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Diffusers are widely used in technical practice in order to make the transition from a tube/pipe or duct of smaller section to a larger one. Low pressure drop across a diffuser is highly required to save pumping or ventilation work. Diffuser pressure drop is caused by enhanced turbulence of the flow, separation of the boundary layer from the diffuser walls and violent vortex formation. As a result, the precise pressure drop coefficient estimation is of high importance. The pressure drop coefficient (ζd) of a diffuser depends on diffuser geometry and flow parameters. Traditionally, a number of models must be combined and used with the data obtained from tables (with 2-D interpolation) and charts in a series of steps to obtain ζd. This approach is not suitable for computer-based simulations.  Consequently, in this study, a semi-empirical model, for estimating ζd of a conical diffuser, as an explicit function of the flow parameters and the diffuser geometry, is developed. The model was validated using literature data. The performance indices which were obtained as high R2=0.9942, low mean absolute relative error (MeARE)=4.04%, low root mean squared error (RMSE)=0.0192 are an indication that the proposed model is accurate enough for computer-based simulations and performance evaluation of a conical diffuser over a wide range of operating conditions.
Introduction
Many industrial applications require piping systems to provide energy and deliver efficient products. For example, for the design of ventilation and air-conditioning systems, it is important to know the fan static pressure requirements for a given flow rate. Pipes of different sizes can be connected in order to deliver the required flow. In order to reduce head losses, diffusers are widely used in technical practice to make the transition from a tube/pipe or duct of smaller section to a larger one. Diffusers are extensively used in centrifugal compressors, axial flow compressors, ramjets, combustion chambers, inlet portions of jet engines, etc. (Keerthana and Jamuna Rani, 2012).
A diffuser is a smoothly expanding tubular section used to make the transition from a tube or channel of smaller cross section to a large one thereby converting the kinetic energy of flow into potential energy or of velocity pressure into static pressure with minimum total pressure losses. It is a device that causes a pressure drop at the output region (suction region downstream of the diffuser). The pressure drop caused, accelerates the fluid particles passing through the inner region of the diffuser, and increases the flow velocity near the entrance (Idelchik, 1996; Karunakaran and Ganesa., 2009). The static pressure, also known as the “wall pressure,” is the stationary force applied on the unit area of the walls of the pipe. In a flow system, as the fluid transits from the inlet collector, pressure is reserved and builds up due to continuous flow and this pressure is needed as the velocity decreases downstream of inlet duct to maintain the flow from the exit duct of the diffuser to the straight pipe. The static-pressure rise reflects the ability of the diffuser to accomplish its purpose, which is to convert kinetic energy into pressure energy. The static pressure rise quantity, given in terms of the diffuser effectiveness, is defined as the actual rise in pressure energy divided by the ideal reduction in kinetic energy (Karunakaran and Ganesa, 2009). 
Low pressure drop across a diffuser is highly required to save pumping or ventilation work. As a result, the precise estimation of pressure drop coefficient (ζd) is of high importance. Unfortunately, traditionally, a number of models must be combined and used with the data obtained from tables (with 2D interpolation) and charts in a series of steps to obtain ζd. This approach is cumbersome and not suitable for computer-based simulations.  Therefore, the main contribution of this paper is the development of a single semi-empirical model for estimating ζd of a conical diffuser as an explicit function of the flow parameters and the diffuser geometry. The model development, its performance evaluation and conclusions are presented in the subsequent sections.
0. Development of the Proposed Semi-Empirical Model
For a diffuser installed in a piping network, and for a fully developed turbulent flow and uniform velocity distribution, ζd, a function of diffuser angle(α), diffuser areas ratio (nar) and Reynolds number (Re), is read off from tables (see Idelchik, 1996). This manual approach of obtaining ζd is not suitable for computer-based simulations. Based on the generalization of experimental data on the losses of diffusers installed in a system, ζd is given in Eq(1) (Chernyavskiy et al., 1985, 1986), where ζ'fr is the hydraulic friction pressure loss coefficient, ζun and ζnon are the coefficients which account for expansion losses in the diffuser with a
	

	       (1)


uniform velocity profile in its initial section and non-uniform velocity profile in its initial section, respectively. According to Chernyavskiy et al. (1985, 1986), assuming the flow through the diffuser is fully developed and the velocity profile is uniform, ζnon is considered to be negligible. Moreover, for a conical diffuser, ζun is given in Eq(2), where the shock coefficient ϕ=f(α,Re).
	

	(2)


For a uniform velocity profile and fully developed flow, ζ'fr is given in Eq(3) (Idelchik, 1947, 1954, cited in Idelchik, 1996), where λ is the friction factor and is a function of Re and relative roughness (ε/D) of the diffuser.    
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Considering the above assumptions and substituting Eq(2) and Eq(3) into Eq(1), Eq(4) is obtained.
	

	(4)


Reliable explicit models for describing ϕ and λ are required in Eq(4) to obtain a complete explicit pressure drop coefficient model. Till date, ϕ, which is a function of  and Re, can only be obtained from either a table or chart in the open literature. Consequently, 39 datasets containing shock coefficient values for conical diffusers were obtained for Reynolds numbers between 50000 and 600000 and divergence angles between 50 and 1800 (see Idelchik, 1996). Three almost overlapping sigmoid curves were obtained by plotting the shock coefficient (ϕ) values against the divergence angle , at three constant values of Reynolds number (Re=50000, 200000 and 600000) using Microsoft Excel Spreadsheet. The sigmoid curves are as shown in Figure 1. It is observed that each of the curves can easily be described by a logistic function which is defined by the formula given in Eq(5).

