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The thermal performance of brazed plate heat exchangers (BPHES) can be
affected by flow maldistribution. In this study, a numerical model with porous
media is established to predict the flow distribution of plate heat exchangers
(PHEs), and the e-NTU method was employed to evaluate the heat transfer
efficiency of the PHE. It’s found that the flow maldistribution in PHE is
serious, and there is an obvious difference between the velocity distribution
and the mass flow distribution in the two-phase flow due to phase separation.
To improve flow uniformity, orifice tube distributor (OTD) with baffles and
groove type distributor (GTD) have been proposed and studied at different
qualities. It turns out that quality has a great influence on nonuniformity. With
the increase of quality, the nonuniformity of baseline design and OTD
increased first and then decreased, while GTD showed different performances.
Both distributors can reduce flow nonuniformity compared with the baseline
design. Due to the baffles hindering the backflow, the OTD shows excellent
performance at different qualities, with a 62% reduction in flow nonuniformity
and a 20.3% increase in heat transfer effectiveness. The performance of GTD
is slightly inferior to OTD, with 42% reduction in flow nonuniformity and 17%
improvement in heat transfer effectiveness.
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1. Introduction

High-performance brazed plate heat exchangers (BPHES), which have been widely embraced in
diverse fields including air conditioning systems [1], concentrated solar power [2], aero-engine [3],
waste heat recovery [4, 5], power generators [6], and cooling electronic equipment [7-9] due to their
superior efficiency, compact design, and cost-effectiveness, are crucial for energy conservation. It is
worth noting that the performance of BPHEs is significantly influenced by flow distribution. Despite

* Corresponding author.
E-mail address: yp2019@mail.xjtu.edu.cn.


mailto:yp2019@mail.xjtu.edu.cn

being designed on the basis of uniform flow distribution, the heat exchanger encounters pronounced
flow maldistribution under real operating conditions. Zhu et al. [10] proposed not necessarily to avoid
non-uniform flow distribution, but to match between the two fluid flows to improve performance. Li et
al. [11] also demonstrated that mismatched flow distribution can degrade heat exchanger performance.

With the deepening of research, it has been discovered that the issue of flow maldistribution is
particularly severe in heat exchangers with large flow rates and large number of channels. Furthermore,
the flow pattern also exerts a significant influence on flow distribution. Mahvi et al. [12, 13] have
highlighted that the two-phase flow maldistribution largely depends on the flow pattern in the liquid
collector, which can be classified into five patterns: stratified-smooth flow, stratified-wavy flow,
smooth-film flow, wavy-film flow, and churn-turbulent flow. The gas-liquid mixture exhibits enhanced
homogeneity and improved distribution in churn-turbulent flow. Huang et al. [14] demonstrated that a
superior gas-liquid distribution can be achieved in channels at lower inlet quality (x) and lower inlet
mass flux. Zhi et al. [15] also studied the pressure drop and phase separation of refrigerants. In order to
improve the uniformity of flow distribution, certain measures have been proposed by researchers,
primarily focusing on the structural aspects. These methods include using different headers [16, 17];
incorporating wire meshes, perforated plates, perforated tubes [18], and nozzle structures [19] within
the header; utilizing nozzle structures [20, 21] or flow distributors [22, 23] inside the heat exchanger.

Although numerous relevant studies exist, the majority of them are based on simple structures.
For intricate BPHES, accurately measuring the flow distribution in each channel through experimental
methods becomes challenging, while simulation methods also prove inadequate due to computational
limitations. Consequently, there is a lack of effective guidance for heat exchanger design, and
developing a model that can precisely reflect the flow distribution in multi-channel heat exchangers has
emerged as the central focus of research within this context. Yong et al. [24] developed a resistance
calculation model for the exchanger, wherein the flow resistance is determined through numerical
simulation and mathematical analysis. Subsequently, the flow velocity in each channel is calculated,
providing a novel approach for simulating flow distribution. Brenk et al. [25] established a two-
dimensional model that incorporates zero-thickness mixing baffles and ensures consistent pressure drop
with the three-dimensional model through adjustments in baffle size and quantity. Mudhafar [1] modeled
the complete structure of PHEs. However, due to the intricate shape of irregular plates, a significant
number of grids were required for accurate simulation, thereby only 10 channels were performed with
1.3 million grids. To reduce the number of grids, Ham [26] conducted simulations solely on the header
of the multi-channel heat exchanger and utilized outlet parameters as inlet conditions for each channel,
even with this approach, the simulation of a heat exchanger with 60 channels demands a substantial
number of grids, reaching as high as 5.94 million.

