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Entrance effects are a key factor governing the stability and flow 

maldistribution in parallel microchannels. In this study, a flow model that 

accounts for the entrance-region friction factor is developed to characterize 

how developing flow in the entrance section influences the pressure-drop–

flow-rate characteristics of an individual channel and the operating point of 

the parallel system. On this basis, the role of entrance effects in regulating the 

stability range and flow distribution uniformity of parallel microchannels is 

systematically investigated. Furthermore, the length-to-diameter ratio is 

introduced as a critical geometric parameter to examine its influence on 

system behavior under different length-to-diameter ratio. The results show 

that decreasing the length-to-diameter ratio significantly increases the 

fraction of the entrance region relative to the total channel length, thereby 

strengthening the flow-resistance augmentation induced by entrance effects. 

Consequently, the instability range of the parallel system is effectively 

narrowed, inter-channel flow redistribution is suppressed, and the degree of 

flow maldistribution is reduced. 
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1. Introduction 

Microchannel heat sinks, benefiting from their high surface-area-to-volume ratio and enhanced 

heat transfer capability, show strong potential for thermal management of high-heat-flux electronic 

devices [1-3]. In parallel microchannel systems, flow maldistribution and flow instability are two key 

issues that strongly affect thermal performance and operational safety. Flow maldistribution refers to 

the unequal distribution of mass flow rate among parallel channels, which may cause insufficient cooling 

in low-flow channels and increase the risk of local dryout and overheating. Under two-phase conditions, 

parallel channels are also susceptible to flow instabilities. Ledinegg instability is a static instability 

associated with the negative slope of the pressure drop–flow rate curve, and it may trigger sudden flow 

redistribution among channels. Experimental measurements showed that significant flow 

maldistribution can occur in parallel microchannel heat sinks due to non-uniform pressure distribution 

in the inlet and outlet manifolds [4]. Experimental studies showed that flow stability in microchannel 

heat sinks is strongly influenced by pressure drop characteristics and channel geometry, which also 

affect flow distribution among channels [5]. This review summarized flow boiling mechanisms, 

pressure drop models, and flow instability phenomena in microscale channels, and highlighted the strong 

coupling between pressure drop and flow distribution [6]. Several previous studies [7-14] have 

investigated flow and heat transfer phenomena in microchannels, which may provide useful guidance 
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for modeling assumptions and parameter selection. These works offer general references for the analysis 

of flow distribution and related parameter considerations. 

However, most existing studies on microchannels are conducted under the assumption of fully 

developed flow. In both experiments and numerical simulations, the influence of entrance effects is 

often weakened or avoided by extending the upstream flow section before the heated region, thereby 

simplifying the analysis of pressure drop and heat-transfer characteristics. In reality, at the microscale, 

the entrance region can account for a considerable portion of the total channel length, and the 

development of hydrodynamic and thermal boundary layers can significantly alter local frictional 

resistance and heat transfer [15-17]. Previous studies have shown that both hydrodynamic and thermal 

entrance effects significantly influence pressure drop and heat transfer characteristics in rectangular 

microchannels, especially when the channel length is short [18]. Some researchers investigated the 

hydrodynamic entrance length in rectangular microchannels and showed that the developing region may 

occupy a significant portion of the channel length, and ignoring entrance effects may lead to inaccurate 

prediction of pressure drop [19]. Morini reviewed single-phase flow and heat transfer in microchannels 

and pointed out that developing flow and entrance effects play an important role in determining friction 

factor and heat transfer characteristics in short microchannels [20]. Qu and Mudawar showed that the 

hydrodynamic and thermal developing regions may occupy a significant portion of the microchannel 

length, and therefore developing flow effects must be considered in pressure drop and heat transfer 

analysis [21]. Kandlikar pointed out that in microchannels the entrance region can occupy a large 

portion of the total channel length, and the assumption of fully developed flow may lead to significant 

errors in pressure drop prediction [22]. 

Although studies on entrance effects in microchannel heat transfer are limited, some 

investigations have demonstrated that entrance effects have a significant influence on heat transfer 

within microchannels. Since pressure drop characteristics determine the operating point and flow 

distribution in parallel channels, the entrance effect may further influence flow maldistribution and flow 

instability in parallel microchannel systems. Therefore, it is necessary to investigate microchannel flow 

and heat transfer with entrance effects taken into account. 