			 (5)
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Figure 1: Graphical representation of shock coefficient vs divergence angle at different Reynolds numbers.

At a fixed Reynolds number and varying , S (x) in Eq(5) was replaced by () to obtain Eq(6).

			 (6)
Using MATLAB Curve Fitting tools, for each of the three Reynolds numbers, preliminary values of ‘a’ and ‘b’ were obtained. Using Microsoft Excel Spreadsheet, a linear relationship as given in Eq(7) was obtained between ‘a’ and Re.

      			 (7)
Parameter ‘b’ was observed to be approximately constant (~0.1095) across the three Reynolds numbers.
Therefore, by substituting for ‘a’ and ‘b’ in Eq(6), Eq(8) was obtained.

			 (8)
Eq(8) was restructured to give Eq(9). The available 39 datasets were divided into two batches which span the 

			 (9)
entire ranges of the variables (21 datasets for modelling/parameters estimation and 18 datasets for model validation). Consequently, based on the 21 modelling/parameters estimation datasets, MATLAB Surface Fitting tools were used to obtain the values of ‘a’, ‘b’, and  ‘c’ as 0.1104, 3.361 and 14.75, respectively. By substituting the values of these parameters in Eq(9), the explicit shock coefficient model given in Eq(10) was obtained.
	

	(10)


The performance of the shock coefficient model was evaluated. The predicted shock coefficient was found to be in good agreement with the observed shock coefficient (literature data) as shown in Figure 2. The R-squared statistics are 0.9963 and 0.9930 for the modelling and validation datasets, respectively. It is obvious from Figure 2 and, the modelling and validation R-squared statistics, that the shock coefficient model has good predictive and generalization capacities. 

[image: ]
Figure 2: Predicted shock coefficient against observed shock coefficient.

The friction factor λ can be obtained from the Colebrook-White (Colebrook and White, 1937) equation, the popular Moody (1944) diagram or any of the explicit friction factor models. Unfortunately, Colebrook-White equation is implicit in λ and so requires iterative solution. Moody diagram is a graphical tool and so it is not amenable for computer–based simulations. An accurate and computationally efficient explicit friction factor model which is applicable over a wide range of operating conditions will be a good choice. Recently, Pimenta et al (2018) analyzed the performance of several explicit friction factor models and concluded that the explicit friction factor model, developed by Offor and Alabi (2016) and is given in Eq(11), is the most accurate and applicable over the widest range of Reynolds numbers. Therefore, Offor and Alabi (2016) model was chosen in this work.
	

	(11)



Upon substitution of Eq(10) and Eq(11) in Eq(4), the resulting expression forwas obtained as Eq(12). 

	

	(12)


Thus, an explicit single semi-empirical model for estimating pressure drop coefficient of a conical diffuser as a function of α, nar, Re, and ε/D was developed. The model is semi-empirical in nature, as it was obtained from the combination of theoretical concepts and empirical models.
Performance evaluation of the semi-empirical pressure drop coefficient model 
The developed semi-empirical pressure drop coefficient model (Eq(12)) was validated against the literature data. The popular Moody Chart was used to obtain friction factor and the shock coefficient data were obtained from Idelchik (1996). These were then used to obtain pressure drop coefficient data (from Eq(4)). Thus, 2600 datasets were obtained for the conical diffuser pressure drop coefficient as a function of four (4) input variables in the ranges 5˚ ≤ α ≤ 180˚, 2 ≤ nar ≤ 10, 0 ≤ Ɛ/D ≤ 0.05, and 50000 ≤ Re ≤ 800000. The predicted pressure drop coefficient obtained from Eq(12) was compared with the observed pressure drop coefficient (the entire 2600 literature datasets). The results are as shown in Figure 3. It is observed from Figure 3 that there is a good agreement between the literature data and the predicted pressure drop coefficient using the new semi-empirical model.

[image: ]
Figure 3: Predicted pressure drop coefficient against observed pressure drop coefficient over wide ranges of operating conditions of a conical diffuser.

Further performance evaluation of the model gives rise to R2, mean absolute relative error (MeARE), and root mean square error (RMSE) of 0.9942, 4.04% and 0.0192, respectively.  The high R2, low MeARE and low RMSE are an indication that the developed semi-empirical model is accurate enough for computer-based simulations and performance evaluation of a conical diffuser over a wide range of operating conditions.
Conclusions
The precise estimation of pressure drop coefficient (ζd) of a diffuser is of high importance. Traditionally, a number of models must be combined and used with the data obtained from tables (with 2D interpolation) and charts in a series of steps to obtain ζd. To overcome this limitation, this study developed a single semi-empirical model for estimating ζd of a conical diffuser as an explicit function of the flow parameters and the diffuser geometry. The resulting model has high R2 of 0.9942, low MeARE of 4.04% and low RMSE of 0.0192 when compared with the literature data. It is therefore concluded that in lieu of the existing burdensome manual approach, the developed semi-empirical model is accurate enough for computer-based simulation of pressure drop coefficient and performance evaluation of a conical diffuser over a wide range of operating conditions.    
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