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BSTRACT 

Flow distribution uniformity in manifolds is important in various engineering 

applications. In this study, the effect of manifold design on flow distribution is 

examined using both experimental and numerical methods. A comparison was 

made between a straight manifold and a gradually decreasing cross-sectional 

design considering two different inlet diameters. In addition, the staggered 

manifold case with the most homogeneous outlet was compared with the conical 

manifold under the same conditions. The results demonstrate that the gradually 

decreasing manifold design significantly improves the flow rate uniformity 

compared with the straight manifold. This improvement is achieved by reducing 

the flow rate differences between the distribution branches, leading to a more 

balanced fluid distribution. The gradual reduction in the cross-sectional area 

allows the fluid to traverse at lower velocities in regions with higher resistance, 

effectively minimizing flow rate discrepancies and pressure drops. In addition, 

the effect of varying the inlet diameter on flow rate uniformity was investigated, 

revealing that larger inlet diameters contribute to improved flow distribution. 

The outlet uniformity of the staggered manifold matches the effective 

performance of the conical manifold, demonstrating similar performance at a 

lower cost. The results highlight the importance of designing an appropriate 

manifold, considering factors such as inlet diameter, channel geometry, and 

staggered ratio, to achieve efficient and uniform fluid distribution.  
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1. INTRODUCTION 

Manifolds are useful tools used in various industrial 

fields, including the construction, agriculture, and 

automotive industries. They are designed to divide fluid 

flows into multiple streams or to combine several streams 

into a single flow. Therefore, they optimize not only the 

flow rates but also the pressure and temperature 

effectively, enabling efficient distribution to various 

components. Manifolds contribute to increased system 

efficiency, reduced energy consumption, and prevention 

of component damage (Zhang et al., 2020). 

As shown in Fig. 1, there are four main types of 

manifolds, each with unique applications: distributor, 

collector, parallel, and counterflow (Wang, 2011; Hassan 

et al., 2014a; Tomor & Kristóf, 2016). Distributor 

manifolds regulate flow rates and direct fluids to various 

system components, whereas collector manifolds combine 

flow from multiple sources into a single outlet. These two 

types are widely used in the chemical, mechanical, 

automotive, and hydraulic industries. 

 
Fig. 1 Manifold types 

 

Parallel manifolds are fluid distribution systems 

designed to distribute flow to multiple outlets with equal 

flow rates throughout the system. They are widely used in 

industries such as chemical, heating and cooling systems, 

air-powered systems, and liquid power applications where 

the distribution of liquids is important. The simple and 

efficient design of parallel manifolds ensures balanced 

flow distribution, maintaining consistent pressure and 

flow rates across the network (Wang et al., 2023). On the  
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Fig. 2 Distributor manifold employing mold cooling 

 

other hand, counter flow manifolds direct fluid in opposite 

directions in adjacent channels, facilitating efficient fluid 

mixing and heat transfer. Manifolds are commonly used in 

heat exchangers, chemical reactors, and cooling systems. 

Their unique design enhances thermal efficiency by 

promoting effective heat exchange between fluids with 

opposing flow directions (Kee et al., 2011; Mazaheri et al., 

2022).  

In hydraulic systems, manifolds maintain consistent 

pressure levels, ensuring that the flow is evenly distributed 

throughout the system components. It is important to 

consider fluid properties including flow rates, pressure, 

and temperature in the design of manifolds. The goal is to 

achieve efficient fluid distribution, minimize pressure 

drop, and enhance energy efficiency by optimizing 

channel geometry. High-performance hydraulic systems 

rely heavily on proper manifold design to ensure reliability 

and optimal operation. Incorrect or suboptimal designs 

can lead to various issues, including uneven flow 

distribution, pressure losses, and potential system failures.  

Distributor block manifolds, which are employed for 

temperature control in molds, offer a straightforward, 

cost-effective, and optimized solution, particularly in 

environments where frequent mold changes are necessary. 

They route cooling water lines between the injection 

molding machine and the molds. Figure 2 shows an 

example of a distributor block manifold used for mold 

cooling. This manifold serves to route cooling water lines 

between the injection molding machine and the molds.  

Manufacturers prioritize achieving an equal pressure drop 

in each branch of the fluid after it leaves the manifold. To 

ensure this, it is crucial to connect the manifold close to 

the mold using short hoses, to minimize pressure and 

temperature losses in each arm. However, when the fluid 

flow rate varies from each branch, an uncontrolled 

pressure and thus temperature control situation may arise 

between the manifold and the mold. Consequently, 

temperature deviations in the mold increase, and 

maintaining a uniform temperature in the mold becomes 

challenging. 

Manifolds facilitate the connection between hydraulic 

actuators (such as valves and cylinders) and pumps, 

making it easier to direct fluid flow. This allows hydraulic 

systems to operate efficiently while minimizing energy 

losses. Furthermore, manifolds help maintain the pressure 

balance within the system by controlling the pressure drop 

in the fluid flow. In addition, the design, material, and 

quality of the manifold component affect pressure loss and 

system performance (Zhang et al., 2018).  

