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Abstract: In this study, three centrifugal pumps, with specific speeds ‒ dimensionless 
parameters used to assess pump performance ‒ of 19, 27 and 42, were numerically 
investigated to evaluate the influence of diffuser type on radial-flow pump performance. For 
each specific speed, the radial and tangential diffuser configurations were paired with 
identical impeller geometry, ensuring a one-to-one comparison at the same head (20 m) and 
rotational speed (2800 rpm). The specific speeds correspond to flow rates of 250, 500, and 
1200 L/min, respectively. The results show that low specific speeds exhibit greater 
unsteadiness, with head fluctuations decreasing from approximately 4 m at nq : 19 to 
approximately 0.5 m at nq : 42. At low specific speeds, the radial diffuser generates a higher 
head due to reduced flow separation; however, as specific speed increases, the tangential 
diffuser produces a higher head, consistent with its ability to accommodate stronger 
tangential momentum. Although the radial diffuser displays slightly larger instantaneous 
head fluctuations at nq : 27 and 42, it experiences lower hydrodynamic force levels than the 
tangential diffuser at the same operating conditions. This distinction highlights that head 
fluctuation and surface-integrated force response are governed by different mechanisms.  
The systematic comparison across three specific speeds provides new insight into diffuser 
selection, demonstrating that appropriate diffuser geometry enhances hydraulic efficiency, 
suppresses unsteady flow structures, and reduces loading on volute surfaces. These findings 
provide practical guidance for the design of diffusers in centrifugal pumps. 
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1 Introduction 

Pumps are mechanical devices used to transfer fluids from one place to another. 
They are typically categorized into two main groups: positive-displacement pumps 
and dynamic pumps [1]. Among dynamic pumps, centrifugal pumps are the most 
widely used due to their high efficiency and reliable performance [2]. Their 
operation is based on the pressure rise generated by the rotating impeller, which 
drives the fluid from the inlet to the outlet. A centrifugal pump primarily consists 
of a volute casing and a rotating impeller [3], and its performance is strongly 
influenced by the designs of both components. The volute plays a critical role in 
converting the kinetic energy of the fluid exiting the impeller into pressure energy 
through the gradual expansion of the spiral passage [1] [4]. This controlled diffusion 
process enhances pressure recovery and reduces hydraulic losses. 

Two common volute configurations are tangential diffusers (Figure 1a) and radial 
diffusers (Figure 1b), both of which are used under different operating conditions. 
Tangential diffusers direct the fluid along a spiral path, enabling efficient pressure 
recovery while retaining kinetic energy, thereby making them suitable for high-
pressure, high-efficiency applications [5]. In contrast, radial diffusers guide the flow 
outward from the impeller and generally convert more kinetic energy into pressure 
energy, resulting in more stable flow conditions at lower pressures [6]. An effective 
volute design must deliver uniform flow around the pre-distributor and minimize 
internal losses. 

 
a) b) 

Figure 1 
Types of diffusers a) tangential b) radial diffusers 

The primary distinction between tangential and radial diffuser designs lies in the 
direction in which they guide the fluid. As shown in Figure 1, a radial diffuser 
directs the fluid radially outward, promoting efficient conversion of kinetic energy 
to pressure, whereas a tangential diffuser directs it tangentially. The pump's 
performance characteristics are strongly influenced by its orientation. According to 
the literature, the radial diffuser design is typically applied in cases with higher flow 
rates and smaller pressure differentials [7-9]. It is oriented to direct the fluid radially 
toward the pump outlet. In this design, the radial diffuser converts fluid energy into 
rotational motion, creating a pressure differential. The radial diffuser is typically 
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preferred in pumps with low specific speed and high head, whereas the tangential 
diffuser is advantageous at higher specific speeds because it accommodates stronger 
tangential flow components. 

