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ABSTRACT 7 

Flow across heated parallel channel systems exists in many applications. The performance of such 8 

systems experiencing multiphase flow could suffer from the deleterious effects of flow non-9 

uniformity or maldistribution. Modeling the behavior of such systems is challenging due to the 10 

inherent non-linearity associated with the multiphase flow and the difficulty in determining the 11 

actual flow among several possible flow distributions. This study addresses the challenge by 12 

analyzing the entropy production in such systems. Using experiments on two thermally isolated, 13 

nominally identical, and externally heated parallel channels, we quantify irreversibility in the 14 

resulting multiphase flow by evaluating the entropy generation rate. Our experiments reveal that 15 

certain flow conditions result in severe maldistribution (flow ratio > 10) in the channels, associated 16 

with a sharp rise in entropy production. Such an increase is not predicted for uniform flow 17 

distribution across parallel channels, making maldistributed flow a thermodynamically favored 18 

state over equally distributed flow. We extend this understanding to non-identical parallel channels 19 

as well. With entropy analysis providing additional insight besides the fundamental equations 20 

governing mass, momentum, and energy conservation, this approach is valuable in predicting and 21 

controlling flow distribution in parallel channel systems. 22 
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1 INTRODUCTION 24 

Parallel channels can scale performance in several engineering systems and devices, such as heat 25 

exchangers, chemical reactors, electronic cooling and power generation systems, fluidized beds, 26 

microfluidic devices, and fuel cells [1]–[6]. Under certain operating conditions, such systems face 27 

the risk of instability, wherein flow distribution between parallel channels becomes severely non-28 

uniform. This phenomenon could occur even for parallel channels that are nominally identical. It 29 

is undesirable since it can reduce the system’s performance and sometimes cause irreversible 30 

damage [1][2]. Therefore, prior efforts have focused on the prediction and characterization of flow 31 

maldistribution in parallel channels, especially where multiple phases (liquid and vapor) coexist 32 

[2], [3], [7]–[11]. Taitel et al. [10]  showed that symmetrical heating of a multi-channel system can 33 

be unstable and established a control procedure against flow maldistribution. Minzer et al. [12] 34 

used linear stability analysis to differentiate between stable and unstable flow solutions. Results 35 

from Minzer’s study show that flow distribution may depend on history. Yang et al. [13] developed 36 

a 3D computational model of a nine parallel-channel system and showed that under the same 37 

conditions, the flow tends to be more equally distributed in parallel channels with a circular cross-38 

section when compared to a triangular cross-section. With the aid of a model, Zhang et al. [7] 39 

showed that flow distribution in a parallel channel can be controlled by manipulating the total flow 40 

rate if the parallel channels are distinct. Natan et al. [14] showed up to five obtained for a single 41 

flow rate through a two parallel-channel system and speculated that the most feasible solution is 42 

the one with the least pressure drop. 43 

In these studies, the methodology employed in predicting the stability of different flow 44 

distributions involves the perturbation of the Navier Stokes’ equations [7], [10], [12], which 45 

establishes a criterion to ascertain if maldistribution can occur or not. While this approach 46 



distinguishes between stable and unstable flows [9], [12] it is unclear why a particular flow 47 

distribution is bound to occur over other mechanically feasible possibilities. We address this gap 48 

in knowledge by introducing thermodynamic considerations to flow distribution in parallel 49 

channels.  50 

Entropy analysis, based on the second law of thermodynamics, is a valuable tool for analyzing the 51 

directionality of processes in physical systems. Entropy analysis evaluates and optimizes thermal-52 

hydraulic systems by quantifying the degree of irreversibility associated with flow and energy 53 

transfer in systems. A recent study applied multiscale entropy analysis in identifying flow regimes 54 

and dynamic characteristics of gas-liquid two-phase flows in horizontal channels [15]. Several 55 

studies have also focused on optimizing heat exchangers via entropy generation minimization [16] 56 

– [19]. Applying entropy analysis to a known phenomenon, Zupanovic et al. [20] showed that 57 

Kirchoff’s loop law can be derived from the maximum entropy principle. Concerning stationary 58 

two-phase flow distribution, Giannetti et al. [21] developed a variational formulation of two-phase 59 

flow distribution at a fluid junction. They showed that the predicted flow distribution can 60 

correspond to different entropy production rates depending on the chosen two-phase flow model. 61 

For example, their study showed that the homogeneous model leads to a higher entropy production 62 

rate than the separated flow model. The study showed that the extremisation of the entropy 63 

generation rate provides the additional conditions necessary for closing the problem formulation 64 

to model flow distribution in fluid networks. This study uses entropy analysis to show the 65 

relationship between entropy generation and flow distribution in a system consisting of two 66 

thermally isolated parallel channels. In this case, externally heated channels cause vaporization 67 

and multiphase (liquid-vapor) flow. This study provides, for the first time, a thermodynamic 68 

perspective on flow distribution in parallel channels in such conditions. We demonstrate how the 69 



entropy analysis can be applied to distinguish between stable and unstable flow states 70 

corresponding to the same system operating conditions. 71 

2 FLOW DISTRIBUTION IN PARALLEL CHANNELS  72 

The changes in flow properties like pressure and temperature across parallel channels are useful 73 

in quantifying the flow performance. For given inlet conditions, such as inlet pressure 𝑃𝑖 and 74 

temperature 𝑇𝑖, the exit properties like pressure 𝑃𝑒 and enthalpy ℎ𝑒 can be calculated using the 75 

equations for conservation of mass, momentum balance, and the first law of thermodynamics. 76 

