℃, the energetic efficiency rises by 0.5%, and the total clinker cooling air lowers 

by 5% when compared to actual operational data.   

In industrial applications where very large-sized equipment are used, for example, the clinker cooler in cement plants, a reliable 

scaling down is required to reduce the size of the clinker cooler or clinker porous bed to give a replica of the real size of the clinker 

bed that can be modeled easily. The reduction in size can be achieved through similarity theory. Similarity (Similitude) theory refers 

to the theory and art of predicting prototype conditions from model observations, by prescribing the relationship between full scale 

flow and a flow involving smaller but geometrically similar boundaries [16]. Coutinho et al. [17] defined similitude theory as a branch 

of engineering science concerned with establishing the necessary and sufficient conditions of similarity among phenomena. Similarity 

helps engineers and scientists to accurately predict the behavior of prototypes, through scaling laws applied to the experimental results 

of a scale model related to the prototype by similarity conditions [17, 18]. In designing and producing a prototype model based on a 

small-scale model, the prototype model is designed based on the similarity law, which establishes dimensionless factors for geometric 

shape, properties and flow characteristics between prototype and small-scale models [19]. Dimensional analysis offers identification 

of groups of variables whose interrelationships may be determined experimentally [20]. It is the basis of similarity theorem and is 

preferred because it is simple and fast to apply in problems where equations and boundary conditions cannot be fully expressed and 

not always helpful [21, 22]. In recent years, to overcome the obstacles associated with full-scale testing, such as cost and setup, research 

on similitude methods expanded into many branches of engineering [21]. Zhang et al. [23] performed experimental and numerical 

investigation on temperature profile of underground soil in the process of heat storage. Similarity conditions were derived, and a 

laboratory scaled-down thermal energy storage experiment model was developed. As reported by Zhou and Li [24], direct use of 

governing equations and dimensional analysis can be used to determine scale factors for scale model development of cylindrical shells 

and other structures. In a study by Fallico et al. [25], the influence of porous media typology on the scaling laws of confined aquifer 

characteristic parameters was investigated. Measurements were carried out on the confined aquifer, expressly reproduced in laboratory 

which allowed the determining of hydraulic conductivity values of performing a series of slug tests. Rushing into direct physical 

research is proven to be unproductive and uneconomical due to the physical size of clinker cooler units in cement plants. Better 

prospects are shown by an adequate scaling model in early research that may be further investigated by physical assessments. In a 

previous study by Oyepata et al. [26], a small-sized clinker cooler was developed to analyse the feasibility of modeling the performance 

of the clinker bed experimentally and through CFD. However, similarity procedure which enables modeling the clinker bed at varying 

sizes, taking into consideration different scaling factors was not evaluated. The use of scaling factors allows for modeling of the clinker 

bed at different sizes, while targeting achieving the same inlet and outlet temperature of clinker and air. Moreover, the cooling 

performance in terms of air pressure drop, pumping power and thermal-hydraulic performance factor were not considered. In addition, 

existing study on clinker cooler in literature did not provide adequate information to the best knowledge of the current authors. Hence, 

this study looks to extend the work carried out by Oyepata et al. [26], by adopting an analytical study on clinker cooling process using 

mathematical equations, taking into account the motion of a clinker bed. In view of this, similarity theory was adopted to scale down 

the size of the clinker bed to different sizes, while the performances of the beds were analyzed.  

 

2. Methodology 

 

Scaling the entire clinker cooler is robust and complex. A reliable approach is to focus only on the clinker bed and the operational 

parameters influencing the cooling process. Figure 1 shows a schematic description of 2D geometry of the porous clinker bed.  
 

 
 

Figure 1 Schematic description of the 2D clinker porous bed 
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Data obtained from Cui et al. [9] which had been validated with experimental study, was adopted. The mathematical modeling of 

the grate clinker cooler considers the cooling to be in steady-state condition, with a cross flow heat exchange between hot clinker 

particles and cooling air mostly at ambient temperature. In modeling the cooling process, heat transfer and pressure drop are defined 

by mathematical equations [8, 27]. In order to achieve the development of the mathematical model, some assumptions were made. The 

assumptions are as follows [8, 27, 28]: clinker bed consists of homogenous spherical clinker particles; the temperature of hot clinker 

at rotary kiln exit is the same at cooler inlet; air flows vertically upwards through the clinker, quantities of fine particles transported by 

air flow are negligible and radiation heat transfer is not considered.    

 

2.1 Mathematical study   

 

Heat transfer rate between cooling air and clinker is given by equation (1) [8, 9, 29]: 

  

𝑄 = ∆𝑇𝑑𝑖𝑓𝑓 ×
1−𝑞

1
𝐶𝑎𝑖𝑟

⁄ −[
𝑞

𝐶𝑐𝑙𝑘
⁄ ]

                                            (1) 

 

where: term ∆𝑇𝑑𝑖𝑓𝑓 is the difference between clinker inlet and air inlet temperatures, 𝑄 is the heat transfer rate (𝐽/𝑠) 𝐶𝑐𝑙𝑘 is the ratio of 

heat capacity rates of clinker (𝑊/𝐾) and 𝐶𝑎𝑖𝑟 is the ratio of heat capacity rates of cooling air (𝑊/𝐾). 
 