Alemi et al. [9] examined the influence of volute shape on the head, effectiveness, 
and radial force of a low-specific-speed centrifugal pump. They evaluated the 
effects of different volute design methods and geometries on performance. They 
stated that both tangential and radial diffusers provide approximately the same head; 
however, at high flow rates, the radial diffuser is slightly more efficient. 
Furthermore, they deduced that at low flow rates, the radial diffuser generates a 
smaller radial force. Chalghoum et al. [7] studied the impact of the volute diffuser 
geometry on pressure fluctuations in centrifugal pumps. They aimed to analyze, 
using radial and tangential diffusers, the characteristics of pressure fluctuations 
under different flow rates for the same impeller. Radial diffuser pumps provided 
lower pressure-surge amplitudes than pumps using tangential diffusers. Their 
analysis showed that the shape of the volute diffuser affects the pressure 
fluctuations. 

Other research has explored additional geometric and unsteady flow aspects. Zhang 
et al. [10] reviewed the detrimental effects of pressure fluctuations on pump 
vibration and stress, identifying rotor–stator interaction as a primary cause. 
Dehghan and Shojaeefard [11] investigated the importance and effect of volute 
design in centrifugal pumps. Different volute parameters, cross-sectional shapes, 
and design theories were analyzed experimentally and numerically. The results 
indicated that the volute with a circular cross-section was the most efficient, the 
theory of the conservation of angular momentum was the most suitable design 
approach, and the specific cutwater angle and diameter produced the highest 
efficiency. Belbachir et al. [6] investigated the mechanical properties of different 
types of volutes in a centrifugal pump. They showed that stress was concentrated at 
the volute nozzle, and that the tangential diffuser experienced less stress than other 
diffuser types. Meng et al. [12] conducted a numerical investigation of the impeller–
volute interaction, which they identified as one of the main causes of high-pressure 
fluctuations in centrifugal pumps. Through numerical simulations, they analyzed 
the effects of radial and tangential diffusers on volute geometry. They stated that 
pressure fluctuations significantly affected pump performance, vibration, stability, 
and noise. They found that the pressure fluctuation amplitudes for the radial diffuser 
pump were lower than those for the tangential diffuser pump. 

Additional advances include optimization of radial gap size [13]; empirical and 
analytical diffuser design methods; advanced turbulence modeling for rotating stall 
characterization [14]; diffuser wrap-angle optimization, which improves efficiency 
by up to 4% [15]; return-guide-vane outlet-angle modifications, which increase 
head by nearly 20% [[16]; and the 3D impeller-outflow instability model proposed 
by Fan et al. [17], which improves identification of unsteady structures at the 
diffuser inlet. [17] Reduced diffuser-vane heights have also been shown to suppress 
small-scale vortices and decrease volute hydraulic loss [18]. Studies on ultra-low-
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specific-speed pumps [19], geometric influences on pulsations [20], unsteady-flow 
characterization [21], and double-volute pressure balancing [22] consistently 
demonstrate that diffuser and adjacent geometry significantly affect head, unsteady 
forces, and upstream inlet conditions. However, despite these advances, direct 
numerical comparisons of radial and tangential diffusers across a range of specific 
speeds under identical impeller and operating conditions remain limited. 

Specific speed is a dimensionless parameter, calculated using Equation (1), that 
characterizes pump performance based on flow rate (Q), head (H), and rotational 
speed (n). 

𝑛𝑛𝑞𝑞 =
𝑛𝑛�𝑄𝑄

(𝐻𝐻)3 4⁄  (1) 

where nq represents specific speed (dimensionless), n, Q, and H are the pump's rated 
speed, flow rate, and pressure head, respectively. It governs the impeller geometry 
and the relative distribution of kinetic and pressure energy at the impeller outlet. 
Increasing specific speed leads to a transition from radial to mixed-flow and 
eventually axial-flow impeller behavior [23]. The pressure coefficient (Cp), used in 
evaluating pressure fluctuations, is defined as: 

𝐶𝐶𝑝𝑝 =
𝑝𝑝 − 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟
0.5𝜌𝜌𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟2

 (2) 

where p is the local static pressure, Pref is the reference pressure (typically the inlet 
pressure), ρ is the fluid density, and Vref is the reference velocity (impeller tip speed). 
This parameter facilitates comparison across different operating conditions by 
normalizing pressure variations. 