These fundamental equations take the following form for two thermally isolated parallel channels 77 

sharing a common inlet and exit (Figure 1) and operating at steady-state.  78 

 79 

Figure 1. Two thermally isolated parallel channels sharing a common inlet and exit. 80 

∫ 𝜌𝑣̅ ∙ 𝑑𝐴̅
𝐶𝑆

= 0                                                                    (1) 81 

∫ 𝑣̅𝜌𝑣̅ ∙ 𝑑𝐴̅
𝐶𝑆

= ∫ −𝑝 𝑑𝐴̅
𝐶𝑆

+ ∫ 𝜏̅̅ 𝑑𝐴̅
𝐶𝑆

+ ∫ 𝑔̅ 𝑑𝑉
𝐶𝑆

                                     (2) 82 

Here 𝑣̅, 𝑝, 𝜏̅̅, and 𝑔̅ denote velocity, pressure, tangential stress, and body force per unit volume, 83 

respectively. In addition, the first law of thermodynamics gives  84 

∫ ℎ𝜌𝑣̅ ∙ 𝑑𝐴̅
𝐶𝑆

= ∫ 𝑑𝑄̇
𝐶𝑆

                                                            (3) 85 

Application of these fundamental equations to flow in individual channels allows predicting the 86 

pressure change, 𝛥𝑃 = 𝑃𝑖 − 𝑃𝑒 for different flow rates, 𝑚̇. The model outcome could suggest 87 



multiple possible flow distributions for a simple case involving two nominally identical channels 88 

(Figure 1), where the flow is heated as it passes through them. For example, one possible model 89 

prediction can be equally distributed flow for all possible channel flow rates, irrespective of the 90 

exit quality (Figure 2, distribution 1). Another possibility is that the flow is liquid and equally 91 

distributed at high flow rates, whereas it becomes unequally distributed or maldistributed with 92 

flow boiling at low flow rates (Figure 2, distribution 2). A fundamental aspect that is still unclear 93 

is which of the two distributions is likely to occur and why.   94 

 95 

Figure 2. Possible flow distribution predictions in two parallel channels (fluid: water, diameter: 1.4 mm, length: 96 

0.3 m).  97 

Previous studies have used a criterion based on the perturbation of the momentum balance equation 98 

to distinguish between stable (feasible) and unstable (infeasible) flow distributions. For example, 99 

based on this criterion, the stable distribution for the above system has been predicted as a 100 

maldistributed flow rather than a uniformly distributed one. While this prediction may be accurate, 101 

the criterion provides no reason why a maldistributed state is more stable than equally distributed 102 



flow when both distributions satisfy the basic equations governing mass, momentum, and energy 103 

conservation. Moreover, the number of viable flow distributions increases with the number of 104 

parallel channels, making the traditional modeling approach more challenging – hence, a clearer 105 

understanding of the maldistribution phenomenon is necessary. 106 

The challenge introduced by non-unique solutions can be addressed by considering the entropic 107 

aspects of flow, which is often overlooked. Internal flow with energy transfer is associated with 108 

entropy generation as flows occur from the inlet 𝑖 to the exit 𝑒 of a channel. For steady flow through 109 

boundary-heated channels, the total entropy generation rate, 𝑆̇𝑔𝑒𝑛 can be calculated using the 110 

entropy balance equation for an open system.  111 

∫ 𝑠𝜌𝑣̅ ∙ 𝑑𝐴̅
𝐶𝑆

= ∫
𝑑𝑄̇

𝑇𝑤𝐶𝑆

+ 𝑆̇𝑔𝑒𝑛                                                       (4) 112 

Here 𝑄̇ denotes net heat transferred from the boundary into each channel maintained at a uniform 113 

temperature of 𝑇𝑤. The increase in entropy is also caused by the irreversibility associated with 114 

flow in the channels, 𝑆̇𝑔𝑒𝑛. Irreversibility occurs in this pressure-driven flow due to many reasons, 115 

including heat transfer across a finite temperature difference, friction between the fluid and the 116 

channel wall, sudden changes in configuration and direction of flow, and the mixing of thermally 117 

dissimilar fluids from parallel channels at the flow junctions or headers [22]. The second law of 118 

thermodynamics requires that the rate of entropy generation, 𝑆̇𝑔𝑒𝑛 ≥ 0, wherein equality holds 119 

only if the process is internally reversible. We believe that the flow distribution in a multi-channel 120 

network is governed by the maximization of 𝑆̇𝑔𝑒𝑛. This study investigates entropy production in 121 

model-predicted flow distributions in parallel channels. With the help of experiments involving 122 



thermally isolated parallel channels, we show how the entropy analysis determines the 123 

thermodynamically preferred flow distribution, which matches our observations.    124 