The term ∆𝑇𝑑𝑖𝑓𝑓 is the difference between clinker and air inlet temperatures, estimated using equation (2):  

 

∆𝑇𝑑𝑖𝑓𝑓 = 𝑇𝑐𝑙𝑘𝑖𝑛 − 𝑇𝑎𝑖𝑟𝑖𝑛                             (2) 

 

The term 𝐶𝑐𝑙𝑘 in equation (1) is the ratio of heat capacity rates of clinker and is estimated using equation (3): 

 

𝐶𝑐𝑙𝑘 = �̇�𝑐𝑙𝑘𝐶𝑝𝑐𝑙𝑘                             (3)  

 

The velocity of clinker is estimated using equation (4): 

 

𝑈𝑐𝑙𝑘 =
�̇�𝑐𝑙𝑘

𝐻𝑊𝜌𝑐𝑙𝑘
                              (4) 

 

The ratio of heat capacity rates of cooling air is estimated using equation (5): 

 

𝐶𝑎𝑖𝑟 = �̇�𝑎𝑖𝑟𝐶𝑝𝑎𝑖𝑟                                            (5)  

 

The superficial velocity of air is estimated from equation (6): 

 

𝑈𝑎𝑖𝑟 =
�̇�𝑎𝑖𝑟

𝐿𝑊𝜌𝑎𝑖𝑟
                              (6)  

 

The term 𝑞 is estimated using equation (7): 

 

𝑞 = 𝑒𝑥𝑝 (𝑘𝐴 [
𝐶𝑎𝑖𝑟−𝐶𝑐𝑙𝑘

𝐶𝑎𝑖𝑟𝐶𝑐𝑙𝑘
])                             (7) 

 

where: 𝑇𝑐𝑙𝑘𝑖𝑛 is the temperature of clinker at inlet of the cooler (℃), 𝑇𝑎𝑖𝑟𝑖𝑛 is the temperature of air at inlet of the cooler (℃),  𝜌𝑎𝑖𝑟 is 

the density of air (𝑘𝑔𝑚−3), �̇�𝑐𝑙𝑘 is the mass flow rate of clinker (𝑘𝑔/𝑠) and 𝐶𝑝𝑐𝑙𝑘 is the specific heat capacity of clinker (𝐽𝑘𝑔−1𝐾−1), 

𝑈𝑎𝑖𝑟 is the superficial velocity of air (𝑚/𝑠), 𝑈𝑐𝑙𝑘 is the velocity of clinker (𝑚/𝑠), 𝐿 is the length of clinker bed (𝑚), 𝑊 is the width of 

clinker bed (𝑚), 𝐶𝑝𝑎𝑖𝑟 is the specific heat capacity of clinker (𝐽𝑘𝑔−1𝐾−1), 𝑘 is the integrated heat transfer coefficient (𝑊/𝑚2/𝐾) and 

𝐴 is the efficient heat transfer area (𝑚2) 

 

The integrated heat transfer coefficient between cooling air and clinker, is given by equation (8) [1]:  

 

𝑘 =
1

1

ℎ
+

𝜑𝑥

𝜆𝑐𝑙𝑘

                              (8) 

 

Convective heat transfer coefficient between cooling air and clinker is given by equation (9) [8]: 

 

ℎ =
𝑁𝑢𝜆𝑎𝑖𝑟

𝐷𝑝
                             (9) 

 

Nusselt number is obtained using equation (10) [9, 29]: 

 

𝑁𝑢 = 2 + 1.8𝑃𝑟𝑎𝑖𝑟
1 3⁄

𝑅𝑒𝑎𝑖𝑟
1 2⁄

                                                         (10) 

 

Reynolds number of air is given by equation (11): 

 

𝑅𝑒𝑎𝑖𝑟 =
𝜌𝑎𝑖𝑟𝑈𝑎𝑖𝑟𝐷𝑝

𝜇𝑎𝑖𝑟
                                                         (11) 
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Prandtl number of air is given by equation (12): 

 

𝑃𝑟𝑎𝑖𝑟 =
𝜇𝑎𝑖𝑟 𝐶𝑝𝑎𝑖𝑟

𝜆𝑎𝑖𝑟
                                      (12) 

 

where: ℎ is convective heat transfer coefficient (𝑊𝑚−2𝐾−1), 𝜑 is the particle shape correction factor, taken to be 0.25 [1, 9], 𝑥 is the 

clinker particle heating depth which is equal to the radius of clinker particle (𝑚), 𝜆𝑐𝑙𝑘 is the thermal conductivity of clinker particle 

(𝑊𝑚−1𝐾−1) , 𝜇𝑎𝑖𝑟  is the kinematic viscosity of air (𝑘𝑔𝑚−1𝑠1 ), 𝐷𝑝  is the average diameter of clinker particle (𝑚),  𝑈𝑎𝑖𝑟  is the 

superficial velocity of air ( 𝑚𝑠−1) and 𝜆𝑎𝑖𝑟 is the thermal conductivity of air (𝑊𝑚−1𝐾−1) .  