2. Modeling approach 

2.1. Problem Description 

Figure 1 schematically illustrates the flow configuration of a parallel microchannel system. The 

working fluid is delivered by a pump to a set of microchannels arranged in parallel with a common inlet 

manifold and then discharged through a common outlet manifold. Each microchannel has a height Hc  

= 0.2 mm, a width Wc = 0.2 mm, and a length Lc = 10 mm. A heat source is applied beneath the 

microchannels, causing the fluid to be heated and potentially evaporate as it flows downstream. 

Depending on the heating intensity, inlet subcooling, and channel geometric parameters, the outlet 

condition may remain single-phase liquid, transition to two-phase flow, or become predominantly vapor. 

To account for entrance effects, a developing-flow friction factor is employed for the inlet region, 

whereas the fully developed friction factor is used for the remaining portion of the channel. In contrast, 

when entrance effects are neglected, the fully developed friction factor is applied over the entire channel 

length. 
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Figure 1. Schematic diagram of the parallel microchannel system layout 

2.2. Dynamic flow network equations 

Due to the horizontal placement of the microchannel heat exchanger, the gravitational pressure 

drop can be neglected. The subcooled working fluid enters the microchannel and flows under the driving 

pressure head. 

The momentum equation for each channel is given by the following equation: 

 ( )i
i i i

dW
m f W p

dt
      (1) 

This equation governs the time evolution of the mass flow rate Wi in each channel. The steady-

state pressure drop, as a function of flow rate, i.e., the channel load curve, is given by fi (Wi). When the 

actual pressure drop 
in outp p p    across the channel deviates from the steady-state pressure drop   

fi (Wi) corresponding to the current flow rate, the channel flow rate Wi changes with time. The inertia 

coefficient m is a parameter that characterizes the speed of the channel's response to flow rate changes. 

Its physical meaning is the ratio of the channel length Lc to the cross-sectional area Ac. 

In the idealized open-loop flow network considered here, the pressure drop ∆p equals the pump 

head only in steady-state conditions and only if all other upstream and downstream flow resistances in 

the flow circuit with the parallel flow channels are neglected. 

The pump curve is given by the following equation: 

 p0 ( , )F W p    (2) 

The implicit function FP (W, ∆p) specifies the relationship between the pump flow rate W and the 

pressure drop ∆p. 

The law of mass conservation states that the pump flow rate W equals the sum of flow rates Wi in 

each channel: 
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Where N is the number of channels, and W is also referred to as the total flow rate. 

The pressure drop model is used to calculate the steady-state channel load curve. The load curve 

for a single channel is given by the following equation: 

 
in out( )i ip f W p p      (4) 
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The pressure drop model is based on the assumption of separated flow, with local thermal 

equilibrium between phases, meaning that the phases are distinct and have different properties. There 

may be velocity slip between the phases, but no temperature difference. We use a one-dimensional 

method, where properties vary only in the flow direction. 

The flow of the liquid-vapor mixture is governed by the following conservation equations: 

Mass conservation: 

 0
G

z





  (5) 

Momentum conservation: 
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  (6) 

Energy conservation: 
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Assuming that the contributions of gravity and potential energy can be neglected, these 

assumptions are typically applicable to heated flow in rectangular microchannels. For simplicity, the 

heat generated by viscous dissipation is excluded. 

The main variables in these equations are G (the mass flux), p (the pressure), and h (the enthalpy). 

Three boundary conditions are used to solve these first-order differential equations: 

The inlet boundary condition for the mass flux is given by: 

 0 in,|i z iG G    (8) 

The outlet boundary condition for pressure is given by: 

 
c

outi z L
p p


   (9) 

The inlet boundary condition for enthalpy is given by: 

 f , in f , in0 0
( , (0))i iz z

T T h h T p
 
     (10) 

The following secondary variables are required to fully close the system of equations. 