3 EXPERIMENTAL PROCEDURE 125 

The test section (Figure 3) comprises two parallel channels with a shared inlet and exit. Each 126 

channel consists of a valve to control flow, a flowmeter (Omega FLR-1008ST, ±3.3 ×127 

10−5 kg s⁄ ), and channels made of stainless steel capillary tubes of internal diameter 1.4 mm, outer 128 

diameter 3.18 mm and length 305 mm, circumferentially interfaced with heaters (125 W) and 129 

fiberglass insulation. Also, pressure sensors (Omega PX309-030A5V, ±0.52kPa) and 130 

thermocouples (Omega T-type, ±1℃) were positioned at the inlet and exit of the test section to 131 

monitor flow. Four additional temperature sensors were attached to each channel wall at 132 

equidistant positions to keep track of the channel wall temperature. Other components in the 133 

testbed include a temperature-controlled heated tank as a liquid reservoir, a chiller to extract heat 134 

from the working fluid, an electronic valve, and a gear pump (Micropump, GA-X21.CFS.E, 0 – 135 

65 Hz) to maintain stable two-phase flow in the channels. The parallel channels are independently 136 

heated using programmable DC power supply modules (BK Precision, XLN 15010, ±0.01%). 137 

The testbed uses water, and the system was maintained within a pressure range of 8 to 33kPa. In 138 

addition to the flowmeters keeping track of the flow rate in each channel of the test section, a flow 139 

meter is positioned after the pump to monitor the total flow rate. Including this flow meter also 140 

allows for estimating the flow rate in the channel with minimal flow during severe flow 141 

maldistribution. 142 

In order to improve baseline stability, ensure consistency, and maintain the required pressure at 143 

the start of an experiment, the setup is initially de-aerated, and the fluid tank is heated before 144 



turning on the pump. This step ensures that the working fluid instantaneously gets to the pump at 145 

startup, preventing cavitation and potential damage to the pump. Experiments typically involve 146 

liquid flow in sequence from the pump to the test section, storage tank, and chiller. Within the test 147 

section, fluid may split between two parallel channels, or flow might be limited to a single channel 148 

if the valve on the other branch is fully shut. Experiments typically involve liquid entering the test 149 

section below saturation conditions and exiting as liquid, liquid vapor mixture, or super-heated 150 

vapor. 151 

  152 

Figure 3. (𝑎) Experimental pumped liquid cooling cycle. (𝑏) Illustration of flow in a single channel.  153 

Initial experiments involve thermal characterization of each channel to determine the relationship 154 

between readily available physical quantities (mass flow rate 𝑚̇, channel surface area 𝐴𝑠 and 155 

temperature difference between the channel wall and ambient 𝑇𝑤 − 𝑇∞) and heat loss 𝑄̇𝑙𝑜𝑠𝑠 to the 156 

surroundings, as shown in Figure 4. Therefore, for a given electrical heat load 𝑄̇ℎ = 𝐼𝑉, the net 157 

heat transfer to the fluid 𝑄̇ = 𝑄̇ℎ − 𝑄̇𝑙𝑜𝑠𝑠, where 𝑄̇𝑙𝑜𝑠𝑠 = 𝑄̇𝑙𝑜𝑠𝑠( 𝑚̇, 𝐴𝑠, 𝑇𝑤 − 𝑇∞) can be estimated 158 

from Figure 4. This step is useful, especially when 𝑄̇ cannot be directly obtained using mass, 159 

temperature, and pressure measurements of the liquid-vapor mixture flow. An interface designed 160 



with LABVIEW and MATLAB is used for automated actuator control besides recording, 161 

compiling and plotting the experimental data from the testbed. 162 

 163 

Figure 4. Heat loss characterization of a single channel 164 

The uncertainty in a parameter 𝑓 is determined by applying the propagation of error [23]–[25], as 165 

shown in Eq. 5, 166 

∆𝑓 = √(
𝜕𝑓

𝜕𝑥1
∆𝑥1)

2

+ (
𝜕𝑓

𝜕𝑥2
∆𝑥2)

2

+. . . + (
𝜕𝑓

𝜕𝑥𝑛
∆𝑥𝑛)

2

                                 (5) 167 

where ∆𝑥1 … ∆𝑥𝑛 are the errors associated with the measurement of 𝑛 independent variables, 168 