In recent years, the porous media model has garnered increasing attention due to its accurate
depiction of flow characteristics and minimal grid requirements. Zhang et al. [27] substituted wavy fins
with the porous media model to simulate the flow characteristics of the fin-and-tube intercooler, and the
maximum error between the Nusselt number (Nu) obtained by simulation and the experimental results
was less than 10%. Kim et al. [28] used the porous media model to simulate the flow distribution of a
flat top U-tube heat exchanger, the shell-side pressure drop and tube-side pressure drop calculated by
the porous medium model differ from the experimental results by 5.2% and 1%, respectively, while the
tube-side temperature drop differs from the experimental results by less than 1%. The velocity
distribution results obtained by Zhang et al. [29] using the same method have an error of less than 10%
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with the experimental results, which further confirms the reliability of the porous media model. Bi et al.
[30] used a porous media model to simulate the effect of the heat exchange tube bundle within a
condenser on the transport characteristics of leaked gas. The deviation between the simulated values
from the established model and the experimental values was less than 5%. Du et al. [31] utilised the
porous media method to simulate finned channels in order to investigate the flow field distribution,
overall heat transfer rate and pressure drop in a full-scale plate-and-fin heat exchanger. Their simulations
of the volumetric flow rates on both the oil and water sides were verified to deviate from the
experimental values by no more than approximately 10%. The porous media model has been
demonstrated to possess significant potential in simulating the flow within complex structures.

To address the gap in efficiently predicting flow distribution in complex BPHEs, this study
employs a porous media model to significantly simplify the geometry and reduce computational cost
while maintaining accuracy. A comparison was made of the differences between velocity distribution
and mass flow distribution in assessing flow maldistribution. In addition, two novel distributor designs
were proposed to achieve a uniform flow field distribution under various operating conditions,
distributors with representative geometric dimensions were evaluated, and the fundamental mechanisms
by which they mitigate flow field non-uniformity were analyzed. The findings aim to provide a practical
and efficient simulation methodology and design guidance for enhanced BPHE performance.

2. Simulation methodology
2.1. Geometry modeling

This study focuses on a brazed plate heat exchanger (BPHE), whose plate geometry and key
geometric parameters are shown in Fig. 1 and Tab.1, respectively. A single-pass model (Fig. 2), in which
the cold and hot fluids exchange heat in counter-current flow within their respective channels, was used
to analyze the flow distribution. To address the computationally intensive nature of this detailed model
due to its structural complexity, a porous media model was introduced to simplify it (see Fig. 3 for the
conversion process). In this model, transverse flow was constrained by setting a high flow resistance
coefficient in the X-direction, and monitoring surfaces were placed within each channel to obtain flow
distribution data.

The resistance coefficients of the porous media are obtained from the flow unit model, as shown
in Fig. 4. To ensure the flow is fully developed and ensure the outlet flow stable, upstream and
downstream extensions are incorporated.
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Fig. 1. Structure diagram of PHE

Tab. 1. The geometric parameters and dimensions of PHE

Geometric L L, Ly w w, T s o A s D,/ n
parameter /mm /mm /mm /mm /mm /mm /mm /mm /mm /° mm
Value 528 456 352 246 174 035 05 239 739 65 48 40
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Fig. 4. A flow unit of plate channel and its boundary conditions

2.2. Mathematical method

The research methodology is depicted in Fig. 5. Firstly, the pressure drop at various velocities are
obtained through the flow unit model. Subsequently, the correlation equation between pressure drops
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and velocity is fitted to determine the viscous and inertial resistance factor. Then, the porous media
model is employed to simulate the flow distribution, followed by an analysis of heat transfer
performance using the e-NTU method under non-uniform flow distribution. All simulation calculations
in this paper were performed in ANSYS Fluent.

The model assumptions are as follows.

(1) The energy transfer is ignored.

(2) Both gas and liquid are considered incompressible.

