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Abstract: A numerical procedure is presented to predict the flow characteristics inside a subsonic diffuser by solving Navier-
Stokes' equations, using MacCormack’s explicit method. The flow is assumed to be viscous, compressible, unsteady and two-
dimensional. The grid model suggested for the diffuser has 20 points in the horizontal direction and 30 points in the vertical 
direction. The numerical solution has shown reasonable results with a 2D variation of flow properties inside the diffuser and the 
steady state solution can be satisfied by 600-900 loops only. The obtained results of the present study are compared with those 
obtained by using a numerical code of National Project for Application-oriented Research in CFD (NPARC) as well as those 
obtained from a previous experimental study and give an acceptable range of errors (about ± 15%). 
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  طريقة باستخذام الصىت سرعة دون الهىاء ناشر في مستقرال غير التذفق تغيراتم تىقع

 الصريحةماكىرماك 

حىفٍق وسًَ ٍسَذ صاىر 

سخىمس باسخخذاً طشٌقت  -حٌ فً هزا اىبسث حقذٌٌ طشٌقت عذدٌت ىخىقع ٍخغٍشاث اىخذفق داخو ّاشش هىاء دوُ سشعت اىصىث عِ طشٌق زو ٍعادلاث ّافٍش:الخلاصة

 30ّقطت فً الاحدآ الأفقً و  20ٌخنىُ َّىرج اىشبنت اىَقخشذ ىيْاشش ٍِ . وٌفخشض اىسو حذفق ىزج طباقً ٍضغىط غٍش ٍسخقش وثْائً الأبعاد. ٍامىسٍاك اىصشٌست

زٍث حبٍِ أُ عذد اىخنشاساث اىَطيىبت ( زشاسةاىسشعت واىضغظ واىنثافت ودسخت اه)ىقذ اظهش اىسو اىعذدي ّخائح ٍقبىىت ىقٌٍ ٍخغٍشاث اىدشٌاُ . ّقطت فً الاحدآ اىشأسً

حَج ٍقاسّت اىْخائح اىخً حٌ اىسصىه عيٍها ٍِ هزٓ اىذساست ٍع دساست عذدٌت ٍعخَذة عيى اىنىد . فقظ( 900-600)ىيىصىه إىى زاىت الاسخقشاس ٌَنِ أُ حنىُ 

(NPARC )(15± )دود ومزىل دساست حدشٌبٍت سابقت ٍقاسبت وأعطج ٍذٌاث ٍقبىىت ٍِ الأخطاء بر% . 

1. INTRODUCTION 
The main goal of the diffuser is to reduce the flow velocity and also to recover the static pressure of the flow. The 

applications of diffusers can be mostly witnessed in gas turbines, combustion chambers and in aerodynamics. The 

effect of compressibility on flow is absolutely necessary for these applications. The Navier-Stokes equations are 

dominant in the viscous regions, but the majority of air flow situations encountered in the industry and nature have  

high Reynolds numbers, thus they have been considered as inviscid flows and have reduced the equation to Euler 

equations [1]. However, compressible flows, with moderate Reynolds numbers, in channels of variable cross-

sections also frequently use the Navier-Stokes in several branches of contemporary technology such as in spray 

processes, production of micro metallic particles, and design of valveless pumps [2]. In the case of a continuous 

subsonic flow, the calculation of flow parameters inside a diffuser flow can be accomplished by solving the Navier-

Stokes’s equations for the entire flow field, where the pressure change is very small. On the other hand, variations in 

velocity and pressure appear because of changes in density, due to the compressible flow field. As a result, the flow 
parameters are consequently solved through the solving of: mass, linear momentum, energy and an equation of state 

[3]. 

Usually, any numerical simulation aims to perform a smooth, easy, and precise procedure for certain domains by 

employing suitable initial conditions and boundary conditions [4]. The enhancement of numerical simulation of 

fluids and heat transfer problems needs to satisfy a convergence technique according to advanced grid generation as 

well as high speed computers. In recent times, many schemes have been developed to solve Euler equations and 

Navier-Stokes equations for different applications [5]. However, the numerical solutions of subsonic air flow in 

conduits and channels exhibit greater regularity than that of a supersonic flow. 