The thermodynamic equilibrium quality xeq: 
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The steam quality x represents the proportion of vapor in a liquid-vapor mixture. To ensure 

physical meaning, its value must be constrained between [0, 1], where: 

  [0,1] eqx P x   (12) 

The void fraction in the bubbly flow α: 
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The slip ratio S is a parameter that describes the relative velocity difference between the liquid 

and vapor phases in the flow. It is commonly estimated using empirical correlations. In this case, the 

slip ratio S is estimated using the Zivi correlation [23], which is given by: 

 
f

1

3
gv

S
v

 
  
 

  (14) 

The frictional pressure drop Fw is calculated using empirical correlations. In this study, the 

frictional pressure drop is estimated using the classical Lockhart-Martinelli method [24], combined with 

the modified correlation proposed by Chisholm [25] to improve the accuracy of predictions. We adopt 

the formalized expression introduced by Muzychka and Awad [26], which makes the model more 

practical and versatile for engineering applications. 
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The Chisholm constant C is used to quantitatively describe the strength of the interaction between 

the liquid and vapor phases during two-phase flow. When both phases are in laminar flow, the empirical 

value for C is taken as 5 [25]. In the calculation of single-phase frictional pressure drop, it is typically 

assumed that the liquid or vapor fully occupies the cross-sectional area of the pipe, meaning that when 

calculating the pressure drop for one phase, the presence of the other phase is ignored. This 

simplification reduces the complexity of two-phase flow while also providing a reasonable physical 

basis for the construction of empirical models. This assumption allows for easier modeling of each 

phase’s behavior and is widely used in practical engineering applications where precise two-phase 

models may be difficult to implement. 
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Under the condition of fully developed laminar flow, the single-phase friction factor f in a 

rectangular channel can be calculated using the following formula [27]: 

 
2 3 4 5Re 24 1 1.3553 1.9467 1.7012 0.9564 0.2537( )f             (18) 

Under the condition of developing laminar flow, the single-phase friction factor fA in a rectangular 

channel can be calculated using the following formula [28]: 

 A

A

2

( ) 3.44
( Re

Re

)
43.44

1 ( )

K
f

x x
f

C xx

 

 


 

 


  (19) 

The dimensionless hydrodynamic length, denoted as x+: 
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In two-phase flow, the flow characteristics of the liquid and vapor phases differ significantly. 

Therefore, when evaluating the flow regime, the Reynolds number for each phase should be calculated 

separately. 

 h
f

f

(1 )
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x GD
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
   (21) 

 
h

g

g

Re
xGD


   (22) 

In the entrance region, due to the large velocity and pressure gradients, the pressure drop caused 

by developing flow is significantly higher than that of fully developed flow. Therefore, there exists a 

clear length boundary between the developing flow and the fully developed flow state, which serves as 

the basis for the separation of the use of different friction factors. The estimation of the entrance length 

is based on the empirical correlation proposed by Duan et al. [16], which is used to reasonably define 

the range of the developing flow influence in microchannels, thereby improving the accuracy of pressure 

drop predictions. 
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2.3. Steady-state flow distributions 

The cumulative load curve for the entire parallel channel array is constructed. This curve is 

obtained by summing the flow rates of all channels at a given pressure drop ∆p. Since the load curve of 

each heated channel typically exhibits an N-shaped characteristic, it means that at a certain pressure 

drop value, there could be three different flow rates corresponding to the same pressure drop. Therefore, 

at a given pressure drop ∆p, the system may have up to 3N different flow combinations (each channel 

having three flow choices, with a total of N channels). 

In principle, the system's steady-state operating point occurs only at the intersection of the 

cumulative load curve and the pump characteristic curve. However, since the specific form of the pump 

curve can be arbitrary, every point on the cumulative load curve could potentially become the system's 

operating point under a certain pump characteristic curve. To maintain general applicability, this study 

will not be limited to a specific pump curve but will instead discuss the properties of the entire 

cumulative load curve. 

2.4. Stability analysis 

To determine whether the steady-state operating point can be achieved in practice, we need to 

evaluate its stability. We conduct a stability analysis of the system dynamics, which is based on the 

linearization of the system equations (1) to (3). The linearized system can be represented as: 
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  (24) 
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By linearizing the system, we simplify its nonlinear behavior into an approximate linear system. 