𝑥1 … 𝑥𝑛 to calculate the parameter 𝑓. 169 

4 ENTROPY GENERATION AND SOURCES OF IRREVERSIBILITY 170 

The following equations describe the first and second laws of thermodynamics for the N-channel 171 

system, which allow for determining 𝑆̇𝑔𝑒𝑛.   172 



𝑚̇(ℎ𝑖 − ℎ𝑒) = ∑ 𝑄̇ℎ,𝑗 − 𝑄̇𝑙𝑜𝑠𝑠,𝑗

𝑁

𝑗=1

                                                            (6) 173 

𝑆̇𝑔𝑒𝑛 = 𝑚̇(𝑠𝑒( 𝑃𝑒 , ℎ𝑒) − 𝑠𝑖( 𝑃𝑖, 𝑇𝑖)) − ∑
𝑄̇ℎ,𝑗 − 𝑄̇𝑙𝑜𝑠𝑠,𝑗

𝑇𝑤,𝑗

𝑁

𝑗=1

                                       (7) 174 

The specific entropies at the inlet (𝑠𝑖) and outlet (𝑠𝑒) of the channel assembly are functions of inlet 175 

pressure 𝑃𝑖 and temperature 𝑇𝑖, and exit pressure 𝑃𝑒 and specific enthalpy, ℎ𝑒, respectively. Here 176 

𝑄̇ is obtained from the difference between the electrical heat load 𝑄̇ℎ,𝑗 and heat loss 𝑄̇∞,𝑗 in each 177 

channel 𝑗. In a system of parallel channels, the total rate of entropy generated consists of the rate 178 

of entropy generated within each channel member 𝑆̇𝑔𝑒𝑛,𝑗, the rate of entropy generated from the 179 

splitting of flow at the common inlet 𝑆̇𝑔𝑒𝑛,𝑠𝑝𝑙𝑖𝑡 and the rate of entropy generated at the common 180 

exit from irreversible heat transfer within mixing fluid streams 𝑆̇𝑔𝑒𝑛,𝑚𝑖𝑥. Compared with other 181 

contributions, 𝑆̇𝑔𝑒𝑛,𝑠𝑝𝑙𝑖𝑡 is negligible because of the insignificant change in the thermodynamic 182 

properties of the fluid during the splitting process. As a result, 𝑆̇𝑔𝑒𝑛 is expressed as  183 

𝑆̇𝑔𝑒𝑛 = 𝑆̇𝑔𝑒𝑛,𝑚𝑖𝑥 + ∑ 𝑆̇𝑔𝑒𝑛,𝑗

𝑁

𝑗=1

                                                        (8) 184 

Since the channel assembly is thermally insulated and the mixing process is relatively fast, 185 

adiabatic conditions are assumed  in determining  𝑆̇𝑔𝑒𝑛,𝑚𝑖𝑥. 186 

𝑆̇𝑔𝑒𝑛,𝑚𝑖𝑥 = 𝑚̇𝑠𝑚𝑖𝑥(𝑃𝑚𝑖𝑥, ℎ𝑚𝑖𝑥) − ∑ 𝑚̇𝑗𝑠𝑒,𝑗

𝑁

𝑗=1

                                 (9) 187 



Where the specific entropy of the fluid mixture at the exit (𝑠𝑚𝑖𝑥) is a function of  the mixture 188 

pressure 𝑃𝑚𝑖𝑥 and enthalpy ℎ𝑚𝑖𝑥. In parallel channel experiments, 𝑃𝑚𝑖𝑥 and ℎ𝑚𝑖𝑥 are typically 𝑃𝑒 189 

and ℎ𝑒, respectively. However,  in cases where single-channel experiments are used to estimate 190 

the properties of flow in parallel channels, 𝑃𝑚𝑖𝑥 and ℎ𝑚𝑖𝑥 are given as  191 

ℎ𝑚𝑖𝑥 = ∑ 𝑚̇𝑗
∗ℎ𝑒,𝑗

𝑁

𝑗=1

,                                                             (10) 192 

𝑃𝑚𝑖𝑥 = ∑ 𝑚̇𝑗
∗𝑃𝑒,𝑗

𝑁

𝑗=1

.                                                              (11) 193 

4.1 Sources of Irreversibility in a Single Channel 194 

Besides other sources, the hydraulic and thermal resistance affecting the flow and heat transfer in 195 

the two channels contribute significantly to irreversibility. The pressure drop ∆𝑃 = 𝑃𝑖 − 𝑃𝑒 across 196 

the channel depends on the flow rate and the hydraulic resistance to flow, which depends on fluid 197 

friction. Hence, ∆𝑃 indicates how certain flow aspects (e.g., friction) introduce irreversibility in 198 

the system. Similarly, heat transfer from the wall at 𝑇𝑤 to the fluid at 𝑇𝑓 is an irreversible process 199 

requiring a temperature differential (𝑇𝑤 − 𝑇𝑓). However, for an internally-reversible heat transfer 200 

process (𝑆̇𝑔𝑒𝑛 = 0), the hypothetical temperature (𝑇𝑟𝑒𝑣) of the control volume boundary, which in 201 

this case is the channel wall, can be calculated using the following equation.  202 

 𝑇𝑟𝑒𝑣 =
𝑄̇ℎ−𝑄̇𝑙𝑜𝑠𝑠

𝑚̇(𝑠( 𝑃𝑖,ℎ𝑒)−𝑠( 𝑃𝑖,𝑇𝑖))
 (12) 203 

In practice, the channel wall temperature (𝑇𝑤) is much larger than 𝑇𝑟𝑒𝑣 due to irreversibilities. 204 