The turbulent air flow in a conical subsonic diffuser was studied by Dudek et al [6], using a numerical code of 

(NPARC). The geometry of the diffuser is assumed to be axisymmetric, with 0.154 m at the entrance and inclined 
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by 5o, up to a length of 0.642 m. The core flow velocity at the entrance was assumed to be 52 m/s. The grid had 120 

x 70 points and the number of iterations required to satisfy the steady-state solution was 60000. The results 

presented the velocity profile and the pressure gradient along the diffuser. Abbood [7] has introduced a solution for 

chocked flow in a convergent-divergent nozzle based on MacCormack’s scheme, where the behavior of velocity and 

pressure was very useful. The flow was assumed to be unsteady, compressible and inviscid. The grid generation 

technique that was used for the nozzle had 20 x 20 points. Steady state solution was obtained in about 1000 

iterations. A research by Rosello [8] has presented a new numerical approach to solve the Euler equations for low 

Mach number flows based on the Cauchy-Kovalevskaya theorem and Frobenius algorithm. The study claimed that 

the technique used had reasonable and satisfactory results in contrast to the MacCormack scheme, and it was 

advised to use a Courant-Friedrichs-Lewy (CFL) factor of 0.01, which was successfully used for these kinds of 

problems. 
Jalal and Ahmed [9] have studied the two-dimensional ramp inlet flow fields using Euler equations. A solution 

algorithm based on the finite difference in the MacCormack’s technique was developed to solve mixed subsonic-

supersonic flow regions, through shocks. It is observed that a value of 0.1 CFL factor is successful to solve the 

problem. Sinha et al [10] have investigated the performance characteristics in an annular subsonic diffuser using the 

numerical code FLUENT. The results have validated the experimental data obtained by using a series of parametric 

investigations. The velocity profiles indicate fluid accumulation at the wall of the exit section due to the combined 

effect of velocity diffusion and centrifugal action. The maximum value of the static pressure recovery is 27% 

compared to the predicted results of 31%, thus closed to that obtained experimentally. A numerical and experimental 

study of an intake lip shaping was conducted by Berens [11], to improve assessment of the sources of the 

aerodynamic forces. The impact of the boundary layer on the total pressure recoveries was investigated as well. The 

internal flow was studied numerically by employing the EIKON configuration model for the complicated Navier-
Stokes computations in the simulated intake duct. Numerical results show convergent values with the experimental 

data obtained for the total pressure recovery. Some discrepancies are found between numerical results and 

experimental date and that is mainly due to the lack of accuracy and divergence in some regions. 

The present study investigates the flow parameters (velocity, pressure, temperature, and density) in a subsonic 

diffuser for certain assumptions and conditions that are not mentioned by other numerical studies as a total package, 

where the MacCormack explicit scheme has been used with modified steps. The flow is assumed as unsteady, 

compressible, viscous (laminar), and two-dimensional. The suggested geometry for the present study is shown in 

Figure 1, where only half of the diffuser can be considered in the calculations due to its axisymmetric shape. This 

geometry is suggested in order to simulate the dimensions that are mentioned by Dudek et al [6], for the purpose of 

comparison only. 

 

Figure 1 Geometry of the diffuser 

2. MATHEMATICAL MODEL 

The aim of the numerical procedure is to solve the Navier-Stokes equations for the assumptions proposed in a linear 

subsonic diffuser using the MacCormack’s explicit method,which is much easier and can approach the steady-state 

conditions faster. In fluid dynamics, Navier-Stokes are a set of quasi-linear hyperbolic equations that represent: the 
conservation of mass (continuity), balance of forces (momentum), and balance of energy. The governing equations 

of the two-dimensional flow for the mentioned assumptions are found in Anderson et al [12]: 

Continuity: 
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Y-momentum: 
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Energy: 
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After rearrangement, the governing equations can be written as: 

Continuity: 
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X-momentum: 
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Y-momentum: 
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Energy: 
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3. NUMERICAL SOLUTION 

The numerical solution starts after converting the governing equations from a partial differential (PD) form to a 

finite difference (FD) form in order to apply the MacCormack's explicit method, which includes the predictor step as 
well as the corrector step. In any numerical solution, three important elements are required: Mesh generation, initial 

conditions, and boundary conditions.  Figure 2 shows the procedure followed by the current study. 
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Figure 2 Procedure followed by the current study  

3.1 MacCormack’s Explicit Method 

This scheme is second-order accurate in both space and time. It consists of two steps: Predictor and corrector. The 

forward finite difference method (FFDM) is used for all spatial derivatives in the predictor step, even as the 

backward finite difference method (BFDM) is used in the corrector step. 