This simplification allows us to evaluate the system's behavior near the steady-state operating point. The 

linearized system provides the response to small deviations, which is crucial for determining whether 

the system can maintain stability. 

In analyzing the system, the symbol δ is used to represent small deviations of the system from the 

steady-state operating point. By studying the effects of these small changes on the system, we can better 

understand its dynamic characteristics. To simplify the expression, we introduce the following symbols 

to represent partial derivatives: 

 i
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Equation (24) can be rearranged into the following standard form: 

 
d

dt


y
M Ay   (28) 

The vector y contains the small deviations of all the state variables in the system relative to the 

steady-state: 

  
T

1 2 ( )W W W p    y   (29) 

It is important to note that the matrix M is a singular matrix. The stability of the system is 

determined by the eigenvalues λ in the following generalized eigenvalue problem: 

 v v M A   (30) 

Here, λ represents an eigenvalue, while ν is the corresponding eigenvector, which is structured as 

follows: 

 
1 2

T

W W W pv v v v v      (31) 

The stability of the system is determined by the sign of its eigenvalues. If the real part of all 

eigenvalues is negative, the operating point is stable; conversely, if there exists an eigenvalue with a 

positive real part, the operating point is unstable. 

To evaluate the stability characteristics of the system, the governing equations are reformulated 

as a eigenvalue problem and solved numerically in MATLAB. For each admissible operating condition, 

the corresponding eigenvalues and eigenvectors are determined. The stability of the system is then 

identified from the sign of the computed eigenvalues over the entire operating domain, including all 

pressure-drop levels and all possible combinations of individual channel flow rates. 

Although the present analysis is demonstrated using a system with two parallel channels for 

clarity, the proposed model and stability analysis method are not limited to two-channel systems. The 

governing equations are formulated in a general form and can be extended to a system with an arbitrary 

number of parallel channels by increasing the number of channel momentum equations and applying 

the overall mass conservation constraint. The eigenvalue-based stability analysis can also be directly 

applied to multichannel systems, since the system matrices are constructed based on the number of 
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channels. Therefore, the presented methodology is applicable to parallel microchannel systems with 

multiple channels commonly encountered in practical applications. 

2.5. Model validation 

 

Figure 2. Validation against literature data; 

(a) developing-flow friction factor, and 

(b) Single-channel pressure drop with fully developed friction factor along the entire channel 

To evaluate the reliability of the numerical simulation results in this study, previously published 

data validated by experimental results were selected for comparative validation. Figure 2(a) compares 

the developing-flow friction factor, showing that the discrepancy between the present model predictions 

and the literature data [29] is within 3%. Figure 2(b) presents a comparison of the single channel 

pressure-drop curves when the fully developed friction factor is applied along the entire channel length, 

and the deviation between the present model results and the literature data [30] is within 2%. The above 

comparisons demonstrate that the developed model exhibits high predictive accuracy and good 

reliability, the numerical simulation results presented in this study are highly credible. 

3. Results and discussion 

The single-channel pressure-drop curves for a range of the channel length-to-diameter ratio are 

shown in Figure 3. In each plot, two types are compared: the first type assumes the channel flow does 

not consider entrance effects, using a fully developed friction factor throughout the entire length; the 

second type considers entrance effects, with an undeveloped flow region at the inlet where a developing 

friction factor is used, transitioning to a fully developed friction factor after the entrance region. Purple 

represents the first type, and blue represents the second type. Solid lines indicate stable operating points, 

while dashed lines indicate unstable operating points. channel parameters given in Table 1. 
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Table 1. System Parameters 

Parameters Magnitude 

Channel dimensions:  10 ~ 1250     0.2     0.2 

Number of channels 1~2 

Fluid Water 

Outlet pressure:  100 

Fluid inlet temperature:  353 

Heat source:  0.8 

 

Figure 3. Single-channel pressure-drop curves for a range of different length-to-diameter ratio 

Under single-channel heating, the pressure-drop–flow-rate relationship exhibits a non-monotonic 

N-shaped curve, primarily because variations in mass flow rate alter the extent of phase change. At high 

flow rates, the fluid remains predominantly single-phase liquid, and the frictional pressure drop 

increases monotonically with increasing flow rate. As the flow rate decreases to an intermediate range, 

the heat input per unit mass increases, leading to the onset and intensification of two-phase flow; 

together with acceleration effects, the effective flow resistance rises markedly, causing the pressure drop 

to increase as the flow rate decreases. With a further reduction in flow rate, vaporization becomes more 

severe, the vapor quality increases, and the mixture-averaged density decreases, resulting in a rapid 

decline in the total pressure drop and ultimately producing the characteristic N-shaped behavior. 