The flow distribution and pressure drops in a 

manifold system are influenced by two opposing forces: 

viscous friction and momentum (Acrivos et al., 1959; 

Minocha & Joshi, 2020; Tarodiya et al., 2020). Friction 

arises from fluid viscosity and interaction with solid walls, 

resulting in energy dissipation and pressure drops. In 

contrast, momentum effects come into play at the 

branching regions of the manifold system, where changes 

in flow direction occur (Minocha & Joshi, 2020). Viscous 

friction consumes the energy of the fluid, typically 

resulting in a pressure drop. However, branching of flow 

in a manifold or pipeline can lead to loss of momentum. 

The principle of momentum conservation indicates that 

this loss of momentum results in an unusable force and 

consequently causes a pressure drop. When the fluid 

divides into multiple flow paths or its velocity decreases, 

the momentum of the fluid also decreases. According to 

the law of conservation of momentum, pressure increases 

as fluid momentum decreases. Therefore, the pressure 

increases in regions where the fluid slows down, leading 

to a pressure drop. Consequently, the pressure drop within 

a manifold system is influenced by the combined effects 

of friction and momentum change (Minocha & Joshi, 

2020). 

Several studies have investigated the flow distribution 

in manifold systems and optimized pressure control. 

Bajura (1971) developed a theoretical model to investigate 

the flow distribution in the inlet and outlet manifolds of 

single-phase flow. The model was based on the principle 

of momentum conservation and focused on determining 

the optimal outlet angle on the lateral surfaces relative to 

the incoming flow. Subsequently, Bajura and Jones (1976) 

further enhanced this model, creating a framework that 

calculates flow velocities and pressures at lateral outlets in 

collector, distributor, parallel, and reverse flow manifolds. 

Jiang et al. (2022) conducted an experimental study to 

examine the impact of the area ratio and Reynolds number 

on the flow and pressure distribution in a distributor 

manifold. They concluded that controlling the flow rate is 

an effective approach for achieving homogeneous flow 

and pressure distribution. Furthermore, they highlighted 

that reducing the flow rate significantly improves 

performance. 

Hassan et al. (2015) investigated the dependence of 

the flow distribution in manifolds on the arrangement, 

inlet pressure and inlet flow rate. Experimental and 

numerical models were used to investigate the flow 

uniformity of manifolds with different configurations. The 

results confirmed the efficiency of non-uniform diameter 

in fluid distribution, with the flow from the tapered cross-

section manifold outlets being nearly uniform compared 

with that from the circular cross-section outlets, which 

showed severe maldistribution. A numerical model 

predicted the flow rates from the manifold laterals at 
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various Reynolds numbers, showing consistent trends 

with the experimental data. The Reynolds number had a 

slight effect on the uniformity of flow from outlets of the 

manifold, indicating that the flow distribution from 

manifold laterals is not influenced by the Reynolds 

number (Hassan et al., 2015). 

Hassan et al. (2014b) studied flow homogeneity in 

manifold systems by narrowing the cross-section of the 

main pipe along its length. The study revealed that the 

flow rate at the lateral outlets remained consistent, 

regardless of whether the cross-section of the pipe 

gradually narrowed or remained unchanged. This finding 

indicated that the flow rate and distribution at the lateral 

outlets were independent of the Reynolds number. In a 

similar vein, Zhou et al. (2018) addressed the issue of flow 

imbalance in central-type parallel flow heat exchanger 

manifolds by modifying the insertion length of the pipes. 

By adjusting the insertion length, they successfully 

mitigated flow unevenness within the manifold. Karali et 

al. (2022) investigated the impact of tapered longitudinal 

section manifolds on a Z-shaped flat plate solar collector 

by examining the uniformity of flow distribution, pressure 

drop, and temperature profiles using a 3D model. The 

study highlighted that the tapered manifold improved the 

flow distribution, with an optimal taper ratio identified for 

each Reynolds number. 

In the study of compact parallel manifolds in flow 

heat exchangers, flow maldistribution due to pressure 

maldistribution poses a challenge. Zhou et al. (2018) 

proposed a method involving the adjustment of insert 

lengths within the manifold to improve flow distribution 

uniformity. Numerical analysis was conducted on three 

different base cases with varying header diameters, 

demonstrating an average reduction in maldistribution by 

72-82% while increasing pressure loss by 2.83%–6.46%. 

Despite the associated increase in pressure loss, the 

method effectively improved flow distribution uniformity 

across all flow rates. Wang et al. (2011) examined the 

liquid flow distribution in a small parallel flow heat 

exchanger using a rectangular inlet header and five 

modified versions (multi-step, trapezoidal, one baffle tube 

and two baffle plates). The flow distribution in the header 

is influenced by vortices generated by a jet stream at the 

inlet, resulting in uneven flow distribution in the front 

tubes. Among the modifications, the baffle tube 

demonstrates the most effective improvement in flow 

distribution by eliminating vortex flow, making it suitable 

for all flow rates. 