(3) The interfacial mass transfer of two-phase flow is neglected, and the discrete phase is
considered as a spherical shape.
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Fig. 5. Method system
2.2.1 The single-phase flow model

Continuity and momentum equation are shown as Egs. (1) and (2).
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Where, p, u, 1 and p represent the density, velocity, dynamic viscosity and pressure, respectively.

2.2.2  The two-phase flow model
The Euler model describes a multiphase flow as a continuum interspersed with each other, with a
phase volume fraction representing the space occupied by the phases.

Vq :jaq dV (3)
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Where, V4 and aq represent the volume and the volume fraction of phase g, respectively.
Each phase follows the mass conservation equation and the momentum conservation equation.
Continuity equation:

0 -
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Among them Uq and pq are the velocity and density of phase q.
Momentum equation:
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Where 7, is the stress-strain tensor of the phase o} qu is the interaction force between phases,
Fq is the external body force of the phase g, and vaq is the virtual mass force. The virtual mass
coefficient is 0.5. The Flow unit model, used to fit the parameters of the porous medium model, features
complex corrugated channels that generate strong recirculation and secondary flows, consequently, the
more advanced SST k-w model is employed. Referring to the study of Yuan et al [32], k-¢ model is
selected for porous media model because it does not involve complex corrugated channels. The
Reynolds number (Re) of a two-phase flow is expressed in terms of the liquid Reynolds number.
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Where m is the liquid mass flow rate, D; is the hydraulic diameter, A. is the cross-sectional area
of each channel.

Re =

2.2.3  The porous media model

The flow resistance in the porous media model is simulated by adding a source term for resistance:
u 1
S =—| =u +=C,plulu,
i ((Z i 2 2p| | |j (8)
Another expression of this equation is as:
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Among them 1/a and C; is the viscous resistance factor and inertial resistance factor, respectively.
L is the length of porous media, and « is the permeability of porous media.

2.2.4 The evaluation of flow maldistribution

To assess the degree of flow maldistribution, the normalized flow ratio fq; and the standard
deviation R are introduced:
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Among them m,; represents the mass flow rate of phase g in i-th channel, and m
represents the average mass flow rate of phase q in all channels.
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2.2.5 The evaluation of heat transfer

The effectiveness of heat transfer ¢ is defined as:
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Where the subscripts 1 and 2 indicate hot and cold fluids. The denominator is the maximum
temperature difference inside the heat exchanger, which is the temperature difference between the cold
and hot fluid inlet for the countercurrent heat exchanger, and the molecule is the larger temperature
change of the cold fluid or hot fluid.

The equation of ¢ in single-channel countercurrent heat exchangers is as follows:
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Where NTU is the number of transfer unit, k is the heat transfer coefficient, A is the heat transfer
area, and c is the specific heat capacity. The average effectiveness of heat transfer for multiple channels
can be determined by the follow equation:
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The assumptions of the heat transfer model are as follows:

(1) The cold and hot fluids have the same heat capacities;

(2) The heat transfer coefficient is uniform and constant;

(3) The hot and cold fluids have the same flow distribution. Since the cold and hot fluids flow in
opposite directions, the overall flow distribution is symmetrical, as shown in Fig. 6.

. (15)
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Fig. 6. Cold and hot fluids are inversely distributed

The above simplifications are necessary to balance computational efficiency and physical fidelity
for this mechanism-focused study. For common BPHE working fluid pairs, c=ci/c, typically ranges
from 0.8 to 1.2. Substituting this range into the e-NTU equation with NTU from 40 to 26, the maximum
relative error is from 1.2%to £13.53%. NTU is linearly proportional to the convective heat transfer
coefficient k. For ¢,=1, a +10% fluctuation in k causes a corresponding =+ 10% variation in NTU, the
maximum relative error is from +0.3% to +0.42%.

2.2.6  The evaluation of thermo-hydraulic metrics for distributor performance

The metrics below are adopted to quantify the hydraulic penalty and overall thermo-hydraulic
trade-off of the proposed distributors, enabling a comprehensive comparison against the baseline design.

The extra pumping power required to overcome the increased hydraulic resistance of modified
distributors is calculated based on the pressure drop increment and volumetric flow rate:

. AD. . -V
Woump = f]:;p (16)

Where Apgist = ApPnew — APbasetine IS the additional pressure drop contributed by the distributor, Pa.
V is the volumetric flow rate of the working fluid, m3-s™, npump IS the pump efficiency. For liquid water
flow in BPHE applications, nmump iS conservatively taken as 0.7, consistent with industry standard
practice for small to medium capacity heat exchangers.