Centrifugal pumps are typically categorized into radial-, mixed-, and axial-flow 
types based on specific speed [23]. Lower specific speeds correspond to radial 
impellers, while higher specific speeds correspond to mixed and axial 
configurations. Although the literature includes several studies comparing radial 
and tangential diffusers, most focus on a single pump or a single operating 
condition, often emphasizing mechanical behavior, pressure fluctuations, or 
efficiency. 

Despite extensive studies on volute geometry and unsteady flow, to the best of the 
authors’ knowledge, no prior study has systematically compared radial and 
tangential diffusers across the specific-speed range of nq : 19-42 using identical 
impeller geometry and operating conditions. The present study expands upon 
existing research by numerically analyzing three radial-flow centrifugal pumps with 
specific speeds of 19 (high-pressure), 27 (medium-pressure) and 42 (low-pressure). 
The models share identical impeller geometry and operate under the same design 
head (20 m) and rotational speed (2800 rpm), ensuring that any performance 
differences arise solely from diffuser type and specific speed. The analysis 
separately evaluates low-, medium-, and high-specific-speed pumps to isolate 



Acta Polytechnica Hungarica Vol. 23, No. 2, 2026 

‒ 131 ‒ 

diffuser-induced effects on head development, unsteady flow characteristics, and 
hydrodynamic forces. This work is novel because no prior study has systematically 
compared radial and tangential diffusers over the specific-speed range of 19-42, 
under identical geometric and operating constraints, thereby filling a significant gap 
in the literature and providing practical guidance for improving efficiency and 
stability across a wide range of pump applications. 

2 Numerical Method 

Numerical simulations were conducted using, Simcenter Star CCM+ 2406, to 
investigate flow dynamics in centrifugal pumps. The simulation employed a time-
dependent Rigid Body Motion (RBM) framework to capture interactions between 
rotating and stationary components. In this setup, the pump casing walls were 
stationary, while the impeller’s rear plate was modeled as a rotating boundary.  
The internal flow was considered incompressible, turbulent, and quasi-steady; the 
RNG (Renormalization Group) k-ε turbulence model was employed. This model is 
suitable for flows with high strain rates and significant streamline curvature, 
effectively accounting for rotation effects within the averaged flow field [24] [25]. 

The flow equations were solved using the SIMPLE (Semi-Implicit Method for 
Pressure-Linked Equations) algorithm, which iteratively couples the pressure and 
velocity fields to solve the Navier–Stokes equations [26]. A segregated solver was 
used to solve the momentum and continuity equations sequentially, with first-order 
spatial discretization and implicit time integration to ensure numerical stability and 
convergence [27]. Simulations can be reproduced by importing the pump 
geometries (Figure 5), applying the RNG k-ε turbulence model using water as the 
working fluid (density ρ : 997.5 kg/m³, viscosity μ : 8.87 × 10−4 Pa·s), and running 
unsteady simulations with the specified time step. 

To improve near-wall prediction accuracy, a two-layer, all-y⁺ wall treatment was 
implemented, maintaining y⁺ < 1 to resolve both the viscous sublayer and the 
turbulent buffer layer. An appropriately small time step (Δt : 10⁻⁵ s) was chosen to 
capture unsteady phenomena such as blade-passing effects, sudden pressure 
fluctuations, and rapid fluid motion. For an impeller operating at 2800 rpm with six 
blades, this time step ensures more than 350 increments per blade passage, enabling 
high-fidelity resolution of transient flow interactions [27]. 

The governing equations used in the analysis included the time-averaged continuity 
equation and the Navier–Stokes equations in the relative coordinate system.  
The Navier-Stokes equations are fundamental relations that describe fluid motion. 
In systems with complex geometries, such as radial and tangential diffusers, these 
equations are used to calculate the velocity and pressure distributions of the fluid. 
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Continuity Equation 

The continuity equation represents the conservation of mass. For incompressible 
flow, it is expressed as follows: 

∇.𝑢𝑢 = 0 (3) 

where 𝑢𝑢 is the fluid velocity vector. 