Hassan et al. (2012) investigated the impact of outlet 

lengths on the lateral surfaces of a manifold system on 

flow distribution. They varied the length of the lateral 

surface outlets, starting with twice the diameter of the 

main pipe and then increasing to four and six times the 

diameters. The researchers found that increasing the 

length of the lateral surface outlets resulted in a more 

homogeneous flow distribution at the outlets. In a 

numerical study by Choi et al. (1993), the focus was on 

examining the effect of the cross-sectional area ratio 

between the main channel (where the flow enters the 

manifold in a liquid cooling module) and the lateral 

surface channels (where the flow exits). According to the 

findings, the flow rate of the frontmost outlet channel was 

approximately three times higher than that of the last 

outlet channel. This demonstrated that the ratio of the 

cross-sectional areas between the inlet and outlet channels 

is an important parameter influencing the flow 

distribution. 

Korkmaz et al. (2021) conducted experimental and 

numerical investigations of the pressure drop in a banjo 

elbow with inlet characteristics similar to those of a 

manifold. They emphasized the importance of considering 

arm conditions coinciding with the inlet while connecting 

the banjo elbow, which significantly affects the pressure 

drop. Siddiqui et al. (2020) conducted flow distribution 

measurements on U-type and Z-type manifolds using 

particle imaging velocimetry (PIV) techniques. In U-type 

manifolds, higher flow rates were observed in channels 

near the inlet, whereas Z-type designs exhibited flow 

concentrations in regions close to the outlet. Manipulating 

the inlet flow velocity enhanced the flow distribution in 

the U-type designs, whereas the Z-type designs exhibited 

a nondispersive effect. 

The main objective of this study is to investigate the 

flow behavior of manifolds and analyze their performance 

under different conditions. Numerical simulations were 

conducted and validated by comparison with experimental 

data. The pressure distribution and velocity profiles are 

employed to gain insights into the flow phenomena within 

manifold systems. This study uses a component employed 

in the industry. A scientific background has been provided 

to address an existing real issue. In addition to the 

reduction in the cross-section, the change in the inlet 

diameter was investigated. The reduction in the cross-

section is carried out gradually instead of using a tapered 

reduction. Consequently, the process has become more 

cost-effective by drilling the hole without the need for a 

turning process. 

2. EXPERIMENTAL STUDIES 

Figure 3a shows a schematic of the experimental 

setup, which comprises four main components: the flow 

system, flow visualization, measurement, and manifold 

system. In the experiment, the flow system involved 

pumping water from a reservoir tank using a centrifugal 

pump. A flowmeter with a measurement range from 0 to 

10 ±1.0% l/min was used to measure the liquid flow rate 

(Q). The experiment was initiated with the lowest flow 

rate, which was gradually increased by adjusting the valve. 

The flow rates in each outlet were determined using scaled 

glass containers, as shown in Fig. 3b. The time taken for 

fluid to fill the container from each outlet was recorded 

using a stopwatch, and the water in the containers was then 

weighed using a precision scale to accurately calculate the 

flow rates. The flow rate was measured using the container 

specifically to avoid different pressure drops at each 

outlet. Otherwise, the pressure difference would prevent 

accurate flow rate measurement because the flow rate 

depends on this pressure difference. The sum of the flow 

rates from the four branches was compared with the 

measured flow rate of the entire system. The difference 

was found to be less than 1.5%. 
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a)  

b)  
Fig. 3 Experimental setup 

3. NUMERICAL STUDIES  

Simulations were conducted using the incompressible 

Navier–Stokes equations within a three-dimensional 

domain. Star CCM+ software was used for the 

simulations. The flow analysis was performed assuming 

single-phase, steady, and turbulent conditions. Reynolds-

averaged Navier– Stokes (RANS) equations were solved 

by employing a realizable two-layer k-ε turbulence model 

to capture the turbulence in the flow.  

A first-order implicit scheme was employed to 

temporally discretize the flow equations. Second-order 

upwind schemes were used to handle the convective 

scheme. To prevent nonphysical oscillations in the 

pressure field, an interpolation scheme on a collocated 

grid arrangement was implemented, as proposed by Rhie 

and Chow (1983). The pressure–velocity coupling was 

carefully handled to ensure convergence and stability 

during the iterative solution process. The coupling of the 

pressure and velocity fields in the simulation was 

effectively and reliably accomplished through the 

implementation of a suitable coupling algorithm. 

Specifically, the SIMPLE (Semi-Implicit Method for 

Pressure-Linked Equations) approach was implemented. 

This algorithm ensured convergence and precision at 

every time step during the simulation (Kibar, 2018). 