To quantitatively balance heat transfer enhancement and hydraulic penalty, the dimensionless
Performance Evaluation Criterion is adopted:

P EC — g/ gbaseline

(Ap/Apbaseline )1/3 (17)

2.3. Sensitivity study

The grid test was conducted prior to the numerical calculation in order to achieve a balance
between accuracy and computational efficiency. The two phases of the porous media are water and air
respectively, and the physical property parameters of the two phases are shown in Tab. 2.

Tab. 2. Physical property parameter

plkg-m u/Pas




Water (liquid) 998.2 0.001003
Air (gas) 1.225 1.7894 X107

Fig. 7(a) shows the results of the grid-independence test for both models, based on the pressure
drop between the inlet and outlet. The relative error in pressure drop for the flow unit model was 0.68%
between 840,000 and 1680,000 grids, and for the porous media model, it was 0.33% between 480,000
and 960,000 grids. Accordingly, grids of 840,000 and 480,000 cells are used for the flow unit model
and porous media model, respectively, in all subsequent simulations.

Sensitivity study of turbulence models for porous media model is shown in Fig. 7(b). Quantitative
comparison between the standard k-¢ and SST k- models shows that the mean relative error (MAPE)
of the channel-averaged velocity of water is 5.46%, with a maximum deviation of 12.50% occurring at
the last few channels, where the channel-averaged velocities are relatively low. The coefficient of
determination (R2) from linear regression of the two datasets is 0.99742, confirming excellent
consistency between the two turbulence closures.
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Fig. 7. Sensitivity study (a) Sensitivity study of grid (b) Sensitivity study of turbulence models (c)
Sensitivity study of iteration steps

The sensitivity analysis of the number of iteration steps is shown in Fig. 7(c), which compares the
channel-averaged velocity of water for 1,000 and 2,000 iteration steps. The MRE is 0.13%, the max
deviation is 0.37%, and R2 is 1, indicating that the simulation has converged after 1,000 iteration steps.

2.4. Fitting and validation of porous media model

Liquid and air simulations were performed separately for the flow unit model. The corresponding
pressure drops at different flow velocities are summarized in Tab. 3.
Tab. 3. Pressure drops of liquid and gas at different velocities

u/m-s’! 0.4 0.8 1.2 1.6 2
Api/Pa 316.5 1047.3 2171.1 3673.2 5558.8
Ap,/Pa 1.54 3.95 7.21 11.45 16.56

The resistance coefficient was determined by combining Eq. (9), and the results are shown in Tab.
4. The fitting of the coefficients for the porous media model was carried out in the data analysis software
Origin Pro 2024b, using a quadratic polynomial fit with a fixed intercept of 0. The fitted curves are
shown in Fig. 8(a) and (b). Here, B1 = uL/o. (viscous term) and B2 = pC,L/2 (inertial term). For the gas
phase: Rz = 1, sum of squared residuals = 0.00193, the 95% confidence intervals for 1/« and C. are
18341343 + 239653 m™2 and 561 + 4.1 m™', respectively. For the liquid phase: R? = 0.99999, sum of
squared residuals = 293.61107, the 95% confidence intervals for 1/a and C. are 40796598 + 1668286
m2and 301 + 2 m™, respectively.



Tab. 4. The resistance coefficients

Phase B1 B2 p/kg'm u/Pas L/m (1/a)/m™ Cy/m’!
Liquid  333.48975 1224.2896 998.2 0.001003 0.00815 40796598 301.0
Gas 2.67483 2.80066 1.225 1.79E-05 0.00815 18341343 561.0

To validate the porous media model, simulation results from this study are compared with those
from Ref. [24] and experiment results from Ref. [34], as shown in Fig. 8 (c) and (d).