The governing continuity equation in forward form (FFDM) is written as:
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This is called the predictor step, and then the corresponding properties can be calculated as: 
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The governing continuity equation in backward form (BFDM) is written as:
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This is called the corrector step, and then the new values of the properties (next time) can be calculated as: 
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Where: 
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By the same procedure, we can adapt other conservations equations (momentum and energy) to obtain: 
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On account of the complexity of these equations, it is required to follow an empirical formula for each grid point 

before the computation and then use the smallest value for the solution [12]. 
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Where; 
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Also, σ is the safety factor (0.85); while, ∆x and ∆y are the grid steps in the horizontal and vertical directions, 

respectively. 

The Courant-Friedriches-Lowry (CFL) factor is calculated from [12]:
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Where;

 

                                                      
TRa                                 (22) 

It is also advised to use the perfect gas equation in order to satisfy the requirements of the solution for whole 

unknowns. Hence; 

   
TRP          (23) 

3.2 Mesh Generation 

Grid generation is a procedure usually applied to get: Accurate, relaxed, and fast numerical solutions. This technique 

includes many steps like: grid orientation, discretization‎, computations, and finally achieving a convergence with 

strategies, to minimize the operational iterations. The grid used for the axisymmetric diffuser is assumed to be 20 

horizontal points versus 30 vertical points, as shown in Figure 3. 

 

  

 

 

 

 

 

 

 

Figure 3 Entire meshes over the diffuser including 20 x 30 points 
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3.3 Initial Conditions 

The governing equations are presented in one-dimensional form and are solved to obtain the results that would be 

the best initial conditions that satisfy less iteration to approach the steady state solution. The obtained results could 

be generalized for the two-dimensional grid points, where initial values are considered constant for a certain column. 

The continuity, momentum, energy, and equation of state could be presented in 1-dim form as follows [13]: 

Continuity 
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Equation of state 
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After deriving and rearrangement, it leads to: 
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Thus,  

dPPP  12
                                                                    (29) 

Where,  (1) refers to inlet flow from an element  

  (2) refers to outlet flow from an element  
The other properties are calculated from: 
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Where the cross sectional area (A) and the mass flow rate (
o

m ) is calculated by: 

   A2 =  A1 + dA               (33) 
o

m  = ρ v A                          (34) 

3.4 Boundary Conditions 
A set of boundary conditions must be specified analytically and then it should be transferred into a numerical 

formula. For the problem under consideration, there are four types of boundaries: Centerline, solid wall, inflow, and 

outflow. Normally, there are two kinds of conditions at the wall, either the value at boundary is given, or the value 

component normal to the boundary is specified (slip condition). For the present study, the suitable boundary 

conditions are: 

I=0 Constant  properties at diffuser inlet & v=0 

J=0 P= POne-Dim , u=UOne-Dim , v=0 

J=30 ∂P/∂y = 0 , u = 0 , v = 0 

I=20 ∂P/∂x = 0 , ∂u/∂x = 0 , ∂v/∂x = 0 
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4. RESULTS AND DISCUSSIONS 

The characteristics of the flow at the interface of the subsonic diffuser are dominated as listed in Table 1, in order to 

make comparisons with the results of Dudek et al [6], and Driver and Johnson [14]. A Fortran-90 program has been 

established to calculate the values of the parameters (ρ, P, T, u, v) from equations that are mentioned previously. The 

computations have been continued until steady-state solution is satisfied. A CFL factor of 0.01 could be successfully 

applied to these kinds of problems, as mentioned by Rosello [8]. Usually, about 600-900 iterations are needed to 

approach the convergence level, and that is better in contrast to thousands of iterations that are mentioned in similar 

studies. 