The finite-volume method was employed to solve the 

governing equations of flow simulations, including the 

mass and momentum conservation equations. The mass 

conservation equation is given by Eq. (1). 

𝜕𝜌

𝜕𝑡
+ ∇. (𝜌�⃗� ) (1) 

In the context of incompressible flow, where the 

density ρ remains constant (i.e., ∂ρ/∂t=0), the mass 

conservation equation is simplified as given in Eq. (2). 

∇. �⃗�  (2) 

This equation ensures that the divergence of the 

velocity vector �⃗�  is equal to zero, representing the 

conservation of mass in an incompressible flow. 

On the other hand, the momentum conservation equation 

takes the form: 

𝜌
𝜕�⃗⃗� 

𝜕𝑡
+ ∇ ∙ (𝜌�⃗� �⃗� ) = 𝑓𝑏⃗⃗  ⃗ − ∇𝑝 + ∇ ∙ 𝜏  (3) 

This equation accounts for the changes in momentum 

in the fluid domain. Here, ρ is the density, p is the static 

pressure, 𝑓𝑏⃗⃗  ⃗ represents the result of body forces (e.g., 

gravitational and centrifugal forces), and τ is the viscous 

stress tensor for Newtonian fluids, as given by Eq. (4): 

𝜏 = 𝜇 [(∇�⃗� + ∇�⃗� 𝑇) −
2

3
∇ ∙ �⃗� 𝐼] (4) 

In Eq. (4), I is the unit tensor and μ is the dynamic 

viscosity of the liquid. The second term in Eq. (4) captures 

the effect of volume dilation. 

The solver used under-relaxation factors of 0.7, 0.3, 

and 0.8 for the velocity, pressure, and turbulent kinetic 

energy, respectively. These factors play a crucial role in 

ensuring stability and convergence during the solution 

process. 

3.1 Geometric Model and Boundary Conditions 

Simulations were performed using the same manifold 

for two different fitting connections with inside diameters 

of 20.0 mm (Fig. 4a) and 22.5 mm (Fig. 4b). The side 

surfaces of the distributor manifold have one inlet channel 

and four outlet channels, as shown in Fig. 4. The diameter 

of the main channel is 28 mm. The outlet ducts are fitted 

with nipples with an inner diameter of 9 mm. The nipples 

connected to each outlet channel are the same. The main 

outlet of the manifold is closed with a blind plug, as shown 

in Fig. 4.  

Figure 5 illustrates the boundary conditions applied 

to the manifold. A mass flow inlet boundary condition is 

specified to allow liquid entry into the manifold. The 

pressure outlet boundary condition is defined for each 

outlet. The inlets and outlets were extended to ensure fully 

developed flow at the inlet and to prevent backflow at the 

outlet. These boundary conditions are implemented to 

accurately simulate the flow behavior within the manifold. 

The walls of the manifold were defined as no-slip 

boundary conditions. 

 Nine computational domains were used in this study, 

as shown in Fig. 6. First, the original manifold 

configuration is considered, where the cross-section 

remains constant along the flow path (Fig. 6a). Then, the  
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a)  

b)  

Fig. 4 3D model of the manifolds. a) 20.0 mm and b) 

22.5 mm flow entrances 

 

flow cross-section is gradually reduced from the inlet to 

the outlet (Fig. 6). This reduction was achieved by 2 mm 

(Fig. 6b), 4 mm (Fig. 6c), and 6mm (Fig. 6d) from the 

diameter. Fig. 6e shows the case with an inlet diameter of 

22.5 mm. In this case, the corners are also 45° chamfered. 

One of them is given as an example in Fig. 6e. The staging 

in the other cases is the same, as shown in Fig. 6a–d. The 

conical tapered manifold recommended in the literature is 

shown in Fig. 6. 

 

Fig. 5 Boundary conditions 

 

 Figure 7 shows the dimensions of the simulation 

domain. The inlet of the manifold was extended by 100 

mm to ensure a fully developed flow. Similarly, the outlets 

of the manifold were extended by 55 mm from the center 

to prevent backflow. The diameter of the main duct, whose 

cross-section remains constant, remains 28 mm along the 

length of the manifold, as verified by experimental testing. 

The manifold was gradually reduced in cross-section from 

the inlet to the outlet to ensure homogeneous outlet flow 

rates. In the reduced cross-section model, three different 

models were obtained by reducing the diameter by 2, 4, 

and 6 mm for each outlet. The dimensions of all models 

are otherwise identical. The manifolds with a 22.5 mm 

inlet were identical in dimensions to 2, 4, and 6-mm 

staggered manifolds. Only the inlet diameters were 

changed. In the conical tapered model, the same taper was 

created with a staggered ratio of 1.75. The inlet and outlet 

diameters were 20 and 9 mm, respectively. The distance 

between each outlet is 32 mm. Only the diameter values in 

sections D1, D2, D3, and D4 were changed. These values 

are presented in Table 1. 

