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Abstract: In this study, we investigated the behavior of two-phase flow distribution inside a vertical
header of a microchannel heat exchanger (MCHX) that functions as an evaporator of a heat pump
system. In general, the two-phase flow distribution behavior of the refrigerant differs depending
on the target application, which ranges from small-scale automobile air-conditioners to large-scale
building heat pump systems. Particularly, it is reported that the distribution characteristics in the
vertical header of the MCHX vary extensively according to the inlet flow conditions of the refrigerant
and the physical profile of the header. In this study, the physical configurations (header height,
branch tube diameter) of four types of vertical headers were considered. Thereafter, the operating
conditions in an experimental device that simulates an MCHX with a vertical header were selected.
The experiment was performed under R410A as the working fluid, with a saturation temperature of
15 °C, inlet mass flow rate of 50-150 kg h~! (mass flux of 908-2723 kg m 2 s~1), and an inlet vapor
quality of 0.1-0.2. The liquid and vapor flow ratios and the relative standard deviation were adopted
as metrics to characterize the uniformity of flow distribution. The distribution characteristics were
subsequently described according to Reynolds and Froude numbers. The larger the Reynolds number
and the smaller the Froude number, the more uniform the two-phase flow distribution becomes.
A correlation was proposed as a function of the Reynolds and Froude numbers to predict the flow
distribution characteristics for the considered vertical headers.

Keywords: heat pump; microchannel heat exchanger; flow distribution; vertical header; header
structure; maldistribution

1. Introduction

An MCHX is a type of heat exchanger that has been rapidly developed in recent
years [1,2]. Compared to traditional heat exchangers, MCHX offers certain advantages:
downsizing (consuming less space) and requiring less refrigerant in the system [3]. These
features and low-cost manufacturing techniques with material savings lead to a competitive
manufacturing process compared to fin-tube heat exchangers [4-6]. MCHXs have great
potential to address the demand for small and lightweight heat exchangers that can be
used in small-to-large-size HVAC systems and refrigeration applications, such as for avia-
tion, automotive, electronic equipment, chemical, industrial, commercial, and residential
systems [7]. Compared to the conventional heat exchanger, MCHX has a small hydraulic
diameter of less than 1 mm, and the reduced cross-sectional area result in a relatively
high-pressure drop [8,9]. However, this high-pressure drop is maintained at an acceptable
level by applying a common header (also called a manifold) and using parallel tubes that
branched out from the header.
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An MCHX with a vertical header typically functions as an evaporator in a heat pump
cycle. The two-phase refrigerant flows into the evaporator with an inlet quality of about
0.1 to 0.2 and then separates into liquid and vapor phases as it enters the header. In the
two-phase flow, a difference in property parameters such as density, velocity, and buoyancy
of the fluid occurs for each phase, further causing a nonuniform flow distribution. As a
result, dry-out occurs in some branched microchannel tubes, which leads to reduced heat
transfer efficiency and affects the overall system performance [10]. It should be noted that
the dry-out inside the evaporator is not simply a matter of efficiency reduction. The absence
of liquid inside the evaporator promotes oxidation owing to the rapid temperature rise and
causes a local melting point [11]. This phenomenon may appear differently depending on
the working fluid, operating conditions, and shape of the heat exchanger [12-14]; however,
this ultimately causes heat exchanger failure. This problem can be solved by improving the
flow distribution within the header through an optimal design of the header.

In the studies of Amador [15], Kandlikar et al. [16], and Cho et al. [17], the analyses of
the flow distribution inside the header were conducted by focusing on the single-phase
flow. It was found that the pressure drop due to the friction inside the tube has a significant
influence on the flow distribution. However, it should be noted that the two-phase flow
distribution through the manifold is a complex phenomenon, and the main factors are
diverse. Among various factors, it is well-known that the structural and geometrical design
of the heat exchanger, operating conditions (mass velocity, inlet quality, flow pattern, and
heat load), and properties of the working fluid are affected [18-20].