    Table 1 Air properties at the inlet of the diffuser 

Property Value 

Density 1.17 kg/m3 

Pressure 100 kPa 

Temperature 303 K 

Velocity 52 m/s 

Viscosity 1.9×10−5 kg/(m.s) 

Specific heat  1005 J/(kg.K) 

Mach No. 0.15 

 

The variation of the velocity component (u) is presented in the Figures 4, 5 and 6 for many locations in the diffuser 

(I = 2, I = 12, I = 20). In general, the velocity component (u) decreases along the diffuser, while the velocity 

component (v) increases. The variation of velocity component (u) in the vertical direction shows decreasing 
behavior close to the wall (J = 30) due to the effect of viscosity. On the other hand, it shows a constant value at the 

central points in general (J = 0-20). These results have been compared with those obtained computationally by 

Dudek et al [6], depending on the code NPARC, as well as the experimental results obtained by Driver and Johnson 

[14]. The comparison gives similarities at the central points of the diffuser, but quite a few differences (about ±15 

%) close to the wall, due to many assumptions considered by their studies, such as, the turbulent flow and the three-

dimensional effects. 

A high number of grids in the vertical direction are advised in order to seek the velocity drop near the wall due to 

the boundary layer effect. However, the overall variation of the velocity component (u) inside the diffuser is shown 

in Figure 7, where it is observed that the decrease in velocity begins in the regions close to the wall and also at the 

centerline of the inlet, due to the under-relaxation behavior of the computational solution which has settled down 

rapidly. 
Figures 8 and 9 show the variation of pressure and temperature respectively inside the diffuser where both are 

increasing along the diffuser. It is observed that the increase in the pressure gradient near the wall is more than that 

in the regions near the centerline, hence, the rapid change. A similar behavior of temperature (as well as density) 

could be noticed due to the strong relation that collects these parameters.  

 

 

 

 
 

 

 

 

 

 
 

 

 

 
                                                                              Figure 4 Variation of velocity component (u) at I = 2 

 

 

V
e
r
ti

c
a
l 

p
o
in

t 

Velocity (m/s) 



 

8 
 

7 1 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 

 

Figure 5 Variation of velocity component (u) at I = 12 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

Figure 6 Variation of velocity component (u) at I = 20 

 

 

 

 

 

 

 

 

 

 

Figure 7 Variation of velocity component (u) in (m/s) inside the diffuser 
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Figure 8 Variation of pressure in (kPa) inside the diffuser 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 Variation of temperature in (K) inside the diffuser 

6. CONCLUSIONS 

The direct finite difference method based on the McCormack scheme was used to solve the governing equations of 

unsteady, viscous (laminar), and compressible flow in a subsonic air diffuser. The following points could be 

concluded from the current study: 

1. The described scheme could be used instead of using ready-made packages such as NPARC or 

FLUENT, which need to know the adopted codes and expressions. 

2. The current numerical method reaches the results faster and more accurately than some numerical 

mathematical counterparts (such as the Cauchy method). Usually, about 600-900 iterations are needed 
to approach the convergence level, and that is better in contrast to thousands of iterations that are 

mentioned by many comparative studies. 

3. The grid generation suggested for the diffuser (20 horizontal points times 30 vertical points) was 

successful. The reason for using a high number of grids in the vertical direction was to catch the 

velocity drop due to the boundary layer effect near the wall. A CFL factor of 0.01 was suitable. 

4. The proposed study can be used to predict the flow in a subsonic air flow inside the diffuser with slight 

deviation (about ±15 %) in the values, for points close to the wall, compared to the results that were 

obtained from similar numerical and experimental studies. 
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Nomenclature 

Et Total energy J/kg 

e Internal energy J/kg 

P Pressure Pa 

R Gas Constant J/(kg.K) 

T Temperature K 

t Time s 

u  Horizontal component of the velocity m/s 

v  Vertical component of the velocity m/s 

γ Specific heat ratio (1.4) --- 

μ Viscosity kg/(m.s) 

ρ  Density kg/m3 

 

 