 

 

a) b) c) d) e)  f) 

Fig. 6 Computational models of the manifolds: a) straight, b) 2 mm, c) 4 mm, d) 6 mm gradually reduced, e) 22.5 

mm entrance, and f) conical tapered 

 

 

Fig. 7 Dimensions of the 1.75-ratio staggered manifold domain 
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Table 1 Dimensions of the manifolds 

Case Staggered ratio (D1/D4) D1 (mm) D2 (mm) D3 (mm) D4 (mm) 

Straight 1 28 28 28 28 

Conical tapered 1.75 28 - - 16 

2 mm 1.27 28 26 24 22 

4 mm 1.75 28 24 20 16 

6 mm 2.8 28 22 16 10 

 

Fig. 8 Mesh structure of the manifold domain 

 

3.2 Mesh Domain 

Polyhedral cells were used to create the mesh, as 

shown in Fig. 8. The mesh consisted of 875,000 cells, 

which is a suitable number for the size and complexity of 

the geometry being simulated. On the basis of the outlet 

flow rates obtained from the experiment, a mesh 

independence study was performed, which revealed that 

this value was significantly higher than the number of 

meshes that could optimally provide the flow. 

It is necessary to check the network quality to ensure 

the accuracy of the simulation results. Two important 

criteria for mesh quality are aspect ratio and skewness. 

The aspect ratio is the ratio of the longest edge of a cell to 

the shortest edge, and skewness is a measure of how 

distorted a cell is. Both criteria should be within 

acceptable limits to ensure accurate simulation results. In 

this study, the aspect ratio and skewness were within 

acceptable limits. Another important aspect of meshing is 

the resolution of the boundary layers. The boundary layer 

is a thin layer of fluid near the surface of a solid object, 

where viscous effects are important. The y+ value was 

maintained between 0 and 30 throughout this study to 

ensure accurate resolution of the boundary layer.  

4. RESULTS AND DISCUSSION 

Figure 9 shows the flow rates of the liquid exiting 

each outlet of the straight manifold at two different inlet 

flow rates. A comparison between the experimental and 

numerical results reveals an almost close agreement. The 

most significant disparity between the experimental and 

simulation data is observed at the first outlet, with a 

difference of 5.07%. Variances in the other outlets’ values 

range between 0.6% and 3.1%. It can be inferred that the 

experimental and simulation results are consistent and 

compatible. 

As shown in Fig. 9, when the flow rate at each outlet 

is equal, the graph represents the average flow rate that 

should be taken from each outlet. The flow rate at the 1st 

outlet is below the average flow rate, whereas the flow  

 

Fig. 9 Liquid flow rates from each outlet of the 

straight manifold, Q: 9.70 l/min and 12.38 l/min 

 

rates at the other outlets are above the average flow rate. 

The highest flow rate among the manifold outlets is 

observed at the 4th outlet, which is the last outlet in the 

sequence. Subsequently, relatively high flow rates are 

observed at the 3rd and 2nd outlets, respectively. The flow 

rates at the 2nd and 3rd outlets are relatively close to the 

average flow rate. Consequently, it can be concluded that 

most flow is directed toward the 4th (last) outlet, while the 

1st outlet receives the lowest flow rate in the straight 

manifold case. 

In Fig. 10, the outlet flow rates are presented as 3D 

graphs for different inlet flow rates. Gradually decreasing 

the diameters of the main distribution section results in 

slight homogenization of the flow rates with each 

staggered reduction. This homogenization continues to 

some extent up to a 1.75-ratio staggered manifold, as 

shown in Fig. 10c. However, beyond the 1.75-ratio 

staggered manifold, homogenization is further disrupted, 

as shown in Fig. 10d, which shows the 2.80-ratio 

staggered manifold. Across the straight, 1.27, and 1.75 

ratio staggered manifolds, the highest flow rate emerges at 

the 4th outlet. Conversely, the 4th outlet experiences the 

lowest flow rate within the 2.80 ratio staggered manifold. 

Likewise, in the other scenarios, the 1st outlet consistently 

records the lowest flow rate, except in the case of the 2.80 

ratio staggered manifold, where the second-highest flow 

rate occurs at the 1st outlet. It is concluded that it is very 

important to carefully consider the stage ratio so that the 

gradual reduction of the manifold diameter contributes to 

the homogeneity of the outlet flows. 

The outcomes of scenarios where the liquid enters the 

manifold with a slightly larger diameter (22.5mm) are 

shown in Fig. 11. In Fig. 11a, concerning the straight 

manifold configuration, it is evident that aligning the inlet 

diameter of the liquid closely with the manifold's inlet  
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a)  

b)  

c)  

d)  
Fig. 10 a) Straight, b) 1.27, c) 1.75, and d) 2.80 ratio 

staggered manifolds 

 

diameter promotes a more uniform distribution of flow 

rates across the outlets. This homogeneity is enhanced 

when employing a 1.27-ratio staggered manifold, as 

depicted in Fig. 11b. Notably, the highest level of outlet 

homogeneity is achieved when using a 1.75-ratio 

staggered manifold, as shown in Fig. 11c. In contrast, Fig. 