 

The effective heat transfer area between cooling air and clinker particle is given by equation (13): 

 

𝐴 =
6𝑉𝑐𝑙𝑘(1− 𝜀)

𝐷𝑝
                                     (13) 

 

The volume of clinker bed is equation (14): 

 

𝑉𝑐𝑙𝑘 = 𝐿𝑊𝐻                                          (14) 

 

The clinker cooling process is simplified as a direct heat exchanger; hence the heat balance equation is applicable and expressed as [8, 

30]: 

 

𝐶𝑐𝑙𝑘(𝑇𝑐𝑙𝑘𝑖𝑛 − 𝑇𝑐𝑙𝑘𝑜𝑢𝑡) = 𝑄 = 𝐶𝑎𝑖𝑟(𝑇𝑎𝑖𝑟𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟𝑖𝑛)                                   (15) 

 

Equation (15) can also be expressed as: 

 

𝑄𝑐𝑙𝑘 = 𝑄 = 𝑄𝑎𝑖𝑟                                                          (16) 

 

Clinker outlet temperature can be determined using equation (17):  

 

𝑇𝑐𝑙𝑘𝑜𝑢𝑡 = 𝑇𝑐𝑙𝑘𝑖𝑛 −
𝑄𝑐𝑙𝑘

𝐶𝑐𝑙𝑘
                                      (17) 

 

Air outlet temperature can be determined using equation (18): 

 

𝑇𝑎𝑖𝑟𝑜𝑢𝑡 = 𝑇𝑎𝑖𝑟𝑖𝑛 +
𝑄𝑎𝑖𝑟

𝐶𝑎𝑖𝑟
                                      (18) 

 

The pressure drop of cooling air across the bed is estimated using equation (19) [8, 29]: 

 
∆𝑃𝑎𝑖𝑟

𝐻
= [

150𝜇𝑎𝑖𝑟

𝐷𝑝
2 ×

(1−𝜀)2

𝜀3 × 𝑈𝑎𝑖𝑟] + [
1.75𝜌𝑎𝑖𝑟

𝐷𝑝
×

1−𝜀

𝜀3 × 𝑈𝑎𝑖𝑟
2]                                    (19) 

 

where: 𝜀 is the porosity of the clinker bed, 𝐻 is the height of clinker bed (𝑚), 𝜌𝑎𝑖𝑟 is the density of air (𝑘𝑔𝑚−3), ∆𝑃𝑎𝑖𝑟 is the pressure 

drop of cooling air (Pa), 𝜀 is the porosity,  𝑈𝑎𝑖𝑟 is the superficial velocity of air (𝑚/𝑠).                 

 

The thermo-physical properties of air and clinker such as the density of air (𝜌𝑝𝑎𝑖𝑟), specific heat capacity of air (𝐶𝑝𝑎𝑖𝑟), specific heat 

capacity of clinker (𝐶𝑝𝑐𝑙𝑘), thermal conductivity of air (𝜆𝑎𝑖𝑟), thermal conductivity of clinker (𝜆𝑐𝑙𝑘) and dynamics viscosity of air 

(𝜇𝑝𝑎𝑖𝑟) are based on fitting empirical equations (20), (21), (22), (23), (24) and (25), respectively [7, 31-33].   

 

𝜌𝑝𝑎𝑖𝑟 = (351.99/𝑇𝑎𝑖𝑟) + (344.88/𝑇𝑎𝑖𝑟
2 )                                    (20) 

 

𝐶𝑝𝑎𝑖𝑟 = 955 + 0.14387𝑇𝑎𝑖𝑟 + 3.8525 × 10−5𝑇𝑎𝑖𝑟
2 + 2.1036 × 10−10𝑇𝑎𝑖𝑟

3   

             +1.2052 ×    10−13𝑇𝑎𝑖𝑟
4  (𝐽𝑘𝑔−1𝐾−1)                                                            (21) 

 

𝐶𝑝𝑐𝑙𝑘 = 699.5 + 0.31812𝑇𝑐𝑙𝑘 − 6.2308 × 10−5𝑇𝑐𝑙𝑘
2 − 1.3753 × 10−10𝑇𝑐𝑙𝑘

3   

             −5.1388 × 10−14𝑇𝑐𝑙𝑘
4  (𝐽𝑘𝑔−1𝐾−1)                                   (22) 

 

𝜆𝑎𝑖𝑟 = 0.0244(𝑇𝑎𝑖𝑟 273⁄ )0.759(𝑊𝑚−1𝐾−1)                                  (23) 

 

𝜆𝑐𝑙𝑘 = 0.244[1 + 0.00063(𝑇𝑐𝑙𝑘 − 273)] (𝑊𝑚−1𝐾−1)                                                (24) 

 

𝜇𝑝𝑎𝑖𝑟 = 1.72 × 10−5[(273 + 114)/(𝑇𝑎𝑖𝑟 + 114)](𝑇𝑎𝑖𝑟 273⁄ )1.5 (𝑘𝑔𝑚−1𝑠−1)                                              (25) 

 

2.2 Scaling procedure  

 

In this study, Dimensional Analysis Method was selected due to its simplicity and reliability [21]. Buckingham Pi theorem was 

used to establish the relationship between the variables that describe the clinker bed and the similarity conditions to be established 

between the real-size clinker bed and the scaled-down clinker bed. In order to determine the variables in the system, all the variables 

are listed and counted. The total number of variables is represented by 𝑉𝑛. The total number of variables is the sum of dependent 
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variables 𝑉𝑑  and all the independent variables 𝑉𝑖. An expression for the temperature of clinker at the outlet of the clinker cooler after 

cooling (𝑇𝑐𝑙𝑘𝑜𝑢𝑡) is determined. The variables used for the scaling are presented in Table 1. After a complete list of independent 

variables on the basis of correspondence of units is drawn up, and the selection of repeating variables completed, dimensionless pi (π) 

quantities are determined. In order to form the dimensionless pi groups, the repeating variables are combined with each of the other 

variables in turn. This implies that the Pi groups are formulated by multiplying each of the remaining variables that were not chosen as 

repeating variables in turn by the repeating variables, each in turn raised to some unknown exponent. The theory of similitude searches 

for a relationship which maps the scaling model’s parameters onto the real-life size parameters. This means that each model parameter 

is proportional to its corresponding real size parameter. This proportional factor is called the scale factor [34]. 