The essence of entrance effects is that the boundary layer in the inlet region is not yet fully 

developed, resulting in a larger near-wall velocity gradient that significantly increases wall shear and, 

consequently, the frictional pressure drop. Therefore, in the high-flow single-phase liquid regime, where 
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the pressure drop is dominated by liquid viscous friction, entrance effects introduce a significant 

additional pressure loss. After the flow enters the two-phase region, the total pressure drop is jointly 

determined by friction, acceleration, flow regime, and interfacial interactions; the fraction of the total 

pressure drop attributable to the extra wall friction induced in the entrance region decreases, so the 

overall pressure-drop enhancement becomes relatively limited. In the vapor-dominated regime, gas 

viscosity is low and the frictional pressure drop is inherently small, making the total pressure drop much 

less sensitive to entrance-region friction; hence, the contribution of entrance effects is nearly negligible. 

As the channel length-to-diameter ratio increases, the entrance region accounts for a progressively 

smaller fraction of the total channel length, and thus the influence of entrance effects becomes 

increasingly weak. As shown in Figure 3, with increasing length-to-diameter ratio, the pressure-drop 

curves obtained with and without entrance effects approach each other. When the channel is sufficiently 

long, the entrance-region contribution becomes negligible compared with the overall frictional pressure 

drop, and the entrance effect can be safely ignored. 

 

Figure 4. Two-channel pressure-drop curves for a range of different length-to-diameter ratio 

Because the single channel pressure drop-flow rate relationship exhibits a nonmonotonic N 

shaped behavior, up to three flow rates can correspond to the same pressure drop. In a parallel two 

channel system, the channels share common inlet and outlet manifolds and must sustain the same 

pressure drop. Therefore, under a given pressure drop, the two channels can form 32 possible flow rate 

combinations, giving rise to multiple system pressure drop curves associated with uniform and 

nonuniform flow distributions. In the cumulative pressure drop curve of two parallel channels, the same 

total flow rate may correspond to multiple pressure drop values. This phenomenon arises from the fact 

that, in the pressure drop curve of a single channel, the region with a negative slope corresponds to the 
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unstable two-phase flow regime. In a system of two parallel channels, when one channel operates in the 

two-phase flow region, a small perturbation that reduces the flow rate in this channel will cause an 

increase in its pressure drop due to the negative slope characteristic. Under the condition of constant 

total flow rate and equal pressure drop between parallel channels, the flow rate in the other channel must 

increase to maintain pressure equilibrium. If the other channel operates in the liquid phase, its pressure 

drop increases with increasing flow rate. Since the slope of the pressure drop curve in the two-phase 

region is steeper than that in the liquid phase, the pressure increase in the liquid channel is insufficient 

to compensate for the pressure rise in the two-phase channel. As a result, the flow rate in the two-phase 

channel continues to decrease, while the flow rate in the liquid channel continues to increase, leading to 

flow maldistribution until a new equilibrium is reached. This mechanism fundamentally explains the 

occurrence of Ledinegg instability in parallel channel systems. 

As shown in Figure 4, when the channel length-to-diameter ratio increases, the entrance effect 

weakens and the two-channel pressure drop curves with and without entrance effects gradually converge, 

so the entrance effect can be neglected for sufficiently long channels. When the channel length-to-

diameter ratio decreases, the entrance effect becomes stronger and the instability range indicated by the 

dashed segment is markedly reduced when entrance effects are included. 