11d illustrates that the uniformity in flow rates is markedly 

disrupted as the staggered ratio is further augmented (2.38 

ratio). In this instance, the highest flow rate occurs at the 

first outlet, followed by progressively diminishing flow 

rates at the second, third, and fourth outlets. The fourth 

outlet registers an exceedingly low flow rate. Taken 

together, these results underscore that aligning the liquid 

inlet diameter closely with the manifold’s inlet diameter  

a)  

b)  

c)  

d)  
Fig. 11 a) Straight, b) 1.27, c) 1.75, and d) 2.80 ratio 

staggered manifolds 

 

or employing a moderately staggered ratio (around 1.75) 

substantially contributes to achieving more uniform flow 

rates across the outlets. Conversely, escalating the 

staggered ratio beyond a certain threshold (2.38 ratio 

staggered under the conditions of this article) leads to a 

substantial deterioration in the homogeneity of the flow 

distribution. 

In the case of a straight manifold, the lowest outlet 

flow rate is observed at outlet 1, whereas the highest outlet 

flow rate is recorded at outlet 4. Therefore, a comparison 

of the flow rates at outlets 1 and 4 is specifically examined 

in Fig. 12 for two distinct inlet diameters, including 20.0 

and 22.5 mm. Notably, as the inlet flow rate increases, the  
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a) 

 

b) 

 

Fig. 12 Mass flow outlets for 1st and 2nd outlets with a) 

20.0 mm and b) 22.5 mm inlet diameters, Q: 9.7 l/min 

 

outlet flow rates exhibit almost linear augmentation. For 

the straight manifold, significant flow rate disparities are 

evident between outlets 1 and 4 across all inlet flow rates 

for the 20 mm inlet diameter case, as depicted in Fig. 12a. 

While this disparity slightly decreases for the first outlet, 

there is a notable reduction for the fourth outlet.  For a 22.5 

mm inlet diameter in the straight manifold, the differences 

in flow rates between outlets 1 and 4 are lower than those 

for the 20 mm inlet diameter case, as shown in Fig. 12b. 

Furthermore, these discrepancies are further 

diminished when a 1.75 ratio staggered manifold is used. 

The outcomes imply that regardless of variations in the 

inlet flow rate, achieving a balanced flow distribution 

between outlets 1 and 4 is optimally realized by employing 

a manifold with an inlet diameter closely aligned with the 

liquid inlet coupled with a staggered ratio of 1.75. In 

summary, these findings underscore the pivotal role 

played by the manifold inlet diameter and the selection of 

a suitable staggered ratio (1.75) in attaining a more 

uniform flow distribution. 

Figures 13a and 13b show the results for both straight 

and 1.75 ratio staggered manifolds with inlet diameters of 

20.0 and 22.5 mm, respectively. In the case of the straight 

manifold, the flow rate at outlet 1 is substantially lower 

than that at the other outlets. Conversely, outlet 4 

exhibited the highest flow rate among all outlets. 

Meanwhile, the flow rates at outlets 2 and 3 are relatively 

close to each other. At outlet 1 in the straight manifold, the 

flow rate is considerably lower than the expected average  

a)  

b)  

Fig. 13 Mass flow outlets for straight and 1.75 ratio- 

staggered manifolds. a) 20.0 mm b) 22.5 mm, Q: 9.7 

l/min 

 

flow rate for all outlets. However, the flow rates at the 

other outlets are above the average flow rate. In the 1.75 

manifold, the lowest flow rate is observed at outlet 1. 

Despite this, all outlets show flow rates close to the 

average flow rate. This indicates that the 1.75 ratio 

staggered manifold design effectively balances the flow 

distribution across all outlets, resulting in improved 

performance compared with the straight manifold. The 

results indicate the superiority of the 1.75 ratio staggered 

manifold configuration in achieving a more even flow rate 

distribution between outlets. The flow rates at the middle 

outlets (outlets 2 and 3) are close to the average value, 

which demonstrates the effectiveness of this design in 

maintaining a balanced flow distribution in these regions. 

However, the most critical condition occurs at the first and 

last outlets. The flow rate at the first outlet is considerably 

lower than the average, whereas the flow rate at the last 

outlet is also affected, resulting in a deviation from the 

average. 