  

3. Results and discussion  

 

3.1 Scaled down parameters  

 

From Table 1, there are ten (10) variables which were considered. The primary dimensions involved were also listed in the table 

and are a total of four (4) in number. The total number of dimensional variables is denoted by  𝑉𝑛 = 10, the number of dependent 

variables is denoted by 𝑉𝑑 = 1 , the number of independent variables is denoted by 𝑉𝑖 = 9 and the number of primary dimensions is 

denoted by P𝑟 = 4. The primary dimensions are Mass (𝑀), Length (𝐿), Temperature (𝜃) and Time (𝑇). The number of reference 

dimensions is denoted by 𝑉𝑖 = 3. They are (𝜃), (𝑀𝑇−1) and (𝐿). The required number of pi terms is estimated, and this is given by the 

difference between the total number of dimensional variables (𝑉𝑛) and the total number of primary dimensions (P𝑟). 

   

The dependent and independent variables are represented in the function below: 

 

𝑉𝑑 = 𝑓(𝑉𝑖)                                      (26) 

 

𝑇𝑐𝑙𝑘𝑜𝑢𝑡 = 𝑓(𝑇𝑐𝑙𝑘𝑖𝑛, 𝑇𝑎𝑖𝑟𝑖𝑛, �̇�𝑐𝑙𝑘 , �̇�𝑎𝑖𝑟 , 𝐷𝑝, 𝑊, 𝐻, 𝐿, 𝜀)                                                 (27)  

 

The number of required pi terms is given by: 

 

𝑛𝑟 = 𝑉𝑛 − P𝑟 = 10 − 4 = 6                                                    (28) 

 

Hence the number of required pi terms (𝑛𝑟)= 6 

 

Table 1 Scaling down variables 

 

S/N Symbol Quantity Unit Dimensions Variable Type 

1 𝑇𝑐𝑙𝑘𝑜𝑢𝑡 Clinker outlet temperature ℃ 𝜃 Dependent 

2 𝑇𝑐𝑙𝑘𝑖𝑛 Clinker inlet temperature ℃ 𝜃 Independent 

3 𝑇𝑎𝑖𝑟𝑖𝑛 Air inlet temperature ℃ 𝜃 Independent 

4 �̇�𝑐𝑙𝑘 Clinker inlet mass flow rate 𝑘𝑔/𝑠 𝑀𝑇−1 Independent 

5 �̇�𝑎𝑖𝑟 Air inlet mass flow rate 𝑘𝑔/𝑠 𝑀𝑇−1 Independent 

6 𝐷𝑝 Average diameter of clinker  𝑚 𝐿 Independent 

7 𝑊 Width of clinker bed 𝑚 𝐿 Independent 

8 𝐻 Height of clinker bed 𝑚 𝐿 Independent 

9 𝐿 Length of clinker bed 𝑚 𝐿 Independent 

10 𝜀 Porosity of the clinker bed - 1 (Dimensionless) Independent 

 

Based on the rule of selecting repeating variables, dimensionless variables are automatically considered as a Pi group. Therefore, 

the total number of Pi term, is 𝑛𝑡 = 7. The repeating variables selected, which satisfies the requirement for selection are: 𝑇𝑐𝑙𝑘𝑖𝑛, �̇�𝑐𝑙𝑘   
and  𝐿. In order to determine the Pi (𝜋) groups, the function relating the dependent variable and independent variables is presented as: 

   

𝑇𝑐𝑙𝑘𝑜𝑢𝑡 = 𝑓(𝑇𝑐𝑙𝑘𝑖𝑛, 𝑇𝑎𝑖𝑟𝑖𝑛, �̇�𝑐𝑙𝑘 , �̇�𝑎𝑖𝑟 , 𝐷𝑝, 𝑊, 𝐻, 𝐿, 𝜀)                                                 (29) 

 

Therefore, π1 =
𝑇𝑐𝑙𝑘𝑜𝑢𝑡

𝑇𝑐𝑙𝑘𝑖𝑛
; π2 =

𝑇𝑎𝑖𝑟𝑖𝑛

𝑇𝑐𝑙𝑘𝑖𝑛
; π3 =

�̇�𝑎𝑖𝑟

�̇�𝑐𝑙𝑘
; π4 =

𝐷𝑝

𝐿
; π4 =

𝑊

𝐿
 and π6 =

𝐻

𝐿
 

 

The sixth Pi group, π7 = 𝜀 . This is because the variable 𝜀 is already a dimensionless parameter and can be taken as a Pi group. The 

relation between the Pi (π) group as dimensionless parameters is presented as a function in the form:  

 

π1 = 𝑓(π2, π3, π4, π5, π6, π7)                                    (30) 

 

Similarly,  

 

 
𝑇𝑐𝑙𝑘𝑜𝑢𝑡

𝑇𝑐𝑙𝑘𝑖𝑛
= 𝑓 (

𝑇𝑎𝑖𝑟𝑖𝑛

𝑇𝑐𝑙𝑘𝑖𝑛
,

�̇�𝑎𝑖𝑟

�̇�𝑐𝑙𝑘
,

𝐷𝑝

𝐿
,

𝑊

𝐿
,

𝐻

𝐿
, 𝜀)                                  (31) 

 

The next step as reported by Batul et al., [34] is to fix a number of factors, which is based on the number of repeating variables. 

Hence, three (3) factors were fixed, after which the scale factors for the other variable are determined, using the Pi products.  