Hence, ∆𝑇𝑤 = 𝑇𝑤 − 𝑇𝑟𝑒𝑣 is used as an indirect measure of deviation from an ideal heat transfer 205 



process. Figure 5a shows ∆𝑃, ∆𝑇𝑤, the exit vapor quality 𝑥𝑒, and the entropy generation rate 𝑆̇𝑔𝑒𝑛 206 

for a single channel heated at 𝑄̇ℎ = 70 W. 207 

 208 

Figure 5. Variation of single-channel pressure drop ∆𝑃, the wall temperature difference ∆𝑇𝑤 , exit quality 𝑥𝑒, and 209 

entropy generation 𝑆̇𝑔𝑒𝑛 , as a function of (a) flow rate 𝑚̇ at 𝑄̇ℎ= 70 W. (b) external heat load 𝑄̇ℎ at 𝑚̇ =  3.48 ×210 

10−4 kg/s. 211 

Starting from a large flow rate, a continuous decrease in 𝑚̇ results in liquid-to-vapor phase change. 212 

Consequently, the fluid phase at the exit changes from liquid (𝑥𝑒 = 0) to a liquid-vapor mixture 213 

(𝑥𝑒 > 0). With boiling and an increase in vapor production, heat transfer characteristics within the 214 

channel change to become more efficient, which can be seen in the lowering of Δ𝑇𝑤 with an 215 

increasing 𝑥𝑒. Correspondingly, the rate of entropy generation also decreases. This decrease in 216 

𝑆̇𝑔𝑒𝑛 occurs despite increasing Δ𝑃, which indicates the more significant role of heat transfer 217 



irreversibility over flow non-idealities. At large flow rates, when Δ𝑇𝑤 does not change much with 218 

an increase in 𝑚̇, 𝑆̇𝑔𝑒𝑛 increases mainly due to rising Δ𝑃 – a regime where flow non-idealities 219 

dominate.  220 

To further investigate the contribution of flow and heat transfer irreversibilities to the total entropy 221 

production, we also varied channel heating rates (𝑄̇ℎ) while keeping the flow rate (𝑚̇) constant. 222 

Figure 5b shows the variation of ∆𝑃, ∆𝑇𝑤, the exit vapor quality (𝑥𝑒), and the entropy generation 223 

rate 𝑆̇𝑔𝑒𝑛 for a single channel with 𝑄̇ℎ at a constant 𝑚̇ = 3.48 × 10−4kg/s. Starting from a small 224 

heat load, a continuous increase in 𝑄̇ℎ results in the phase change from liquid (𝑥𝑒 = 0) to liquid-225 

vapor mixture (𝑥𝑒 > 0), a jump in ∆𝑃 and an increase in both ∆𝑇𝑤 and 𝑆̇𝑔𝑒𝑛. The sudden increase 226 

in ∆𝑃 is due to vapor production (phase change) in the channel at the threshold value of the heating 227 

rate around 80 W. The increase in  ∆𝑇𝑤 and 𝑆̇𝑔𝑒𝑛 with no significant change in ∆𝑃 before and after 228 

phase change indicates that the irreversibilities associated with heat transfer contribute more to 229 

𝑆̇𝑔𝑒𝑛 than the flow irreversibilities.  230 

4.2 Irreversibility in two thermally isolated Parallel Channels 231 

Unlike flow in a single channel, entropy generation rates in two parallel channels are also 232 

influenced by the nature of the flow distribution. Flow distribution is quantified in terms of 𝑚̇∗ 233 

which denotes the flow fraction in a channel relative to the total flow rate. Flow distribution is 234 

obtained based on measured flow rates, 𝑚̇1
∗ = 𝑚̇1 (𝑚̇1 + 𝑚̇2)⁄  and 𝑚̇2

∗ = 𝑚̇2 (𝑚̇1 + 𝑚̇2)⁄ . For 235 

instance, 𝑚̇∗ = 0.5 denotes equally distributed flow in a two-channel system. Figure 6 shows the 236 

observed flow fraction 𝑚̇∗, total entropy generation 𝑆̇𝑔𝑒𝑛, pressure drop ∆𝑃, and the temperature 237 

difference ∆𝑇𝑤 for different total flow rates 𝑚̇ in two nominally-identical thermally-isolated 238 

parallel channels under a constant heat load of 70 W each.  239 



 240 

Figure 6. Variation of parallel channel pressure drop ∆𝑃, wall temperature difference ∆𝑇𝑤 , entropy generation 𝑆̇𝑔𝑒𝑛, 241 

and flow fraction 𝑚̇∗ as a function of the flow rate 𝑚̇ at 𝑄̇ℎ= 70 W  242 

At high flow rates in the two parallel identical channels, the pressure difference (∆𝑃) decreases as 243 

the total flow rate (𝑚̇) decreases. For a large 𝑚̇, the fluid emerges as a liquid at the exit. Since the 244 

characteristics of heat transfer do not change much under these conditions, there is no significant 245 

change in the temperature difference, Δ𝑇𝑤. Hence, like flow in a single channel, the 𝑆̇𝑔𝑒𝑛 in each 246 

channel, and the ∆𝑃 across the channel decreases as 𝑚̇ decreases and ∆𝑇𝑤 is expectedly uniform.  247 