Figure 14 shows the flow rates at the outlets of the 

1.75 ratio conical tapered manifold recommended in the 

literature for outlet uniformity (Tong et al., 2009; Hassan 

et al., 2014b; Karali et al., 2022). As depicted in Fig. 14a, 

nearly the same mass flow output is achieved in the first 

three outlets, with a slight increase. Although there is a 

slight increase in the fourth outlet, the flow rates at all the 

outlets remain close to each other. In Fig. 14b, a 

comparison is made between the flow rates at the outlets 

of the tapered manifold and the staggered manifold with a 

ratio of 1.75, which was identified as the best case in this 

study. In the conical tapered manifold, there is an 

approximately linear increase in output throughout the 

flow. In the staggered manifold, a fully linear increase is 

not observed. The flow rates at the first and third outlets 

in both cases are approximately the same. In the conical  
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a)  

b)  

Fig. 14 Outlet flow rates of the conical tapered 

manifolds a) all flow rates and b) Q: 9.70 l/min flow 

rates 

 

tapered case, the highest flow rate is obtained at the fourth 

outlet, whereas in the staggered manifold, the highest 

output flow rate is achieved at the second outlet, as shown 

in Fig. 14b. Although the staggered manifold outlet 

uniformity does not exhibit a linear trend like the conical 

tapered manifold, the result is as good as that of the conical 

tapered manifold. 

In Fig. 15, velocity contours at the middle plane of 

the manifold with a 20 mm inlet are presented. The liquid 

flow is concentrated in the vicinity of the outlets, whereas 

in other regions, the liquid remains almost stagnant or 

flows at very low velocities. Flow separations are 

observed at all outlets, leading to the formation of vortices 

in these regions. These vortices cause flow disruptions and 

result in a consequent pressure drop (Korkmaz et al., 

2022). In the straight manifold (Fig. 15a), because of the 

negligible flow separation and low-pressure drop, the 

highest flow rate occurs at the 4th outlet. Maximum flow 

velocities are observed at the middle outlets (outlets 2 and 

3). However, larger vortices are formed in these regions, 

which can negatively impact the flow distribution. In the 

worst-case scenario, which is the 2.80 ratio manifold (Fig. 

15c), a decrease in flow velocity occurs at the last outlet 

(outlet 4), accompanied by the formation of a larger 

vortex. Consequently, a significant pressure drop occurs 

in this region, leading to a smaller amount of liquid 

directed to the 4th outlet. These flow separations and 

vortices adversely affect the flow distribution, causing 

pressure losses and uneven flow rates at the outlets. 

In Fig. 16, the velocity contours along the flow 

direction are presented for straight, 1.75 ratio staggered, 

and conical tapered manifolds. A significant velocity 

gradient is observed for the 20 mm inlet manifold, as  

a)  

b)  

c)  

Fig. 15 Velocity contours at the midplane of the 

manifolds. a) Straight, b) 1.75, and c) 2.80 ratio 

staggered manifolds. 20 mm inlet diameter 

 

shown in Fig. 16a, where higher liquid velocities occur 

along the flow at the manifold outlet regions. In contrast, 

the 22.5 mm inlet manifold shows a more homogeneous 

velocity gradient, leading to more uniform outlet flow 

velocities. When both cases are staggered, homogeneity is 

further increased, as shown in Fig. 16b. The lower inlet 

diameter, particularly in the regions opposite the outlets, 

results in almost stagnant liquid flow. However, with 

staggered manifolds, this stagnant region is reduced 

slightly, and the flow is directed toward the outlets, 

improving flow homogeneity in the 20 mm inlet manifold. 

Nevertheless, complete homogeneity cannot be achieved, 

especially in the regions where the flow enters the 

manifold. Conversely, in the 22.5 mm inlet manifold with 

staggering, the flow is nearly perfectly homogenized, with 

almost no stagnant liquid regions on the opposite side of 

the outlets.  

Stalling effectively directs the flow toward the 

outlets, ensuring a more balanced and efficient flow 

distribution. The findings indicate that the choice of inlet 

diameter and appropriate staggering significantly 

influence the flow behavior and homogeneity in the 

manifold. Additionally, it is worth noting that using a 

22.5mm inlet with a 1.75 ratio staggered manifold, as 

recommended in the literature for a conical tapered 

manifold, results in approximately the same flow 

velocities along the flow direction, as shown in Fig. 16c. 

A well-designed staggered manifold with a diameter close  
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a) Straight manifold 
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b) 1.75 ratio staggered manifold 
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c) Conical tapered manifold 

Fig. 16 Velocity contours at the midplane of the 

manifolds. a) Straight, b) 1.75 ratio staggered, and c) 

conical tapered manifolds 

 

to or the same as the manifold inlet diameter provides 

improved flow distribution and minimizes stagnant flow 

regions, resulting in enhanced performance. 

Figure 17 illustrates the manifold with a staggered 

ratio of 2.80, which displays the poorest homogeneous  

a) 

 b) 

Fig. 17 Velocity vectors across the cross-section. Q: 

0.1618 kg/s, 2.8 ratio, and 1.758 ratio manifolds 

 

flow distribution (Fig. 17a), and the manifold with a 

staggered ratio of 1.75 showcasing the best homogonies 

flow distribution (Fig. 17b). In the manifold with a ratio 

of 1.75, there is a slight improvement in uniformity. After 

the first outlet, in the manifold with a ratio of 2.28, the 

flow velocities are higher toward the middle and outlet. 