 

The scale factor value for temperature of clinker at inlet, 𝑆𝑓𝑇𝐶𝑙𝑘𝑖𝑛 =
(𝑇𝑐𝑙𝑘𝑖𝑛)𝑎𝑐𝑡𝑢𝑎𝑙

(𝑇𝑐𝑙𝑘𝑖𝑛)𝑠𝑐𝑎𝑙𝑒𝑑
= 1 
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The scale factor value for the length of the clinker bed, 𝑆𝑓𝐿 =
(𝐿)𝑎𝑐𝑡𝑢𝑎𝑙

(𝐿)𝑠𝑐𝑎𝑙𝑒𝑑
= 3 

 

The scale factor value for the mass flow rate of clinker, 𝑆𝑓�̇�𝑐𝑙𝑘
=

(�̇�𝑐𝑙𝑘)𝑎𝑐𝑡𝑢𝑎𝑙

(�̇�𝑐𝑙𝑘)𝑠𝑐𝑎𝑙𝑒𝑑
= 3  

 

The second step follows that Pi products of actual size and scaled size remain equal; therefore [34]: 

 

for the first Pi group ( π1), 𝑆𝑓𝑇𝐶𝑙𝑘𝑜𝑢𝑡 =
(𝑇𝑐𝑙𝑘𝑖𝑛)𝑎𝑐𝑡𝑢𝑎𝑙

(𝑇𝑐𝑙𝑘𝑖𝑛)𝑠𝑐𝑎𝑙𝑒𝑑
=

(𝑇𝑐𝑙𝑘𝑜𝑢𝑡)𝑎𝑐𝑡𝑢𝑎𝑙

(𝑇𝑐𝑙𝑘𝑜𝑢𝑡)𝑠𝑐𝑎𝑙𝑒𝑑
= 1; for the second Pi group (π2), 𝑆𝑓𝑇𝑎𝑖𝑟𝑖𝑛 =

(𝑇𝑎𝑖𝑟𝑖𝑛)𝑎𝑐𝑡𝑢𝑎𝑙

(𝑇𝑎𝑖𝑟𝑖𝑛)𝑠𝑐𝑎𝑙𝑒𝑑
=

(𝑇𝑐𝑙𝑘𝑖𝑛)𝑎𝑐𝑡𝑢𝑎𝑙

(𝑇𝑐𝑙𝑘𝑖𝑛)𝑠𝑐𝑎𝑙𝑒𝑑
= 1; for the third Pi group (π3), 𝑆𝑓𝑇𝑎𝑖𝑟𝑖𝑛 =

(�̇�𝑎𝑖𝑟)𝑎𝑐𝑡𝑢𝑎𝑙

(�̇�𝑎𝑖𝑟)𝑠𝑐𝑎𝑙𝑒𝑑
=

(�̇�𝑐𝑙𝑘)𝑎𝑐𝑡𝑢𝑎𝑙

(�̇�𝑐𝑙𝑘)𝑠𝑐𝑎𝑙𝑒𝑑
= 3, for the fourth Pi group (π4),  𝑆𝑓𝐷𝑝

=
(𝐷𝑝)𝑎𝑐𝑡𝑢𝑎𝑙

(𝐷𝑝)𝑠𝑐𝑎𝑙𝑒𝑑
=

(𝐿)𝑎𝑐𝑡𝑢𝑎𝑙

(𝐿)𝑠𝑐𝑎𝑙𝑒𝑑
= 3, for the fifth Pi group (π5), 𝑆𝑓𝑊 =

(𝑊)𝑎𝑐𝑡𝑢𝑎𝑙

(𝑊)𝑠𝑐𝑎𝑙𝑒𝑑
=

(𝐿)𝑎𝑐𝑡𝑢𝑎𝑙

(𝐿)𝑠𝑐𝑎𝑙𝑒𝑑
= 3; and for the sixth Pi group (π6), 𝑆𝑓𝐻 =

(𝐻)𝑎𝑐𝑡𝑢𝑎𝑙

(𝐻)𝑠𝑐𝑎𝑙𝑒𝑑
=

(𝐿)𝑎𝑐𝑡𝑢𝑎𝑙

(𝐿)𝑠𝑐𝑎𝑙𝑒𝑑
= 3. 

 

The seventh Pi group, π7 = 𝜀 is a dimensionless variable. In addition, the porosity of a clinker bed is expressed as the ratio of 

volume of pores space and the volume occupied by the particles. 

  

3.2 Validation of mathematical study and scaled-down sizes  

 

Table 2 presents the operational parameters of the actual size and scaled down clinker bed. The experimental data used for the 

validation of the mathematical equations are presented in Table 3. Figure 2 shows a schematic description of clinker cooling in a clinker 

cooler. 

  
Table 2 Operating parameters of actual size and scaled down clinker bed 

 

Parameter Symbol Unit                  Scale factor 

Clinker inlet temperature 𝑇𝑐𝑙𝑘𝑖𝑛 ℃ 1 1 1 

Clinker outlet temperature 𝑇𝑐𝑙𝑘𝑜𝑢𝑡 ℃ 1 1 1 

Air inlet temperature 𝑇𝑎𝑖𝑟𝑖𝑛 ℃ 1 1 1 

Clinker inlet mass flow rate �̇�𝑐𝑙𝑘 𝑘𝑔/𝑠 3 6 9 

Air inlet mass flow rate �̇�𝑎𝑖𝑟 𝑘𝑔/𝑠 3 6 9 

Average diameter of clinker particle 𝐷𝑝 𝑚 3 6 9 

Width of clinker bed 𝑊 𝑚 3 6 9 

Height of clinker bed 𝐻 𝑚 3 6 9 

Length of clinker bed 𝐿 𝑚 3 6 9 

Porosity of the clinker bed 𝜀 - 1 1 1 

 