For the single-phase water model, the velocity deviation in the first four channels ranges from -
7.2% to -2.9%, while for channels 5-21 it remains below 2.5%, and below 1% in the remaining channels.
The RMSE is 0.01132 m/s, the MAPE is 1.07%, and the R? is 0.9957. Deviations beyond the first four
channels fall within acceptable limits, demonstrating good overall accuracy. The larger deviations in the
initial channels are mainly due to differences in model simplification. The reference model calculated
velocity based only on flow resistance, whereas the present model accounts for complex flow effects
such as vortex shedding and recirculation.
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Fig. 8. Fitting and validation of porous media model

In the two-phase water—air model, the velocity deviation in the first two channels exceeds 10%,
while in other channels it is below 5%. The RMSE is 0.04318 m/s, the MAPE is 3.70%, and the R? is
0.9911. This trend arises from the phase separation typical of two-phase horizontal flow, where liquid
accumulates at the bottom. When the flow turns downward, liquid more readily enters the initial
channels, and gravity increases the velocity there, worsening flow non-uniformity. The behavior in later
channels approaches that of single-phase flow, consistent with findings in Ref. [33].

As shown in Fig. 8 (d), we compared the mass flow distribution from the porous medium model
with the experimental results reported in the literature [34]. It can be seen that the simulation results are

10



in close agreement with the experimental results, with an RMSE of 9.78%, a MAPE of 7.66%, and an
R*> of 0.9931.The inconsistent trends in flow rates across the first five channels may be due to the
simulation failing to adequately capture the initial negative pressure phenomenon in the channels caused
by the inlet jet; however, the overall trends are consistent and the deviations are within 10%, indicating
that the porous medium model used in this study is capable of accurately simulating the flow
characteristics within the BPHEs.

It should be noted that Ref. [24] used a simplified numerical method based on pressure drop and
resistance, while the porous media model employed here includes more flow physics, leading to notable
differences in the first few channels. Aside from these methodological discrepancies, the porous media
model shows good agreement with the reference results and is suitable for studying flow distribution in
BPHEs.

3. Results and discussion

3.1. Determination of nonuniformity evaluation parameters

Keep the liquid volume fraction (ai) at 5.67x102 (x=0.02). and the inlet boundary conditions are
shown in Tab. 5.

The distribution of two-phase flow under different Re is illustrated in Fig. 9, in which (a) and (b)
share the same legend. It can be seen from Fig. 9 (b) and (d) that the velocity distribution of liquid and
gas exhibits similarities, with both velocities decreasing as i increases. This is because when the inlet
and outlet are on the same side, the flow resistance of the channel closer to this side is smaller, and the
pressure difference between the two sides of the channel is larger, which leads to the higher velocity of
the channel closer to this side, which is consistent with the results obtained by BRENK et al. [25].
Tab. 5. Inlet boundary conditions under different Re

Average velocity of each channel /m-s™! 0.4 0.8 1.2 1.6 2 2.4 2.8
Re 114 228 342 456 570 684 798
Inlet velocity /m-s™ 552  11.05 16.57 22,10 27.62 33.15 38.67

Fig. 9 (a) and (c) shows that the flow rate of gas is consistent with the velocity, while the liquid
flow rate is significantly different. As i increases, the flow rate of liquid initially rises, then declines,
and subsequently rises again. The reason is inertia, which is larger for liquid and is subjected to more
obvious centrifugal action, so the liquid is mostly concentrated in the last several channels, as shown in
Fig. 10 (a). It can be seen from Fig.10 (b) that with the increase of Re, the phase separation phenomenon
is more obvious, and the oy in the back channel is increasing. When Re is increased from 114 to 798, the
liquid volume fraction in the last channel is improved by 124%.
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Fig. 9. Mass flow and velocity distribution of liquid and gas at different Re
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The flow rate is positively correlated with the product of velocity and volume fraction, as shown
in Equation (18). In the first several channels, although the velocity is high, the liquid volume fraction
is too small, so the flow rate is not large. On the contrary, the last few channels have low velocity but
high-volume fraction, so the liquid flow rate is high.

- -
m, :J'uq-n-ozq dA
A (18)
-
Where n represents the normal vector of the plane.
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Fig. 10. Liquid volume fraction distribution under different Re

In two-phase flow, the choice of velocity or mass flow rate as the criterion for evaluating
distribution uniformity leads to different conclusions. In heat exchangers, flow maldistribution primarily
refers to mass flow distribution rather than velocity. Therefore, using mass flow rate is more reasonable
for assessing uniformity. Accordingly, mass flow rate is adopted exclusively for evaluating flow
nonuniformity in the following analysis.