Momentum Equation 

The momentum equation , which describes changes in fluid velocity, is typically 
derived from Newton’s second law. In the study of motion in a rotating reference 
frame, fictitious centrifugal and Coriolis forces are added to the right-hand side of 
the momentum equations to account for rotational motion. The momentum equation 
can be defined as follows: 

𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

+ ∇. (𝜌𝜌𝜌𝜌 ⊗ 𝑢𝑢) = −∇𝑝𝑝 + ∇. 𝜏𝜏 + 𝜌𝜌𝜌𝜌 − 2𝜌𝜌w × 𝑢𝑢 − 𝜌𝜌w × (w × 𝑟𝑟) (4) 

The Coriolis (2𝜌𝜌w × 𝑢𝑢) and centrifugal forces (𝜌𝜌𝜌𝜌 × (w × 𝑟𝑟)) are incorporated 
into the momentum equations. These equations enable a more precise modeling of 
the flow in a rotating reference frame. The stress tensor (τ) is defined as: 

𝜏𝜏 = 𝜇𝜇 �∇𝑢𝑢 + (∇𝑢𝑢)𝑇𝑇 −
2
3

(∇.𝑢𝑢)𝐼𝐼� (5) 

where ρ, p, and μ represent fluid density, pressure, and dynamic viscosity, 
respectively, and g denotes gravity. The variables t, τ, w, and r refer to time, stress 
tensor, angular velocity, and position vector, respectively. 

Hydrodynamic Force 

The total hydrodynamic force acting on a solid surface is obtained by summing the 
pressure and shear contributions over all surface faces: 

𝐹𝐹 = ��𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝐷𝐷 + 𝐹𝐹𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒,𝐷𝐷�
𝐷𝐷

 (6) 

The pressure force acting on a surface face D is computed as: 

𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝐷𝐷 =  �𝑝𝑝𝑠𝑠 − 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟� ∙ 𝐴𝐴𝐷𝐷 (7) 

where ps and pref are the static and reference pressures, respectively. AD is the area 
vector of the surface. The shear force on the surface is computed as: 

𝐹𝐹𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒,𝐷𝐷 = −𝜏𝜏𝐷𝐷  ∙ 𝐴𝐴𝐷𝐷 (8) 

In this study, the hydrodynamic forces acting on the impeller and the volute were 
extracted during post-processing using Simcenter STAR-CCM+. The complete 
wetted surface of each component was selected, and the local pressure and shear 
stress fields were integrated according to Equations (6)-(8) to obtain the net forces. 
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2.1 Validation Studies 

Experimental data obtained from [28] were employed to validate the simulations, 
as shown in Figure 2. The reference pump operated at a flow rate of 40 m³/h, a head 
of 30 m, and an impeller speed of 2850 rpm. A corresponding centrifugal pump 
model was created, with mesh and physical conditions set to match these 
experimental parameters. Simulations were then performed under identical 
conditions; the head values at flow rates of 30.38, 40.59, and 46.90 m³/h were used 
for validation. 

 
Figure 2 

Geometry and mesh domains for the validation case, based on the experimental data from [28] 

Figures 3 and 4 show the head and Cp distributions of the validated pump. The head 
obtained from the simulations slightly exceeded that obtained from the experiments. 
The deviation rates between the experimental and simulated results are valid across 
different flow rates, as shown in Figure 3. The deviation rate was lowest at low flow 
rates and increased slightly as flow rate increased. Unaccounted leakage and 
mechanical losses caused these deviations and affected the experimental results. In 
[28], a similar trend was observed: their simulations produced values higher than 
those of the experiments. In this validation study, the error rate ranged from 3.2% 
to 12.9%. An acceptable discrepancy of approximately 8.8% was observed at the 
highest efficiency (BEP) flow rate for the validated pump. The residual discrepancy 
(3.2-12.9%) is attributed mainly to experimental unmodelled leakage, mechanical 
losses, and slight geometric differences; similar trends were also reported in [28]. 
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a) b) 
Figure 3 

 a) Head of the validated centrifugal pump examined by [28] (b) Deviation rates at different flow rates 

 

 

a) b) c) 

Figure 4 
 Pressure coefficient (Cp) distributions at the mid-plane for the validated centrifugal pump examined by 