Table 3 Clinker cooler data from cement plant 

 

Parameter  Symbol Unit Cui et al. [9] 

Clinker inlet temperature 𝑇𝑐𝑙𝑘𝑖𝑛 ℃ 1365 

Clinker outlet temperature  𝑇𝑐𝑙𝑘𝑜𝑢𝑡 ℃ - 

Air inlet temperature 𝑇𝑎𝑖𝑟𝑖𝑛 ℃ 30 

Air outlet temperature  𝑇𝑎𝑖𝑟𝑜𝑢𝑡 ℃ 1160.25 

Clinker mass flow rate �̇�𝑐𝑙𝑘 𝑘𝑔𝑠−1 72.32 

Air mass flow rate �̇�𝑎𝑖𝑟 𝑘𝑔𝑠−1 35.17 

Average diameter of clinker 𝐷𝑝 𝑚 0.04 

Width of clinker bed  𝑊 𝑚 4.00 

Height of clinker bed  𝐻 𝑚 0.75 

Length of clinker bed  𝐿 𝑚 3.26 

Porosity  𝜀 - 0.4 

 

 
Figure 2 Simplified clinker cooling process in clinker coolers 

 

The data obtained from [9] are for a cement plant with an overall length of clinker bed of 35.89 m. The heat exchange principle 

taking place between clinker and air is the same along the entire length of the clinker cooler. Therefore, each air chamber can be 

analyzed separately, which makes it easier to simplify the analysis by selecting only the first air chamber. Hence, the first air chamber 

             

Cooling air entering clinker cooler  

     Hot air exiting clinker cooler  

Cooled clinker exits 

clinker cooler 
Hot clinker enters 

clinker cooler 
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was selected for scaling down and verification was carried out. As reported in the works of [9] and [10], secondary air comes mainly 

from the outlet of first air chambers. Based on industrial measurements, the secondary air outlet temperature corresponding to the first 

air chamber is 1160.25 °C [9, 10], while the numerical simulation results estimated by Cui et al. [9] is 1079.06 °C. This represents a 

relative error of –7.0% which is within acceptable limit. The mathematical analysis carried out for this study, predicted air outlet 

temperature to be 1096.9 °C and when compared to the experimental and numerical simulation value of [9], the relative errors were –

5.46% and +1.65% respectively. The direct and simplified mathematical equations were employed to verify the scaling down procedure 

by comparing the values of air outlet and clinker outlet temperatures, and air pressure drop for the scaling factors selected. The relative 

errors between the actual size clinker and air outlet temperatures and the scaled down outlet temperatures were also determined, using 

equation (32) and (33) for clinker and air respectively.  

 

𝐸𝑟𝐶 =
𝑇𝑐.𝑜.𝐴−𝑇𝑐.𝑜.𝑆

𝑇𝑐.𝑜.𝐴
× 100                            (32) 

 

𝐸𝑟𝐴 =
𝑇𝐴.𝑜.𝐴−𝑇𝐴.𝑜.𝑆

𝑇𝐴.𝑜.𝐴
× 100                          (33) 

 

where: 𝐸𝑟𝑟 is the initial relative error, 𝑇𝐸𝑥𝑝 is the experimental air outlet temperature, and 𝑇𝑁/𝑀 is numerical or theoretical air outlet 

temperature. 𝐸𝑟𝐶 is the relative error for clinker, 𝐸𝑟𝐴 is the relative error for air, 𝑇𝑐.𝑜.𝐴 is actual size clinker outlet temperature, 𝑇𝐴.𝑜.𝐴, 

is the actual size air outlet temperature, 𝑇𝑐.𝑜.𝑆 is the scaled down size clinker outlet temperature, and 𝑇𝐴.𝑜.𝑆 is the scaled down size air 

outlet temperature.    

For the scaled down clinker bed, when scale factor 3, 6 and 9 were considered, the estimated 𝑇𝑎𝑖𝑟𝑜𝑢𝑡 are 1114.3℃, 1093.3℃ and 

1103.2℃ respectively, with relative errors of 3.96%, 5.77% and 4.9% respectively when compared to experimental value, 1160.25°C. 

Figure 3 shows a graphical comparison of the air outlet temperatures for experimental and numerical simulation obtained from [9], for 

actual size of clinker bed, and mathematical analysis in this study for scale factor 1 (actual size), 3, 6 and 9. In Figure 4, clinker and air 

outlet temperatures were compared for actual size, and scaled down sizes using scale factors 3, 6 and 9. The result of air outlet 

temperature in Figure 3 basically presents the comparison between literature (actual size only), and the different sizes (actual size and 

different scale factor) in the current study.  