Regarding the header geometry, Siddiqui and Zubair [21] studied various design
factors affecting the flow distribution of the heat exchanger. This comprehensive review
demonstrates that the design of the header layout and dimensions is an essential factor for
uniform flow distribution. Lee [22] investigated the two-phase flow distribution inside the
vertical header of a compact heat exchanger with parallel channels. It was confirmed that
the recirculation of the two-phase upstream of the vertical header is also significant in the
flow distribution.

Regarding the operating conditions, the study of Hwang et al. [23] examined the
influence of various operating conditions on the flow distribution in a heat exchanger with
a horizontal header. This research confirmed that the effects of the mass flow rate and inlet
vapor quality were more significant than those of the heat load. Redo et al. [24] investigated
the two-phase flow distribution according to changes in the mass flow rate and inlet quality
for vertical headers with parallel microchannels. This study confirmed a relatively uniform
distribution at a higher mass flow rate and a lower inlet quality. As revealed from the
studies of Fei and Hrnjak [25] and Ahmad [26], the flow pattern can also be considered a
significant factor of flow distribution, which is an essential parameter in horizontal headers
rather than in vertical headers.

As in the studies described above, the two-phase flow distribution in the header has
been investigated using different parameters from various viewpoints. In particular, the
available works on vertical headers with horizontal microchannels, which is the subject
of this study, have mainly considered compact heat exchangers with low mass flow rates
and are focused on automotive air conditioning applications. These sizes and ranges are
insufficient to consider the actual operating conditions of residential or commercial air
conditioners. Moreover, the flow distribution in the vertical header must consider the effect
of the height because the influence of gravity is relatively emphasized [27]. The vertical
header of a residential air conditioner is approximately 500 mm; under such conditions,
the flow distribution imbalance could be further aggravated.

As explained above, from the viewpoint of a vertical header design, the improvement
of two-phase flow distribution to prevent dry-out is very important. In this study, two
types of vertical headers were considered to investigate the effect of the header heights:
one with a height of 490 mm for simulating a heat pump system and another with a height
of 190 mm for simulating a compact heat exchanger. To focus on the effect of the variation
in header height, the parallel tubes were considered as simplified 3 mm smooth tubes
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with a pressure control valve. In addition, two sets of header outlet inner diameters were
considered to intentionally control the distribution resistance. A small cross-sectional area
of 15.30 mm? was considered to provide a sufficient inertial force in the tall height case.
The effect of the high Reynolds number on the two-phase flow distribution was compared
with that of the conventional vertical header. For operating conditions, a mass flow rate
of 50-150 kg h~! (mass flux of 908-2723 kg m~2 s~!) and an inlet vapor quality of 0.1-0.2
were considered. In particular, the analysis of the two-phase flow distribution behavior
according to the change in hydrodynamic parameters can be an essential indicator for
suggesting the direction of the actual design. For this, an empirical correlation expressed
by the Reynolds and Froude numbers has also been proposed.

2. Experimental Investigation
2.1. Experimental Apparatus

Figure 1 shows a schematic of the experimental apparatus used to measure the flow
distribution. The refrigerant loop was made of a copper tube with an inner diameter of
7.1 mm; the loop flowed from the receiver tank to the preheater through the sub-cooler
using a magnetic geared pump (MML series; Sanwa Corp.: Suita, Osaka, Japan) to prevent
oil mixing and pulsation. The refrigerant in the subcooled state was heated by the preheater
and converted to a two-phase state with a specific inlet vapor quality. The two-phase
refrigerant flows into the test section, from the front header to the rear header, and returns
to the receiver tank after the condensation. To reduce heat loss to the room environment, the
entire component of the apparatus was insulated using a 10-mm-thick Aeroflex insulation.
The inlet flow rate of the refrigerant that enters the header was controlled by adjusting the
revolutions per minute of the magnetic geared pump and was measured using a liquid
Coriolis flow meter (ALTImass II type U; Oval: Shinjuku, Tokyo, Japan) with an accuracy of
£0.05%. For a precise measurement of the individual flow rate of each tube, the individual
refrigerant flow was converted to a superheated gas state at the bypass line of the test
section before it entered the vapor Coriolis flow meter (ALTImass II type U; Oval: Shinjuku,
Tokyo, Japan). The heat input was controlled through an electric heater with a capacity of
3 kW. At this time, the power consumption of the heater was measured in the same manner
as that of the preheater. The inlet vapor quality was adjusted using an electric preheater
with a capacity of 6 kW, and the heater’s power consumption was measured using a
power analyzer (PW3336; Hioki Corp.: Ueda, Nagano, Japan) with £0.15% accuracy. The
pressure and temperature in the test section (from front to rear headers) were controlled
by a separate external temperature control system to regulate the cooling capacity of the
condenser. The pressure of each section was measured using a pressure transducer (FP101A;
Yokogawa Electric Corp.: Musashino, Tokyo, Japan) with £0.25% full-scale accuracy, and
the temperature was measured using a PT100 RTD sensor (Class A, Sakaguchi Bunkado
Co., Ltd.: Kadoma, Osaka, Japan) with £0.15 °C accuracy. The uncertainty for the inlet
vapor quality was +5.17% (x = 0.2, 15 °C, 100 kg h1).