3.2. Effect of nonuniformity with different distributors

To improve flow uniformity, two distributors are designed, as shown in Fig. 11: an orifice tube
distributor (OTD) with baffles, with four holes in the first 6 units and three in the last 4; and a groove-
type distributor (GTD) with tapered grooves in the first 16 units and parallel grooves in the last 4.

The performance of both distributors is simulated under the same conditions (m=0.1 kg-s™!, x=0.2).
The total two-phase mass flow distribution is shown in Fig. 12, with a baseline design (no distributor)
for comparison. In the baseline (Fig. 12a), the flow is smooth and transitions gradually between adjacent
channels. However, the maximum flow deviates from the average by 71%, and only 18% of channels
are within £15% of the mean, resulting in severe maldistribution (R=0.37).

For the OTD (Fig. 12b), uniform distribution is achieved by adjusting the hole diameter and
number, with baffles preventing axial flow outside the tube and directing flow from each hole into its
corresponding channel. This design results in 70% of channels within £15% of the mean flow, with a
standard deviation of 0.15, indicating significantly improved uniformity. However, due to the jetting
effect of the holes, channels facing holes directly experience higher flow, resulting in an uneven, zigzag
distribution profile.
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Fig. 11. Structure and dimensions of the two distributors

For the GTD (Fig. 12c), uniform distribution is achieved primarily by adjusting the slot size, which
follows a similar principle to the orifice-based OTD. However, the jetting effect of the orifices is
substantially weaker than that of the open slots. The results show that flow distribution in the GTD is
smoother, yet its overall distribution performance is slightly poorer. Specifically, 55% of the channels
have flow rates within +15% of the mean, with a standard deviation (R) of 0.26.

A key reason for the GTD’s inferior performance is backflow. As shown in Fig. 13, the baffles in
the OTD suppress backflow, whereas the lack of baffles in the GTD allows backflow to become
pronounced. A portion of the fluid discharged from the slots enters the channel, while another portion
returns toward the inlet, hindering uniform distribution. As illustrated in Fig. 14, the flow rates in the
OTD’s distribution units generally match those of the corresponding channels, with differences ranging
mainly between -4.5% and 3.5%, except in units 1 and 6 (10.7% and -7.6%). In contrast, due to the
absence of baffles, the GTD exhibits much larger deviations, ranging from -490% to 33.3%. This occurs
because backflow redistributes fluid from downstream units (7—16) to upstream units (1-5), disrupting
uniformity.
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Fig. 12. Mass flow distribution in channels of PHE
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The above finding that OTD outperforms GTD is based on a single condition. To better compare
the two distributors, simulations were conducted at the actual mass flow rate (100 g-s™) across a range
of vapor quality (x) values, as shown in Fig. 15.
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Fig. 14. The mass flow of each unit of the distributor and the corresponding channels at x=0.1

Fig. 15(a) shows that the baseline (no distributor) has the poorest flow uniformity, OTD the best,
and GTD falls in between. The standard deviation for both OTD and the baseline first increases and then
decreases with rising quality. On average, OTD reduces the standard deviation by 62% compared to the
baseline across x = 0.02-0.5, with a maximum reduction of 80.4% at x = 0.9, demonstrating stable
performance. While GTD also performs well at x < 0.5, reducing deviation by 42% on average, its
performance declines sharply at x = 0.9, falling below the baseline due to increased backflow and
worsened maldistribution. Overall, OTD performs better and more consistently than GTD across
conditions.

Fig. 15(b) indicates that heat transfer effectiveness and standard deviation are inversely
correlated. The baseline has the lowest effectiveness, OTD the highest. OTD improves effectiveness by
20.3% on average (up to 23.6%) over the baseline, while GTD shows a lower average improvement of
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17.0%. The difference between OTD and GTD is small (averaging 1.7%) at x = 0.02-0.5, but reaches
9.4% at x = 0.9. Thus, both distributors enhance heat transfer, with generally similar performance under
most conditions.
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Fig. 15. Pressure drops and heat transfer performance comparing in different distributors

Fig. 15(c) compares pressure drops (Ap: total; Apin: distributor). Pressure drop rises with quality
due to higher gas volume fraction, increased two-phase volume, and higher velocity. The baseline has
the lowest Ap, OTD the highest (693% higher on average), and GTD is intermediate (293% higher). The
higher Ap for OTD and GTD is mainly due to the distributor, accounting for 72% and 33% of the total
Ap, respectively. According to Eq. (16), assuming a constant volumetric flow rate, the pumping power
is proportional to the pressure drop, this implies that the pumping power of the OTD has increased by
693%, whilst that of the GTD has increased by 293%. According to Eq. (17), the PEC values for the
OTD and GTD are 1.203/7.93% = 0.602 and 1.17/3.93%% = 0.741, respectively. This indicates that both
the OTD and GTD distributor configurations are suitable for scenarios where high flow uniformity is
required.