  
  

Figure 3 Comparison of air outlet temperatures; experiment, Cui 

et al. [9] and Current Study 

Figure 4 Comparison of estimated clinker and air outlet 

temperatures for different scaling factors 

 

  
  

Figure 5 Comparison of estimated pressure drop for different 

scaling factors 

Figure 6 Comparison of heat transfer rate for different scaling 

factors 
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For instance, the straight continuous line represents air outlet temperature for experimental study at actual size, while the dotted 

line represents air outlet temperature for simulation study at actual size. The circular points represent the temperature of actual size (1) 

and the other three scale-down sizes with scale factors 3, 6, 9. The variations in the results are due to the approximation taken into 

account during computation and, hence, there is the need to compare the study to ascertain that the deviation are within acceptable 

range. The actual size of the clinker bed is represented by scale factor 1. From the mathematical analysis, clinker outlet temperature, 

𝑇𝑐𝑙𝑘𝑜𝑢𝑡 estimated for the actual size of the clinker bed is 870.7 ℃ . For the scaled down clinker bed, when scale factor 3, 6 and 9 were 

considered, the estimated 𝑇𝑐𝑙𝑘𝑜𝑢𝑡  are 862.4℃, 872.4℃ and 867.7℃ respectively, with relative errors of 0.95%, 0.19% and 0.34% 

respectively. Similarly, air outlet temperature, 𝑇𝑎𝑖𝑟𝑜𝑢𝑡 estimated for the actual size of the clinker bed is1096.9 ℃ . It is important to 

note that the scaling factors for the inlet and outlet temperatures were assigned as “1” to ensure that the same initial temperature was 

maintained irrespective of the size of the clinker bed. Pressure drops were also compared as shown graphically in Figure 5. Pressure 

drop increases with increase in scale factor. The heat transfer rates values estimated were also considered and presented in Figure 6. 

For the actual size clinker bed, expected heat transfer rate (𝑄) estimated is 37602000 J/s, while the air heat transfer rate (𝑄𝑎𝑖𝑟) and 

clinker heat transfer rate (𝑄𝑐𝑙𝑘) are 41367000 J/s and 36474000 J/s respectively. The deviation error between expected, and air and 

clinker heat transfer rate are + 9.1% and – 2.9% respectively. Similar deviation errors, estimated for scale factors 3, 6 and 9 give; + 

10% and – 3.1%, + 9.9% and – 2.9%, and + 10% and – 3% respectively. 

       

3.3 Effect of cooling air flow rate on outlet temperatures and air pressure drop  

 

The performance of the clinker bed first air chamber (Actual size and scaled-down sizes) was investigated by varying the mass 

flow rate of the cooling air and was presented in Figure 7. Other inputs and geometrical parameters remain the same, while the cooling 

air mass flow rate is varied from 30 kg/s to 40 kg/s at intervals of 2 kg/s. As shown in Figure 7, the clinker outlet temperature decreases 

with increase in mass flow. This phenomenon was observed to maintain the same trend for all the sizes of clinker bed. Clinker bed with 

scale factor 6 predicted the maximum temperatures for each flow rate, with the values very close to the actual size clinker bed. Clinker 

bed with scale factor 3, on the other hand produces minimum temperature values for each flow rate. In general, the minimum 

temperature 826.45℃ was estimated at flow rate 40 kg/s (i.e. actual size) for scale factor 3, while the maximum temperature 916.57℃ 

was estimated at flow rate 30 kg/s (i.e. actual size) for scale factor 6. Figure 8 presents the variation of air mass flow rate with air outlet 

temperature. The performance evaluation shows that as air inlet flow rate increases, the outlet temperature of air decreases. Figure 9 

shows variation of air inlet flow rate with difference between clinker outlet temperature and air outlet temperature for the actual size 

of the clinker bed. The performance show that as the clinker and air outlet temperatures decrease, with increase in air inlet flow rate, 

their corresponding difference also decreases. Figure 10 shows the variation of air inlet mass flow rate with clinker and air outlets 

temperature difference and pressure drop for the actual size. The variation revealed that as the air flow rate increases, the temperature 

difference decreases, while the pressure drop increases. Increase in pressure drop is considered unfavorable because it implies increase 

in pumping cost.  

  
  

Figure 7 Variation of air inlet mass flow rate with clinker outlet 

temperature 

Figure 8 Variation of air mass flow rate with air outlet 

temperature 

  
  

Figure 9 Variation of air inlet mass flow rate with clinker and air 

outlets temperature difference 

Figure 10 Variation of air inlet mass flow rate with clinker and 

air outlets temperature difference and pressure drop 
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3.4 Effects of clinker flow rate on clinker outlet temperature and air pressure drop  

 

Performance of the clinker bed was also investigated by varying the mass flow rate of the clinker. Similarly, all other input 

parameters and geometrical parameters remain the same, while the clinker mass flow rate is varied from 60 kg/s to 85 kg/s at intervals 

of 5 kg/s. From Figure 11, it can be seen that as the clinker inlet flow rate increases, the clinker outlet temperature also increases. By 

comparing the performance for the three sizes of clinker bed, similar trend was observed as in the case where only the air inlet flow 

rate was varied. The clinker bed with scale factor 6 also predicted the maximum temperatures for each clinker flow rate, with the values 

closer to the actual size clinker bed. Clinker bed with scale factor 3, also produced minimum temperature values for each flow rate. In 

general, the minimum temperature 773.98℃ was estimated at flow rate 60 kg/s (i.e. actual size) for scale factor 3, while the maximum 

temperature 938.70℃ was estimated at flow rate 85 kg/s (i.e. actual size) for scale factor 6. The variation of clinker inlet mass flow 

rate with air outlet temperature is shown in Figure 12. From the figure, temperature of air at the outlet also increases with increase in 

clinker inlet flow rate. The bed with scale factor 3 produced higher temperatures, with the minimum and maximum values of 1087.8 

℃ and 1132.8 ℃ respectively, while the bed with scale factor 6 produced the lowest values at each clinker flow rate with the minimum 

and maximum values of 1067 ℃ and 1111.7 ℃ respectively. The difference between the temperature of clinker and air at their 

respective outlets after cooling was also observed and presented in Figure 13. The difference between the temperatures also decreases 

with increase in clinker flow rate. Figure 14 further shows the variation of clinker inlet flow rate with clinker and air outlets temperature 

difference and pressure drop for the actual size. The variation revealed that as the clinker flow rate increases, the temperature difference 

decreases, while the pressure drop remains constant. 