Using the experimental device described above, three flow rate conditions (50, 100,
and 150 kg h~!; with a corresponding mass flux of 908, 1815, and 2723 kg m 2 s~1), and
two inlet quality conditions (0.1, 0.2), were selected by considering the operating conditions
of the actual evaporator of the residential heat pump system. The saturation temperature
and pressure were set to 15 °C and 1.2584 MPa, respectively. Furthermore, the refrigerant
used was R410A. Table 1 summarizes the experimental conditions used in this study.

Table 1. Summary of experimental inlet conditions.

Variable Conditions
Mass flow rate, 1 (kg h™1) 50, 100, 150
Mass flux, G (kg m~2s71) 908, 1815, 2723
Inlet vapor quality, x 01,02

Saturation temperature, Tsy (°C) 15
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Table 1. Cont.

Variable Conditions
Saturation pressure, Py, (MPa) 1.2854
Refrigerant R410A
Rear Bypass Pressure Pressure Front header
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Figure 1. Schematic diagram of the experimental apparatus.

2.2. Test Section

This study considered four original vertical headers to analyze the effects of inertia
and gravitational forces on the flow distribution based on the above-mentioned previous
studies. Figure 2 depicts four types of vertical headers. All headers consist of a trapezoidal
inner cross-section. A cross-sectional area of 15.3 mm? was preliminarily chosen as a
possible solution to boost the liquid flow [28]. Owing to the small cross-sectional area, the
mass flux range inside the header was approximately 908-2723 kg m 2 s~ 1.

The height of the vertical header was considered in two cases: 120 mm (Figure 2a,b)
and 420 mm (Figure 2¢,d), from the first tube (tube number 1) to the last tube in the flow
direction. In the case of 120 mm, the size represents the vertical header of a compact heat
exchanger, while in the case of 420 mm, the vertical header of the heat exchanger of an
actual air conditioner was considered. The height from the entrance of the vertical header to
the first tube was 70 mm for both headers. Five tubes branched out from the vertical header.
Here, two header outlet inner diameter sets were considered to control the distribution
resistance: the same-diameter set (header sets 1 and 3) and the different-diameter set
(header sets 2 and 4). The same-diameter set was designed to simulate a microchannel
heat exchanger with common parallel branches and had an inner diameter of 2.3 mm in
all header outlets. The different-diameter set was designed to compensate for the lack of
flow distribution at the top of the vertical header in the flow direction (tube number 5)
considered in previous studies [24], where the header outlet gradually increases in the
inner diameter from tubes 1 to 5. The details of the four header sets considered in this study
are listed in Table 2.



Energies 2022, 15, 8320

50f21

5:] ®2.3

4:| D23

3:| 2.3

2:| 2.3

1:| ®2.3

5: @3.2 | .