[28]; a) Q:30.38 m3/h; b) Q:40.59 m3/h; c) Q:46.90 m3/h 

2.2 Computational Domains 

The computational domains of radial and tangential centrifugal pumps with a 
specific speed of nq : 19 are illustrated in Figure 5 Each pump consists of four main 
components: inlet channel, impeller, volute, and outlet channel. To improve flow 
uniformity, the inlet (suction duct) was extended by 100 mm, while the outlet 
(pressure duct) was extended by 175 mm. These extensions promote gradual and 
stable flow entry and exit, reducing turbulence and energy losses, and enhancing 
overall pump performance[29]. 
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a) 

   

b) 

 

Figure 5 
 Computational domains of a) radial and b) tangential diffusers in a centrifugal pump with a specific 

speed of nq:19 

Three pump designs with specific speeds of 19 (250 L/min), 27 (500 L/min), and 
42 (1200 L/min) were analyzed (Table 1). A constant head of 20 m and a rotational 
speed of 2800 rpm were maintained for all designs. Although all pumps were radial-
flow types, they were classified as high-pressure (nq: 19), medium-pressure (nq: 27), 
and low-pressure (nq: 42) variants. Each impeller had six blades; additional 
properties are summarized in Table 1. 

Table 1 
Impeller properties 

Impeller dimensions 250 l/min  500 l/min 1200 l/min 

General type 
Low flowrate 
High pressure 

Medium flowrate 
Medium pressure 

 High flowrate 
Low pressure 

Specific speed 19 27 42 
Blade number 6  6 6 

Hub diameter (mm) 11.69  14.15  18.43 
Suction diameter (mm) 57.2  69  88.1  
Outlet diameter (mm) 132.2  136.3  144.3  

Outlet width (mm) 8.46  11.18  16.31  
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2.3 Boundary Conditions and Mesh Domain 

Three centrifugal pumps with different specific speeds were examined numerically. 
To ensure a radial-flow configuration, specific speeds (nq) for the radial-flow pump 
were categorized as follows: low (nq: 19), medium (nq: 27), and high (nq: 42). 

A stagnation inlet boundary condition was applied at the pump inlet, as shown in 
Figure 6a. The stagnation inlet refers to the conditions at a hypothetical point in the 
flow where the fluid comes to a complete stop before entering the system. 
Stagnation conditions encompass parameters such as stagnation pressure, 
stagnation temperature, and flow direction. These parameters account for both the 
static and velocity pressure effects of the flowing fluid. A mass flow outlet condition 
was employed at the outlet boundary, allowing the fluid to exit the computational 
domain at the specified flow rate, as shown in Figure 6a. The pump’s walls were 
modelled with no-slip boundary conditions, indicating that there was no relative 
motion between the fluid and solid surfaces. In addition, to enable smooth 
communication and flow transfer between components, an interface boundary 
condition was defined at both the impeller–inlet channel intersection and the 
impeller–volute interface, as depicted in Figure 6b. 

  

a) b) 

Figure 6 
Boundary conditions and interfaces of the pump at a specific speed nq:27 

A high-quality polyhedral mesh was generated for all computational domains, 
including the impeller, volute, and inlet regions, as depicted in Figure 7. The mesh 
quality diagnostics confirmed that the mesh was fully valid, with no negative-
volume cells and 100% face validity across all regions. The maximum skewness 
angle remained below 80°, which is acceptable for rotating machinery simulations 
in Star-CCM+. The minimum distance between neighboring cell centroids was on 
the order of 2.4 × 10⁻⁵ m, ensuring adequate spatial resolution near the blade leading 
and trailing edges. 
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A mesh independence study was performed using five refinement levels. 
Convergence was achieved at an average cell size of approximately 0.5 mm, when 
the pump head variation between successive refinements fell below 1%. All 
simulations therefore used this mesh density, which provides a balance between 
numerical accuracy and computational efficiency. Boundary-layer refinement with 
prism layers ensured that y⁺ values remained within the valid range for the RNG k–
ε turbulence model, enabling accurate prediction of near-wall flow behavior. 