In summary, OTD exhibits the best flow distribution performance, reducing flow nonuniformity
by 62% and improving heat transfer effectiveness by 20.3%. While GTD's performance is slightly lower,
with a 42% reduction in nonuniformity and a 17% enhancement in heat transfer, it offers better hydraulic
characteristics, as its pressure drop is only half that of OTD.

4. Conclusions

This study employs a porous media model to simulate flow distribution in a plate heat exchanger,
and employs the e-NTU method to evaluate the heat transfer efficiency of the plate heat exchanger, to
effectively balance computational efficiency and accuracy.The novelty of this study lies in its
mechanistic focus rather than geometric optimization. By clarifying the distinction between velocity and
mass flow metrics for two-phase maldistribution, developing a validated porous media model for
distributor-included BPHEs, and revealing the backflow-suppression mechanism of baffled OTD and
resistance-balancing mechanism of tapered GTD, this work provides the theoretical basis for next-
generation distributor design. Quantitative parametric optimization based on these insights will be
addressed in subsequent studies. The main conclusions are as follows:

(1) Due to phase separation, velocity distribution differs notably from mass flow distribution in
two-phase flow, making mass flow rate a more appropriate criterion for evaluating flow maldistribution.
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(2) An orifice tube distributor (OTD) and a groove-type distributor (GTD) are proposed to
improve uniformity. Compared to the baseline, OTD demonstrates excellent distribution performance
across varying vapor qualities, as its internal baffles limit backflow. It reduces maldistribution by 62%
and improves heat transfer effectiveness by 20.3% on average. GTD performs slightly worse due to
backflow, reducing maldistribution by 42% and improving heat transfer by 17% on average.

(3) Vapor quality significantly modulates flow uniformity in a distributor-specific manner: the
baseline and OTD show a first-rising-then-falling trend peaking at x==0.5, while the unbaffled GTD
suffers monotonic performance degradation, underperforming the baseline at x=0.7 due to intensified
backflow. OTD maintains stable 62%-80.4% nonuniformity reduction across all tested qualities,
whereas GTD’s advantage is limited to x<0.5. These results confirm that backflow suppression is critical
for high-quality flow distribution, guiding adaptive distributor selection for varying operating
conditions.

The current work primarily investigates flow distribution, the assessment of heat transfer
performance was carried out using the e-NTU method, whilst more detailed coupled flow-heat transfer
calculations will be explored in future research. While both distributors show promising performance,
further structural optimization remains an important direction for subsequent studies. The findings of
this study underscore the efficacy of the proposed OTD and GTD concepts. However, it must be
emphasized that this work constitutes a mechanism-oriented investigation. The geometric parameters
utilized are representative examples chosen to illustrate the underlying physics of backflow suppression
and flow resistance balancing. Detailed sensitivity analyses concerning specific geometric variables and
the derivation of optimal design criteria will be systematically pursued in future research.

5. Acknowledgements

This work was supported by the National Key Research and Development Program of China
(Grant No. 2022YFE0210200)

w Plate width (m)
Nomenclature . .
W, Pipe width (m)
A Cross-sectional area of channels (m?)
) Greek symbols
c Specific heat (J-kg 'K ™)
C Inertial resistance factor (m™) o Permeability of porous media (m?)
D, Hydraulic diameter (m) p Chevron angle (°)
D, Pipe diameter (m) Bai Normalized flow ratio
k Heat transfer coefficient (W-m?2-K™") & Effectiveness of heat transfer
L Plate length (m) ) Amplitude (m)
L, Pipe length (m) P Density (kg'm™)
L, Short side length of plate (m) U Dynamic viscosity (Pa-s)
m Mass flow rate (kg's™) A Corrugation pitch (m)
n Number of channels A Drop or change
NTU  Number of transfer unit
Subscript
p Pressure (Pa)
Re Reynolds number c Cross section
R standard deviation / Liquid
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