4: @3.2 | ==

3: ©2.4 |

2:| ©2.3 | w

1: @©2.2 |

(b)

s (o3 )t ] si[@iz et ]
g Ll
5 |8
5 |5 — —
= 4:[ @23 w0 4:[ @32 w0
N
s 5
3:[ @23 w0 8 4§ 3:[ @24 w0 5 &
- - S
2 3
5
_ 2:[023 el (0] 2:[023 e |
8 —
5 O
5|5
3
1:[ @23 w0 1:[ @22 [mmml |0
%lnlet iInlet
(0) (d)

Figure 2. Four types of originally designed vertical headers: (a) header set 1; (b) header set 2;
(c) header set 3; (d) header set 4.

Table 2. Details of the four header sets.

Header Set1 Header Set2 Header Set3 Header Set4

Total height (mm) 190 190 490 490

Inlet to first tube height (mm) 70 70 70 70

Tube interval (mm) 30 30 105 105
Header outlet diameter set same different same different

To measure the flow distribution of vertical headers of various sizes using a single
experimental facility, the branch tubes from the vertical header were replaced with five
smooth circular tubes, which simulated parallel-branching microchannels. However, owing
to the difference in the height of each vertical header, branched tubes were installed at an
inclination angle. The inclination angle of a 120 mm header diverged from the header, and
that of a 420 mm header converged from the header. Figure 3 depicts an example of the
installation of a 120 mm header.

Due to this limitation of installation, in the 120 mm header, the flow in the first
tube (tube number 1) in the flow direction undergoes acceleration due to gravity, and
the flow in the last tube (tube number 5) undergoes deceleration due to gravity. This
imbalance of acceleration and deceleration affects the flow distribution in the header; hence,
compensation is required. Compensation is performed through the pressure compensation
valve located on the downstream side, as shown in Figure 3. For example, the same flow
rate of fluid in the tube under single-phase flow can be considered. The pressure drop of
the fluid inside the first tube (tube number 1) of the 120 mm header is reduced compared to
that of the non-inclined tube due to the inclination angle. Conversely, the pressure drop in
the last tube (tube number 5) of the 120 mm header increased compared to the non-inclined
tube. This acceleration/deceleration trend is reversed in the 420 mm header, and the
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pressure drop of each tube in the single-phase experiment of each header is adjusted and
compensated so that it has the same value using the pressure control valve.

LY+ 0o

M Pressure compensation valve

Figure 3. Example of the installation of a 120 mm header.

2.3. Measurement Procedure

To analyze the flow distribution of the vertical header, it is essential to measure the
individual flow rate and quality for each tube. Both values (flow rate and vapor quality)
for each tube were measured in the bypass line. The following procedure was carried out
to accurately measure the individual flow rate and vapor quality for each tube.

After reaching a steady state in the experimental condition, the pressure drop for each
tube was measured by opening the corresponding pressure valve. These pressure drops
were considered as the reference pressure drop for measuring the individual flow rate.
Thereafter, the bypass valve of the tube was opened, and the rear valve located in front
of the rear header was closed. To measure the individual mass flow rate and quality, the
flow path was changed to the bypass line. As an illustrative example shown in Figure 1,
the flow path in tube number 4, which passes through the bypass line for measurement, is
highlighted in red line.

It should be noted that a single-phase flow is required to precisely measure the
individual flow rate. For this purpose, the two-phase fluid was converted into a single-
phase flow in a superheated state through a heater located in the bypass line. The power
consumption (Q;) of the heater was measured using the power analyzer necessary for the
data reduction of individual quality. Simultaneously, the pressure loss in the current tube
was adjusted to obtain the same value as the reference pressure loss by regulating the flow
control valve in front of the gas heater. This procedure allows the individual flow rate and
quality to be measured for all experimental conditions while maintaining the superheated
state. This procedure was repeated for all the branched tubes. The uncertainty of individual
vapor quality was 8.42%.