 
Figure 7 

Mesh domain for specific speed nq:19 

3 Results and Discussions 

Figure 8 shows the head fluctuations of the pump in the three cases. At low specific 
speeds (Figure 8a), fluctuations are significantly increased; they decrease as specific 
speed increases. In particular, at low specific speeds, a centrifugal pump with a 
radial diffuser provides a higher head, whereas at higher specific speeds a 
centrifugal pump with a tangential diffuser provides a higher head [30]. At a specific 
speed of 19, fluctuations are similar for both diffuser types. However, at specific 
speeds of 27  and 42 (Figures 8b and 8c), the radial diffuser exhibited slightly 
greater fluctuations. At a specific speed of 19, impeller-induced head fluctuations 
are more pronounced, but these fluctuations diminish as the specific speed 
increases. These fluctuations reach approximately 4 m, 2 m, and 0.5 m, respectively, 
for specific speeds of 19, 27 and 42, at their maximum and minimum values. This 
trend aligns with Chalghoum et al. [7], who reported lower pressure surge 
amplitudes in radial diffusers; however, our multi-speed comparison extends their 
single-impeller findings. Although the radial diffuser exhibits slightly higher 
instantaneous head fluctuations at nq = 27 and 42, this behavior does not translate 
into higher hydrodynamic forces. Head fluctuation is a local pressure effect, 
whereas force response depends on the surface-integrated pressure distribution. 
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a) b) 

 
c) 

Figure 8 
 Head for radial and tangential diffusers at specific speeds; a) nq:19; b) nq:27; c) nq:42 

Figure 9 illustrates the impeller positions within the pump and the pressure 
distribution in the volute and the impeller during pressure fluctuations.  
The minimum pressure (Point A) occurs when the blade aligns with the cutwater in 
the tangential diffuser, whereas the corresponding position in the radial diffuser is 
Point B. The Maximum pressure occurs when the blade is farthest from the 
cutwater, at Point D for both diffusers. In contrast, in the radial diffuser, the cutwater 
region is located between the two blades. As the head increases, a small, abrupt 
decrease occurs at points B and C. This occurs when the blade moves away from 
the cutwater region in the tangential diffuser, whereas in the radial diffuser, it occurs 
when the blade passes through the cutwater region. For the highest head (Point D), 
in both volutes, the blade is situated away from the cutwater region. The maximum 
pressure in both diffusers occurs when the blade is at the cutwater, which is at Point 
A for the tangential diffuser and Point B for the radial diffuser. In conclusion, 
pressure fluctuations are more significant at low specific speeds [31]. In addition, 
both diffusers exhibit a similar pattern of pressure fluctuations, but these 
fluctuations occur at different blade positions across the range between the 
minimum and maximum pressure values. 
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A Point B Point C Point D Point 

 
Figure 9 

Pressure fluctuation conditions for nq:19 

Figure 10 displays the hydrodynamic forces acting on the volute for pumps 
equipped with radial and tangential diffusers. The coordinate system is defined such 
that the x-axis aligns with the volute-tongue direction, the y-axis lies in the radial 
direction within the meridional plane, and the z-axis corresponds to the shaft axis. 
Hydrodynamic forces were computed from Equations (6-8) by integrating pressure 
and shear stresses over the wetted volute surface during post-processing in STAR-
CCM+. Components in the x- and y-directions constitute the radial force acting on 
the volute, whereas the z-component represents the axial force transmitted to the 
volute structure. 

As shown in Figure 10, the radial components ‒ particularly the x-component 
aligned with the volute tongue ‒ dominate the volute loading, while axial 
components are relatively small. Increasing the specific speed amplifies the overall 
force magnitudes. At low specific speed (nq = 19), pumps with radial and tangential 
volutes exhibit similar force levels and fluctuation patterns. However, at higher 
specific speeds, although fluctuation amplitudes remain comparable, the radial-
volute configuration produces lower net force magnitudes on the volute than the 
tangential configuration. For nq values of 19, 27 and 42, the pressure-induced force 
fluctuations acting on the volute are approximately 40 N, 10 N, and 20 N, 
respectively. 

  
a) b) 
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c) 