As 𝑚̇ decreases further, the fluid at the exit transitions from liquid to a liquid-vapor mixture due 248 

to heat-induced boiling. Phase-change characteristics now initiate severe flow maldistribution, as 249 

indicated by the departure in 𝑚̇∗ for the channels. This uneven distribution occurs with a sudden 250 

decrease in 𝑚̇∗ for channel 1 and an increase in 𝑚̇∗ for channel 2. A sudden rise in ∆𝑃 across the 251 



channels is also observed. The decrease in 𝑚̇ also results in a sharp rise in ∆𝑇𝑤 and 𝑆̇𝑔𝑒𝑛 in channel 252 

1. In comparison, the change in 𝑆̇𝑔𝑒𝑛 is not that significant and ∆𝑇𝑤 is mostly invariant in channel 253 

2.  254 

The relative effects of flow and heat transfer irreversibilities on 𝑆̇𝑔𝑒𝑛 depend on the system. In this 255 

case, when the flow was equally distributed or when it remained maldistributed, the variation in 256 

𝑆̇𝑔𝑒𝑛 is due to hydraulic irreversibilities. However, in this case, the transition from uniform to non-257 

uniform flow distribution was mainly due to thermal irreversibilities. Considering both channels 258 

collectively, there is an increase in the total 𝑆̇𝑔𝑒𝑛. Hence, an important conclusion from this 259 

observation is that severe flow maldistribution is associated with a sharp rise in entropy production. 260 

The following section describes why severe maldistributed flows prevail over uniform and 261 

moderately non-uniform flows. 262 

5 ENTROPY GENERATION AND FLOW DISTRIBUTION IN THERMALLY ISOLATED 263 

PARALLEL CHANNELS 264 

Although the flow rate in a single channel can be predicted based on the pressure drop and the 265 

channel geometry [1], the possible flow distributions in parallel channels are multiple and not 266 

easily predictable. This section shows why severely maldistributed flow prevails over uniform and 267 

moderately non-uniform distribution by considering the two parallel channels. Here, we compare 268 

the entropy generation in an actual flow distribution with the entropy generation if the flow were 269 

to have an unstable flow distribution. The “coupled” experiments involving simultaneous flow in 270 

both channels determine the flow distribution in the parallel channel assembly (Figure 7a). 271 

However, estimating the characteristics of unstable flow distributions for the same conditions used 272 

for the “coupled” experiments is not as straightforward since they do not occur naturally. 273 



Therefore, each channel is tested individually by disconnecting the other channel from the system 274 

by shutting off the corresponding upstream valve, as illustrated in Figure 7b. Hence, such 275 

experiments are called “uncoupled.” The unstable flow characteristics of the parallel channel 276 

system, such as flow distribution, are determined using the characteristics observed in the 277 

uncoupled experiments. For instance, if flow rates 𝑚̇1 and 𝑚̇2 were observed in channels 1 and 2 278 

for a pressure drop Δ𝑃 in the uncoupled experiments, we estimate the flow distribution in an 279 

equivalent parallel channel system (with pressure drop Δ𝑃) as 𝑚̇1
∗ =

𝑚̇1

𝑚̇1+𝑚̇2
 and 𝑚̇2

∗ =
𝑚̇2

𝑚̇1+𝑚̇2
. 280 

 281 

Figure 7. Illustration of (a) coupled and (b) uncoupled channels 1 and 2.  282 

5.1 Flow in Parallel Channels under Uniform Operating Conditions 283 

Figure 8 compares the entropy generation rates for severely maldistributed and uniformly 284 

distributed flows. In order to calculate the entropy production rates for maldistributed flow, the 285 

two channels are equally heated (𝑄̇ℎ,1 = 𝑄̇ℎ,2 = 70 W), and the total flow rate, 𝑚̇ is gradually 286 

reduced (Figure 8a). Alternatively, the total flow rate can be held fixed (𝑚̇ = 6.96 × 10−4 kg/s), 287 

and the heating rates, although uniform (𝑄̇ℎ,1 = 𝑄̇ℎ,2 = 0.5𝑄̇ℎ), can be gradually increased (Figure 288 

8b). Then Eq. (7) is used to determine 𝑆̇𝑔𝑒𝑛 using the measured inlet and exit flow properties and 289 

wall temperatures. The entropy generation rate and flow distributions from these experiments are 290 

indicated as “coupled” channels in Figure 8.  291 



 292 

Figure 8. Variation of 𝑚̇∗ and 𝑆̇𝑔𝑒𝑛  with 𝑚̇ for severely maldistributed and uniformly distributed flow for 293 