2.4. Data Reduction and Evaluation Parameters

The inlet vapor quality of the header (xy, ;,) is expressed by Equation (1),

ipin — if‘

, T,

Xp,in = ——F— D
1

fg ‘ Th,i n

where iy . and i, ;. are the saturated liquid specific enthalpy and specific latent

h,in h,in

enthalpy of the vertical header, respectively. Here, ij, ;, is the specific enthalpy of the two-
phase flow at the entrance of the vertical header. It can be calculated using Equation (2),
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Qph

ih,in = iph,in +
m

2

where i, i, is the specific enthalpy of the subcooled liquid refrigerant at the inlet of the
preheater, and Q,, is the amount of measured power consumed by the preheater.
The individual quality (x;) of the two-phase flow branched into each tube can be

calculated using Equation (3),
m; (ibp,s - if‘T) - Qs

ﬁ/li ifg

Xi =

®)

Th,i n

where 11; is the individual flow rate of each tube measured in the bypass line and iy, ; is the
enthalpy derived from the temperature (Ts) and pressure (Ps) of the superheated gas-phase
refrigerant flow in the bypass line. Qs is the amount of measured power consumed by
the preheater.

Subsequently, 711, ; and 11, ; can be derived from the relationship between each phase’s
quality and individual flow rate, as shown in Equation (4) and (5).

;= n;(1 — x;) 4)
My = M;X; 5)

From m; ; and 1, ;, the flow ratio of each phase of the two-phase flow inside each tube
can be defined using Equation (6) and (7).

m,;
FR;; = — (6)
LYy,
Th .
FRy; = — 2 7
o )

The flow ratio is the distributed vapor/liquid flow rate of each tube compared to the
inlet vapor/liquid flow rate. The sum is one, which is constant in all cases and can be used
as an evaluation parameter of the flow concentration.

The relative standard deviation (RSD) was considered as another evaluation param-
eter [28,29]. In statistics, the RSD is usually a standardized measure of the deviation of
a set of numbers, calculated as the ratio of the standard deviation to the mean. It has a
value between zero to one, with values closer to one indicating that each element of a set of
numbers is far from the average value and closer to zero indicating closer to the average
value [30]. As shown in Equation (8), RSD is used to compare the measurement results of
this study targeting various flow rates and inlet quality. Under all conditions, the closer the
RSD value is to zero, the more uniform the flow distribution is.

\/% Z? (mj,i - mavg,j)

mavg,j

RSD = (8)
3. Results and Discussion

This section compares and analyzes the flow distribution results for various inlet
conditions for the four header configurations. Subsequently, a new correlation for the
considered type of header has been proposed.

3.1. Flow Distribution Profile for Each Phase

Figures 4 and 5 depict the liquid and vapor flow ratios based on the system flow rate
and header inlet quality for the four header sets. The liquid and vapor flow ratios in each
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tube are shown to present the overall experimental results briefly and comprehensively. The
upper sections of Figures 4 and 5 show the results for the 190 mm headers (header sets 1, 2),
and the results for the 490 mm headers (header sets 3, 4) are depicted at the bottom. The
header considered in this study has a higher Reynolds number than that considered in
a previously reported study. Therefore, unlike the observations in previous studies, the
liquid flow distribution is concentrated at the top, and the vapor flow distribution is mostly
at the bottom.
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Figure 4. Liquid flow ratio of the four vertical headers.

3.1.1. Liquid-Phase Distribution

As depicted in Figure 4, for most cases, the liquid flow ratio increases in the top tube
(tube number 5) regardless of the header inlet conditions (flow rate and quality). In the
case of header sets 3 and 4 at 50 kg h™!, the relatively small inlet flow rate prevents a
significant amount of liquid from reaching the top tube. As described above, an increase of
the flow ratio in a specific tube means that the corresponding tube’s fluid (liquid, vapor
phase) flow rate is relatively higher than that of the other tubes. This trend is exacerbated
as the system flow rate increases and the header inlet quality increases. Moreover, this
trend becomes more apparent in the different header outlet inner diameter sets (header
sets 2 and 4). In particular, the increase in the inlet quality significantly aggravated the
nonuniformity of the liquid-phase distribution. However, as the height of the header
increases (from 190 mm to 490 mm), the flow distribution becomes relatively uniform.
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Figure 5. Vapor flow ratio of the four vertical headers.