Figure 10 
 Forces acting on the volute of the tangential and radial diffuser pumps at specific speeds; a) nq:19; b) 

nq:27; c) nq:42 

Figures 11a-c show the forces acting on the impeller at speeds of 19, 27 and 42, 
respectively. No significant radial force is generated by the impeller. The most 
prominent force acts in the z-direction, which is the axis along which the flow enters 
the pump. This force increases as speed increases. As depicted in Figure 11, the 
force in the z-direction is slightly higher for the radial diffuser than for the tangential 
diffuser in the high-specific-speed case (42). This force experiences minimal 
fluctuations. Although radial forces are low, larger fluctuations occur during 
impeller rotation. For the pump with a tangential diffuser, across all specific speeds, 
fluctuations are greater in the x-direction (the direction of fluid exit from the pump, 
i.e., the volute), whereas fluctuations in the y-direction are greater in the radial 
direction. While radial forces remain relatively low on average, larger unsteady 
fluctuations occur as the impeller rotates, driven by blade‑passing and impeller–
volute interactions [32]. 

 

  
a) b) 
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c) 

Figure 11 
 Forces acting on the impeller of the tangential and radial diffuser pumps at specific speeds; a) nq:19; b) 

nq:27; c) nq:42 

Figures 12a and 12b show velocity vectors in the pump cross-sections for specific 
speeds of 19 and 42. For a pump with a lower specific speed, the flow directed 
toward the pump outlet is more uniform, especially with a radial diffuser. In this 
scenario, flow separation is slightly reduced, and velocities exhibit greater 
regularity. However, for a tangential diffuser, distinct flow separation occurs in the 
flow toward the outlet. The secondary flows and vortices generated in this region 
result in pressure losses, which are evident in the lower head depicted in Figure 8. 
In the high-specific-speed radial-flow centrifugal pump (Figure 12b), the flow 
vectors directed toward the pump outlet were smooth in both the radial-diffuser and 
tangential-diffuser cases. Consequently, the pressure losses are similar in both 
cases. This is evident from the roughly equal head heights shown in Figure 8. 

a) 

 

b) 

 

Figure 12 
Velocity vector of the midplane of the pumps at specific speeds; a) nq:19; b) nq:42 
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Figure 13 presents velocity vectors in planes parallel and perpendicular to the volute 
outlet for both tangential and radial diffuser pumps. The velocity vectors near the 
impeller align in both tangential and radial diffuser cases and exhibit similar 
patterns. These similarities persist in both cases after passing through the water-cut 
section of the volute. However, as the flow approaches the volute outlet, a contrast 
becomes evident. For the tangential diffuser, the flow velocity is lower in the outer 
regions of the volute and higher in the central sections. In contrast, the radial 
diffuser exhibits a smoother velocity gradient at the volute outlet than that of the 
tangential diffuser. Although the flow in the volute occurs at lower velocities in its 
outer regions, these velocities are primarily confined to the outermost part. In the 
tangential diffuser, lower velocities create circular regions characterized by low-
velocity vectors adjacent to the volute walls. 

 
Figure 13 

Velocity vector at the cross-section planes 

Figure 14 depicts the radial velocity contours across the volute cross-section for 
both tangential and radial diffuser configurations. As the liquid flows toward the 
outlet in both cases, the radial velocities are approximately the same. In the radial 
diffuser, these radial velocities tend to concentrate in the region at the volute outlet 
where radial turning occurs. However, in the outer areas of the volute, where 
tangential velocities dominate the flow, radial velocities are not generated. This 
phenomenon results from the centrifugal force exerted on the liquid by the impeller 
blades, which leads to radial liquid movement. Radial velocities are visible at the 
blade tips, as shown in Figure 14. In the region between the two blades, the liquid 
is directed tangentially toward the outlet due to the prevailing tangential flow that 
extends throughout the volute. 
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a) b) 

Figure 14 
Radial velocity of a) tangential, b) radial diffuser pumps at specific speed nq:42 

Figure 15 presents the tangential velocities in both the tangential and radial diffuser 
configurations. Within the radial diffuser, tangential velocity develops minimally 
or not at all as the fluid flows toward the pump outlet. The rotation of the impeller 
at the blade tips imparts maximum tangential motion to the liquid. However, this 
tangential velocity decreases as it moves from the impeller toward the volute. 
Within the volute, the highest tangential velocity, found in the watercut region, 
gradually decreases as the volute expands toward a circular profile at the outlet. In 
the outer sections of the volute, the liquid is directed toward the outlet at lower 
tangential velocities. Consequently, when examining Figures 14 and 15 together, it 
becomes evident that at the volute outlet, the liquid exhibits a radial velocity rather 
than a tangential velocity. This radial velocity is higher in the radial-velocity pump. 