This nonuniform flow distribution remains relatively 

consistent as the cross-section narrows. Beyond the 

second outlet, there is a substantial drop in the flow 

velocity, resulting in a more concentrated flow 

distribution at the exit region. After the third outlet, the 

fluid velocity further decreases, followed by an increase in 

the final stage. This leads to irregular velocities the entire 

flow. Within the manifold with a ratio of 1.75, in the inlet 

section, the flow velocity is notably higher in the middle, 

whereas significantly lower flow velocities occur at the 

edges. Subsequently, flow uniformity is predominantly 

maintained the entire flow. This uniformity is minimally 

disrupted in sections after stage transitions and outlets. 

Thus, these findings highlight that by ensuring uniform 

flow throughout the distributor manifold, equal flow rates 

can be achieved at the outlets. 

Dean vortices, a fluid dynamics phenomenon, are 

characterized by the formation of helical vortical 

structures in curved pipe flows (Dean, 1927). These 

vortices arise due to the centrifugal and Coriolis forces 

acting on the fluid within the curved geometry of the 

manifold. The centrifugal force tends to push the fluid 

toward the outer curvature, whereas the Coriolis force 

induces rotation of the fluid, thereby creating two counter-

rotating roll regions (Kalpakli Vester et al., 2016). Dean 

vortices, representing a characteristic fluid flow pattern, 

consistently manifest at the outlets of the manifold. 

Notably, each of the four outlets exhibits a near-identical 

formation of Dean vortices, indicating a uniform and 

consistent occurrence across the manifold system, as 

illustrated in Fig. 18. This formation initiates as soon as 

the fluid enters the outlet arms and continues to develop 

toward the outlets.  
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Fig. 18 Dean vortices at the outlets for 1.758 ratio 

manifolds, Q: 0.1618 kg/s 

 

 

 

Fig. 19. Velocity contours at the midplane of the 

manifolds. a) 1.75 ratio staggered and b) conical 

tapered manifolds. 

 
Figure 19 depicts the stagnation velocity regions 

occurring when the liquid enters the branches of the 

manifold. Detailed flow separations of the 1.75 ratio 

staggered manifold and the conical tapered manifold at 

mid-plane velocity contours are illustrated in Fig. 19. In 

both cases, maximum velocities are observed at nearly the 

same values. The fluid directed to the outlet branches 

exhibits extremely similar behavior in both cases, with 

flow separations being comparable at each outlet. 

Consequently, similar values are obtained at the outputs of 

both the 1.75 ratio stage and the conical tapered manifold.  

5. CONCLUSION 

The distributor manifold is an important component 

in hydraulic systems that distribute fluid flow. However, 

in some cases, nonuniform flow distribution may occur 

between branches. In this study, different manifold 

designs are investigated using both experimental and 

numerical methods to achieve uniform flow distribution in 

the manifold. Initially, the flow rate differences between 

the distribution branches were analyzed using a straight 

manifold. Subsequently, a gradually decreasing manifold 

design was employed to explore the impact on flow rate 

variations among distribution arms. Two different 

diameters were used as the inlet diameters. The main 

objective of this study is to achieve uniform flow rates for 

all distribution branches in the distributor manifold 

system. A single inlet and four outlet manifolds are used 

for this purpose.  

➢ The flow rate differences between the distribution 

branches can be effectively reduced by designing the 

manifold with a gradually decreasing configuration. 

This gradually decreasing design ensures a more 

uniform distribution of fluids in each distribution 

branch. Compared with the straight manifold design, 

the gradually decreasing manifold allows the fluid to 

flow at lower velocities in regions encountering 

resistance, thereby minimizing flow rate 

discrepancies.  

➢ The importance of considering the distributor 

manifold geometry to achieve flow rate uniformity is 

emphasized. In this context, it is concluded that a 

manifold design with a gradually decreasing cross-

section will enhance system performance by 

providing a more balanced flow distribution.  

➢ When the liquid inlet diameter is maintained close to 

the manifold’s inlet diameter and combined with a 

1.75 ratio staggered design, a more uniform and 

efficient distribution of fluid flow among the outlet 

channels is achieved. 

➢ Maintaining the liquid inlet diameter close to the 

manifold’s inlet diameter, combined with the stepped 

design featuring a ratio of 1.75, ensures a more 

uniform distribution of liquid flow between the outlet 

channels.  

➢ The results suggest that the staggered manifold can 

achieve almost the same uniform flow branching as 

the conical tapered manifold recommended in the 

literature. Despite differences in the flow patterns, the 

staggered manifold demonstrates comparable outlet 

uniformity, indicating that similar performance can 

be achieved with a manifold with a faster and cheaper 

production process. 
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