3.1.2. Vapor-Phase Distribution

As depicted in Figure 5, the vapor flow ratio in the lower tubes is considerably higher
than that in the upper tubes, which means that the vapor flow is relatively concentrated in
the lower tubes. In the case of a 190 mm header, the flow ratio at the lower tubes is less than
in the case of a 490 mm header. The trend is perhaps due to the inertial force being more
dominant than the gravitational force. The height of the header promotes vapor supply
to the upper region in the case of a 190 mm header. Oppositely, in the case of the 420 mm
header set, gravity has more influence than inertia, which leads to intensified nonuniform
vapor flow distribution. For all header sets, the nonuniformity increases with the system
flow rate and with the different outlet inner diameter sets (header sets 2 and 4). However,
in most cases, an increase in the inlet quality reduces the nonuniformity.

3.2. Relative Standard Deviation

The flow distribution results according to the change in the inlet conditions for the
four types of header sets can be shown more intuitively through the relative standard
deviation (RSD) results. Figure 6 depicts the RSD results for all the experimental conditions.
Through this, it can be noted that the liquid and vapor flow ratios have opposite trends
according to the header set and inlet quality, regardless of the header inlet flow rate. A low
liquid flow RSD case indicates a high vapor flow RSD. The liquid flow has the minimum
value of RSD (0.17) in the header set 4 (490 mm header) with different outlet inner diameter
sets. Furthermore, in the case of the vapor phase, it shows the minimum RSD value (0.18)
in the header set 2 (190 mm header) with different outlet inner diameter sets. However,
the minimum RSD of each phase for the entire experimental case was observed at different
flow rate conditions. These results show that the rational flow distribution can be derived
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Liquid flow RSD (-)

according to the various geometrical parameters (cross-sectional area, height, and outlet
inner diameter of a header) and the system’s working conditions (flow rate and inlet vapor
quality). It is also expected that the flow distribution can be controlled by combining these
parameters and conditions.
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Figure 6. Relative standard deviation for the four vertical headers.

3.3. Effect of Different Parameters on Flow Distribution

In this section, the effect of varying the operating conditions and structural parameters
on flow distribution was further explored. For the flow rate, an increase in flow generally
promotes liquid inflow and decrease of vapor inflow to the upper section. This phenomenon
is typical to separated two-phase flow in vertical headers, which transports maldistribution
(increased RSD) of the liquid and vapor flow as the flow rate increases.

However, it is complicated to analyze the effect of parameter changes unless repre-
sented by the flow rate. Therefore, the flow distribution profiles in Figures 4 and 5 were
rearranged to produce Figures 7-9 to highlight the analysis of the target parameter. The
figures are divided into sub-figures for an easy but comprehensive comparison of the re-
sults, with the inclusions of RSD to aid the quantitative liquid and vapor flow distribution
evaluation. The structural details for each header set are summarized in Table 2.

3.3.1. Effect of Inlet Vapor Quality

Figure 7 shows the flow distribution profiles according to the change in inlet vapor
quality. The results of header sets 1 and 3 with the same header outlet tube diameter
are presented. As the inlet quality increases, the liquid flow ratio at the upper section
(tube numbers 4 and 5) generally increases. In the case of 50 kg h~! in the header set 3,
a low liquid flow ratio was observed in tube number 5 due to the increased height of
490 mm. In the same header set, it is observed that the liquid flow ratio increases as the
inlet quality increases. The increment in inlet quality induces the concentration of liquid
flow to the upper section of the header, owing to the rise in inertial force and an increase in
gas-phase flow rate. Therefore, the vapor flow traversing into the upper section also rises
in the direction of tube number 5, which can be recognized by the rise of the vapor flow
distribution’s peak position (red arrow).

However, the introduction of an additional inertial force from the increase of the
gas-phase flow rate promotes the liquid inflow into the upper section, which leads to the
liquid distribution degradation, indicated by the liquid flow RSD increment as the inlet
quality increases.
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Figure 7. Effect of inlet quality to flow distribution profile: (a) liquid flow ratio, the header set 1
(190 mm); (b) liquid flow ratio, the header set 3 (490 mm); (c) vapor flow ratio, the header set 1
(190 mm); (d) vapor flow ratio, the header set 3 (490 mm).