 

 

Figure 5. Two-channel flow distribution for a range of different length-to-diameter ratio 

Figure 5 shows the flow distribution in the two-channel system, where the sum of the flow rate 

fractions Ri of the two channels equals 1. When flow maldistribution occurs, channel 1 is assumed to carry a 

higher flow rate while channel 2 carries a lower flow rate. Owing to entrance effects, the higher flow rate in 

channel 1 corresponds to a larger liquid fraction, whereas the lower flow rate in channel 2 corresponds to a 
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smaller liquid fraction. As a result, entrance effects increase the pressure drop in channel 1 more significantly, 

leading to a larger hydraulic resistance. This promotes flow redistribution toward channel 2 and thus 

alleviates flow maldistribution between the two channels. As the channel length-to-diameter ratio increases, 

the entrance effect weakens and the flow distribution curves with and without entrance effects gradually 

converge. Conversely, as the channel length-to-diameter ratio decreases, the entrance effect becomes stronger 

and the flow maldistribution is further mitigated when entrance effects are taken into account. 

 

Figure 6. Two-channel flow maldistribution for a range of different length-to-diameter ratio; 

(a)the range of total flow rates over which maldistribution occurs, 

(b)the most severe flow maldistribution, and 

(c)the range of total flow rates with this most severe flow maldistribution 

Figure 6 illustrates how flow maldistribution in the two-channel system varies with the channel 

length-to-diameter ratio. Figure 6(a) As the channel length-to-diameter ratio increases, the entrance 

effect gradually weakens, leading to a reduction in its flow-equalizing influence, and the maldistribution 

range obtained with and without entrance effects gradually converges. Figure 6(b) With increasing 

length-to-diameter ratio, the most severe maldistribution under the two conditions progressively 

becomes consistent, as reflected by the convergence of the flow rate fraction in the high flow channel 1. 

Figure 6(c) Similarly, as the channel length-to-diameter ratio increases, the total flow rate interval 

associated with the most severe maldistribution in the two cases gradually coincides; when the channel 

length-to-diameter ratio decreases, entrance effects further shrink this total flow rate interval. 

4. Conclusion 

This paper presents a parallel microchannel two-phase flow model that accounts for the entrance 

effect and examines its impact on flow instability and distribution. The study highlights the role of the 

channel length-to-diameter ratio in this process. The results show that the entrance effect promotes flow 

redistribution by increasing the frictional pressure drop in high-flow channels. Notably, as the channel 

length-to-diameter ratio decreases, the impact of the entrance effect becomes more significant, whereas 

as the ratio increases, the effect diminishes and can eventually be neglected. These findings provide 

valuable theoretical insights for the design of microchannel heat sinks, enhancing their stability and 

guiding their geometric optimization. 
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Nomenclature 

Ac — channel cross-section area, [mm²] u — streamwise velocity, [m/s] 

A — linearized system matrix, [–] v — specific volume, [kg/m3] 

C — Chisholm constant, [–] v — eigenvector, [–] 

Dh — hydraulic diameter, [mm] W — flow rate, [kg/s] 

Fp ( ) — pump curve, [–] Wc — channel width, [mm] 

Fw — volumetric wall shear force, [N] x — vapor quality, [–] 

f — friction factor, [–] y — vector of state variables, [–] 

f (W) — channel load curve, [–] z — streamwise coordinate, [mm] 

G — mass flux, [kg/(m2-s)] Greek symbols 

Hc — channel height, [mm] α — void fraction, [–] 

h — specific enthalpy, [J/kg] β — aspect ratio, [–] 

Lc — channel length, [mm] ε — partial derivative, [–] 

M — mass matrix, [–] δ — deviation, [–] 

m — channel inertial coefficient, [–] γ — relative finite difference step size, [–] 

N — number of parallel channels, [–] λ — eigenvalue, [–] 

P[0,1] — projection on the interval [0, 1] , [–] μ — dynamic viscosity, [kg/m-s] 

p — pressure, [kPa] Subscript 

— pressure drop, [kPa] c — channel, [–] 

Pin — heat input, [W]  f — liquid, [–] 

Re — Reynolds number, [–] g — vapor, [–] 

Ri — flow rate fraction, [–] i — channel index, [–] 

S — slip ratio, [–] in — inlet, [–] 

T — temperature, [K] out — outlet, [–] 

t — time coordinate, [s] sat — saturation, [–] 
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