  
  

Figure 11 Variation of clinker inlet mass flow rate with clinker 

outlet temperature 

Figure 12 Variation of clinker inlet mass flow rate with air outlet 

temperature 

  
  

Figure 13 Variation of clinker inlet mass flow rate with clinker 

and air outlets temperature difference 

Figure 14 Variation of clinker inlet mass flow rate with clinker 

and air outlets temperature difference and pressure drop 

  

3.5 Pumping power (𝑃𝑝) and Thermal-Hydraulic Performance Factor ( 𝜗 ) 

 

The pumping power is required to resist the drag in the porous domain of the clinker bed. This factor has been adopted by several 

researchers over the years in different heat transfer application [8, 35] and is estimated using equation (34). The thermal-hydraulic 

performance (TPF) number is a dimensionless parameter which establishes a balance between the rate of heat transfer enhancement 

and pressure drop [36, 37]. The thermal performance factor in porous media flow adopted by Moghadasi et al. [37], defined as a 

function of the pressure drop and Nusselt number ratio as follows was considered and presented as equation (36).  

 

𝑃𝑝 = ∆𝑃𝑎𝑖𝑟 × �̇�𝑎𝑖𝑟                                           (34) 
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�̇�𝑎𝑖𝑟 =
�̇�𝑎𝑖𝑟

𝜌𝑎𝑖𝑟
                            (35) 

 

𝜑 =
𝑁𝑢 𝑁𝑢𝑏⁄

∆𝑃 ∆𝑃𝑏⁄
                           (36) 

 

where: where �̇� is the volumetric flow rate of air (𝑚3/𝑠), 𝑁𝑢 is the Nusselt number estimated for the initial parameters of the clinker 

bed, 𝑁𝑢𝑏 is the Nusselt number estimated when flow rate of air or clinker is varied, ∆𝑃 is the Pressure drop estimated for the initial 

parameters of the clinker bed (Pa) and ∆𝑃𝑏 is the Pressure drop estimated when flow rate of air or clinker is varied (Pa).  

The estimated power consumption for variation of air mass flow rate is presented in Figure 15. The trend clearly shows that increase 

in mass flow rate of air will lead to increase in pumping power which consequently increases pumping cost. This trend was observed 

for all the sizes of clinker bed, but pumping power increases with reduction in size of clinker bed. The increase in pumping power with 

reduction in size of the clinker bed is attributed to the increase in pressure drop across the clinker bed as the size of the bed is reduced. 

Any of the small-scaled size could be used to study the exact temperature performance of the clinker bed which is expected to be 

obtained when an actual large size is used. For every pumping power of scaled down-size, the equivalent pumping power for the actual 

size can be obtained by diving it by its scale factor. The performances of all the four clinker bed geometries were compared in terms 

of thermal-hydraulic performance as shown in Figure 16. 
 

  
  

Figure 15 Variation of air inlet mass flow rate with Pumping 

power 

Figure 16 Variation of air inlet mass flow rate with TPF 

 

It should be noted that the thermal-hydraulic performance of the initial parameters of clinker bed (i.e. �̇�𝑐𝑙𝑘 = 72.32 and �̇�𝑎𝑖𝑟 =
35.17) was considered as the initial parameter used for validation, and its value is “1” being the reference value. For a process to be 

considered to yield improved performance 𝜗 must be greater than 1. These performances are applicable to all the clinker bed sizes 

considered, with negligible difference in the 𝜑 values estimated at each flow rate. However, 𝜗 values for scale factor 3 were the 

minimum for each flow rate, while the values for actual size were the maximum. The maximum percentage difference between the 

actual size and scaled size clinker bed (scale factor 3) 𝜗 was estimated to be 0.08% which indicates very close performance and is 

considered negligible. It was pointed out earlier that the smaller the size of the bed the larger the pressure drop estimated, the smaller 

sizes generally provide economical advantage because they help to achieve detailed investigation of the clinker bed, either through 

numerical simulation or development of small scale prototype at very little cost.  
 

4. Conclusion  
 

In this study, clinker cooler used in the cement plant for cooling down the temperature of hot clinker was considered for scaling 

down. Dimensional analysis using Buckingham Pi theorem was adopted and three scaled sizes with scale factor 3, 6 and 9 were 

obtained. Mathematical analysis was carried out for the actual size and the three scaled down-sizes. It was observed that the scaled 

sizes predicted similar results with negligible percentage difference. Findings from the study further revealed that predicted air outlet 

temperature when compared to the experimental and numerical solution result from literature yielded percentage deviations of –5.46% 

and +1.65% respectively. Considering the scaled down-sizes, predicted results when compared with the actual size experimental result, 

yielded negligible percentage deviation of 3.96%, 5.77% and 4.9% for scale factors 3, 6 and 9, respectively. The results further revealed 

that increase in the mass flow rate of air will improve the heat transfer performance of the clinker bed, but this comes with increase in 

pressure drop across the clinker bed height. In addition, increase in clinker flow rate was observed to be undesirable because the clinker 

outlet temperature, being expected to decrease also increased; however, the pressure drop remains unchanged. Additionally, the 

maximum percentage difference between the actual size and scaled sizes thermal-hydraulic performance factor  𝜗, was 0.08% which 

indicates very close performance. 
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