(a) varying 𝑚̇ with 𝑄̇ℎ1 = 𝑄̇ℎ2 = 70 𝑊, and (b) varying 𝑄̇ℎ at 𝑚̇ = 6.96 × 10−4kg/s. 294 

Uniformly distributed flow at all flow rates or heat loads may be expected because of the 295 

uniformity of physical conditions across both channels. To estimate the entropy generation rate for 296 

uniformly distributed flow in parallel channels, we individually test each channel in the testbed by 297 

isolating the other channel from the system using the valves shown in Figure 7b. Due to similar 298 

geometry and heating conditions, the total rate of entropy generation is obtained from Eq. 8 based 299 

on a common experimental input variable such as flow rate (𝑚̇1 = 𝑚̇2 = 𝑚̇ 2⁄ ) (Figure 8a) or heat 300 

load (𝑄̇ℎ,1 = 𝑄̇ℎ,2) (Figure 8b), yielding 𝑆̇𝑔𝑒𝑛 corresponding to the hypothetical case of uniformly 301 

distributed flow (𝑚∗ = 0.5) in the parallel channel assembly. These results are shown as 302 

“uncoupled” channels in Figure 8.  303 

Figure 8 compares 𝑆̇𝑔𝑒𝑛 for maldistributed and uniformly distributed flow in the parallel channels. 304 

Figure 8a shows flow distribution and entropy generation when the flow rate 𝑚̇ is gradually 305 

decreased, while a steady heating power of 70 W is applied to both channels. Likewise, Figure 8b 306 



shows the flow distribution and entropy production when the heating load, although the same for 307 

both channels, is gradually increased with a total flow rate fixed at 𝑚̇ = 6.96 × 10−4 kg/s. In case 308 

of single channel experiments, the flow rate in each channel is halved with 𝑚̇ = 3.48 × 10−4  kg/s.  309 

When 𝑚̇ is large or 𝑄̇ℎ is low, the flow is equally distributed between the channels. For these 310 

conditions, 𝑆̇𝑔𝑒𝑛 decreases with 𝑚̇ (Figure 8a) and increases with 𝑄̇ℎ (Figure 8b). However, as 𝑚̇ 311 

decreases or 𝑄̇ℎ increases, the flow eventually becomes severely maldistributed. Evidently, this 312 

maldistribution corresponds to a sudden jump in 𝑆̇𝑔𝑒𝑛. However, if the channels experience 313 

uniform flow, then 𝑆̇𝑔𝑒𝑛 does not show any dramatic variation. For these conditions representing 314 

a hypothetical uniform flow case, 𝑆̇𝑔𝑒𝑛 continues to decrease with 𝑚̇ and increase with 𝑄̇ℎ. Figure 315 

8 shows that the entropy generation rate of severely maldistributed flow is much greater than 316 

equally distributed flow under similar conditions. Hence, flow maldistribution seen here is 317 

thermodynamically more favorable over equally distributed flow. It is due to this reason that non-318 

uniform flows are sustained unless conditions are significantly altered to enable uniform flow 319 

distribution.  320 

5.2 Flow in Parallel Channels under Non-uniform Conditions 321 

Severe maldistribution also occurs in parallel channels under non-uniform or dissimilar conditions, 322 

which can be explained using entropy analysis. To understand the effects of channel dissimilarity, 323 

we use different heat loads and valve openings associated with each channel to compare the 324 

entropy production rates. Figure 9 shows the flow behavior with 𝑄̇ℎ,1 = 80 W and 𝑄̇ℎ,2 = 70 W, 325 

with the channel 1 valve fully open and the channel 2 valve half-opened. Since the channel 326 

conditions are inherently different, flow distribution is never uniform. Still, model predictions 327 



could indicate multiple possibilities. For example, in this case, the predictions can indicate either 328 

marginal or significant maldistributions in these channels. 329 

 330 

Figure 9. Variation of 𝑚̇∗ and 𝑆̇𝑔𝑒𝑛  with 𝑚̇  for severely maldistributed and moderately maldistributed flow 331 

When flow occurs in both channels simultaneously, the distribution (𝑚̇∗) is directly measured, and 332 

Eq. (7) is used to obtain 𝑆̇𝑔𝑒𝑛 using the measured flow properties as described earlier. These results 333 

shown in Figure 9 (right) are indicated as coupled channels. In order to estimate other possible 334 

distributions, we use flow characteristics in individual (uncoupled) channels, with heating and 335 

valve settings similar to the coupled channels experiment. The flow characteristics, given by Δ𝑃 336 

versus 𝑚̇ for the uncoupled and coupled channels, are shown in Figure 9 (left). For a total flow 337 

rate 𝑚̇ observed in the experiments, the flow distributions in uncoupled channels 1 (𝑚̇1) and 2 338 