 
a)                                 b) 

Figure 15 
Tangential velocities of; a) tangential; b) radial diffuser pumps at specific speed nq:42 

Conclusions 

In this numerical study, a comprehensive analysis of three radial-flow centrifugal 
pumps with different specific speeds ‒ high-pressure (nq: 19), medium-pressure (nq: 
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27), and low-pressure (nq: 42) ‒ is conducted. All pumps exhibit radial-flow 
characteristics. The conclusions can be summarized as follows: 

• At low specific speeds, head fluctuations reached approximately 4 m, while at 
higher specific speeds, these fluctuations decreased to approximately 0.5 m. 
This trend quantifies the stabilizing effect of increasing specific speed and is 
consistent with previous observations in the literature. For nq : 19, the radial 
diffuser generated a higher head due to reduced flow separation, whereas at 
elevated specific speeds the tangential diffuser provides a slightly higher head 
by better accommodating stronger tangential flow components. 

• Hydrodynamic force analysis revealed that, at low specific speeds, both 
diffusers produced nearly identical force levels and force fluctuations. 
Although instantaneous head fluctuations in the radial diffuser were slightly 
larger at higher specific speeds, the net hydrodynamic forces acting on the 
volute were lower for the radial diffuser than for the tangential diffuser. This 
distinction underscores that head variation and surface-integrated force 
response are governed by different physical mechanisms. Lower force levels in 
the radial diffuser may contribute to reduced volute loading and improved 
operational durability in relevant applications.  

• In particular, at higher specific speeds, the forces generated in the volute 
increase notably, with fluctuations of up to 20 N. At low specific speeds (nq:19), 
both radial and tangential diffusers exhibit approximately equal forces and 
fluctuations. However, at higher specific speeds, despite similar fluctuations 
across all volutes, the radial diffuser exerts lower forces than the tangential 
diffuser, thereby reducing wear in applications such as power generation. 

• In the impeller, axial force remained the dominant component and increased 
with specific speed, while radial forces were comparatively small but exhibited 
periodic oscillations associated with blade-passing events. These unsteady 
behaviours highlight the importance of evaluating structural loads alongside 
hydraulic performance. 

• In summary, diffuser selection should be based on specific-speed-dependent 
flow characteristics: radial diffusers are advantageous at low specific speeds 
because of reduced flow separation and lower force response, whereas 
tangential diffusers are more suitable at higher specific speeds, where 
tangential momentum is more pronounced. These findings provide practical 
design guidance for improving flow stability, hydraulic efficiency, and 
component reliability in industrial centrifugal pump applications. 

Nomenclature 
A  Area (m²) 
Aᴅ  Area vector of surface face D (m²) 
BEP   Best Efficiency Point 
CFD   Computational Fluid Dynamics 
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Cp                        Pressure coefficient (dimensionless) 
F    Resultant hydrodynamic force vector (N) 
Fpressure,D  Pressure force on surface face D (N) 
Fshear,D  Shear force on surface face D (N) 
g    Gravitational acceleration vector (m/s²) 
H    Head (m) 
n   Rotational speed (rpm) 
nq   Specific speed (dimensionless) 
p    Static pressure (Pa) 
ps    Surface static pressure (Pa) 
pref   Reference pressure (Pa) 
Q    Volumetric flow rate (m³/s or L/min) 
RBM   Rigid Body Motion 
RNG k–ε  Renormalization Group k–ε turbulence model 
r    Position vector (m) 
SIMPLE  Semi-Implicit Method for Pressure-Linked Equations 
t    Time (s) 
u    Velocity vector (m/s) 
Vref                       Reference velocity (m/s) 
w    Angular velocity vector (rad/s) 
y⁺   Dimensionless wall distance 
Δt   Time step size (s) 
μ    Dynamic viscosity (Pa·s) 
ρ    Density (kg/m³) 
τ    Viscous stress tensor (Pa) 
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