(𝑚̇2) are obtained such that 𝑚̇1 + 𝑚̇2 = 𝑚̇, with flow rates 𝑚̇1 and 𝑚̇2 corresponding to the same 339 

pressure drop Δ𝑃 for the specific 𝑚̇ in the coupled experiments. To do this we find the intersection 340 

of a constant ∆𝑃 line with the ∆𝑃 versus 𝑚̇ characteristic curves for each channel, resulting in flow 341 

distribution 𝑚̇1
∗ and 𝑚̇2

∗  whose sum is unity. Mathematically, this can be expressed as a 342 

minimization problem with 𝑚̇1
∗ as the argument. 343 



 𝑚̇1
∗ = 𝑎𝑟𝑔 𝑚𝑖𝑛

𝑚̇1
∗ ∈[0,1]

|∆𝑃1(𝑚̇1
∗) − ∆𝑃2(1 − 𝑚̇1

∗)| (13) 344 

This procedure allows calculating 𝑚̇1
∗, 𝑚̇2

∗ = 1 − 𝑚̇1
∗  and the entropy generation, 𝑆̇𝑔𝑒𝑛 using 𝑆̇𝑔𝑒𝑛,1 345 

and 𝑆̇𝑔𝑒𝑛,2 from single-channel experiments and 𝑆̇𝑔𝑒𝑛,𝑚𝑖𝑥 to account for the adiabatic mixing of the 346 

two fluid streams in Eq. (8). In conclusion, the resulting flow distribution for uncoupled channels 347 

indicates a moderate maldistribution and the corresponding 𝑆̇𝑔𝑒𝑛 is less than the coupled 348 

experiment.   349 

Due to dissimilar valve openings and heating of the two channels, flow characteristics are expected 350 

to differ. For large values of 𝑚̇, both uncoupled and coupled channel results indicate that the flow 351 

is slightly maldistributed mainly due to differences in channel valve opening and 𝑆̇𝑔𝑒𝑛 decreases 352 

with 𝑚̇. But as the total flow rate 𝑚̇ decreases further, both coupled and uncoupled channel results 353 

indicate larger flow maldistribution. Typical static modeling approaches could indicate that 354 

moderate maldistribution distribution is viable even for low total flow rates. However, an entropy 355 

analysis shows that the 𝑆̇𝑔𝑒𝑛 corresponding to severely maldistributed flow is greater than the  𝑆̇𝑔𝑒𝑛 356 

corresponding to the moderately maldistributed flow. Consequently, the significantly 357 

maldistributed state is thermodynamically favored over moderately non-uniform flow, as seen in 358 

the experiments. 359 

6 CONCLUSION 360 

This study analyzes entropy production and its relationship with flow distribution in thermally 361 

isolated parallel channels with multiphase flow. Parallel channels with multiphase flow, even if 362 

nominally identical, can experience maldistribution or unequal flow distribution, which is 363 

undesirable in many applications. Since such systems are inherently nonlinear due to multiphase 364 



flow characteristics, modeling and predicting this phenomenon is challenging and often results in 365 

multiple viable solutions. This study shows how an entropy analysis of flow in channels can 366 

overcome this modeling challenge. We hypothesize that flow maldistribution is governed by a 367 

thermodynamically favored state with maximum possible entropy production among the several 368 

flow possibilities identified by solving the fundamental equations governing mass, momentum, 369 

and energy conservation.  370 

Using experiments, we identify two primary sources of irreversibilities associated with heat 371 

transfer and flow. Although both sources are present under all conditions, experiments show that 372 

flow irreversibilities, such as flow friction, affect entropy generation at higher flow rates. In 373 

contrast, thermal irreversibilities, such as non-isothermal heat transfer, tend to affect entropy 374 

generation more at lower flow rates and higher heat rates.     375 

The flow distribution in parallel nominally identical channels is uniform for high flow rates, 376 

corresponding to little to no phase change. However, a transition to maldistribution occurs when 377 

the flow rate is reduced, or the heating rate is increased. The transition from uniform to non-378 

uniform flow distribution corresponds to a sharp rise in entropy production. Such an increase is 379 

not predicted for uniform flow distribution across parallel channels, making maldistributed flow a 380 

thermodynamically favored state over equally distributed flow. Maldistributed flow corresponds 381 

to the highest entropy production rate compared to other steady two-phase flow distributions for 382 

similar system constraints. Such flow behavior also exists in non-identical channels, wherein 383 

moderately non-uniform flow distributions could be predicted. However, in practice, the flow 384 

distribution is more significantly non-uniform since it is thermodynamically favored and 385 

corresponds to a higher entropy production rate.  386 



Entropy analysis is often omitted from the modeling and performance prediction of systems with 387 

multiphase flow and liquid-vapor phase change. This study shows how entropic considerations 388 

provide an additional perspective to understand and predict the behavior of nonlinear systems with 389 

several possible outcomes. This study analyzes stable and unstable flow distribution in two 390 

thermally isolated parallel channels and is therefore unsuitable for application to parallel channels 391 

with significant thermal coupling, such as a system of parallel channels constructed on a metallic 392 

substrate. Nevertheless, the principle of maximum entropy production may be extended to 393 

analyzing a larger system of parallel channels experiencing heating and multiphase flow or even 394 

thermally coupled channels.  395 
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