3.3.2. Effect of Header Outlet Tube Diameter

Figure 8 shows the flow distribution profiles at x = 0.1 according to the variation
of the header outlet tube diameter set. The headers with the same height were grouped
and compared. While header sets 1 and 3 comprise of fixed outlet tube diameter, header
sets 2 and 4 feature an increasing tube diameter size towards the upper section, as shown
in Figure 2. For the short headers (190 mm), the liquid flow rate that exits at the upper
section is greater for header set 2 (different outlet tube diameter) than in header set 1 (same
outlet tube diameter). Because the former has a larger diameter at the upper section, it
is thought that the liquid flow is enhanced in this region as the resistance to the fluid is
reduced. Here, the increase of liquid inflow according to the change in the outlet tube
diameter is smaller than the increase of the inlet quality (represented in Figure 7), which
means that the rise in inertial force according to the change in the outlet tube diameter is
relatively smaller than the effect of the inlet quality.

On the other hand, for the tall headers (490 mm), a better liquid flow distribution is
obtained in header set 4 (different outlet diameter), especially at an inlet mass flow rate of
50 kg h—! compared with that in the header set 3 (same outlet diameter). A slight inflow
increase into tube numbers 3 and 4 is observed, perhaps due to a relatively small increase
in inertial force, as previously mentioned. That is, if the height of the header changes, the
influence of the inertial force also changes. In the vapor flow distribution, only a slight
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change is observed due to a relatively small increase in inertial force, which is more evident
in the short header.

As described above, unlike the increase of the inlet quality, the effect of promoting
liquid flow into the upper section from different outlet diameter sets is different depending
on the height, so it can be confirmed that the RSD increases in the short headers, while it
decreases in the tall headers.
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Figure 8. Effect of header outlet tube diameter to flow distribution profile: (a) liquid flow ratio,
header sets 1 and 2 (190 mm); (b) liquid flow ratio, header sets 3 and 4 (490 mm); (c) vapor flow ratio,
header sets 1 and 2 (190 mm); (d) vapor flow ratio, header sets 3 and 4 (490 mm).

3.3.3. Effect of Header Height

Figure 9 shows the flow distribution profiles at x = 0.1 according to the change in
header height. The header sets with the same header outlet tube diameter set were grouped
and compared. It is generally observed for all the considered inlet mass flow rates that the
liquid flow ratio is lower at the upper section in the tall header as compared with the short
header. Moreover, the tall header exhibits a lower RSD for the liquid flows. This means
that while an excessive inertial force is demonstrated in the short header (190 mm), it is
relatively moderate in the tall header (490 mm). In particular, despite the lower inlet mass
flow rate (50 kg h™1), a large amount of liquid flows at the upper portion of the header
set 2 due to a large outlet tube diameter in this section. However, as the height increases,
the excessive liquid influx to the upper section is relieved, and a relatively well-distributed
liquid flow is obtained, as in the case of header set 4.
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On the other hand, for the vapor flow ratio, RSD tends to increase as the inflow to the
upper section decreases when the height of the header increases. This result is due to the
vapor flow decrement as the liquid flow ratio to the upper section decreases.
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Figure 9. Effect of header height to flow distribution profile: (a) liquid flow ratio, header sets 1 and 3
(190 mm and 490 mm); (b) liquid flow ratio, header sets 2 and 4 (190 mm and 490 mm); (c) vapor flow
ratio, header sets 1 and 3 (190 mm and 490 mm); (d) vapor flow ratio, header sets 2 and 4 (190 mm
and 490 mm).

3.4. Dimensionless Number Analysis

As described above, the flow distribution in the vertical header is a result of various
physical interactions such as inertial force, viscous force, and gravitational force. To
understand the previous observation results, the Reynolds and Froude numbers of the flow
inside the vertical header can be considered. The two-phase flow distribution notation in
the header and each tube is defined in Figure 10.

To comprehensively evaluate the effects of the parameters considered in this study,
this section presents investigation results regarding the effects of the flow rate, inlet va-
por quality, and header sets based on the dimensionless number of a two-phase mix-
ture. The Reynolds and Froude numbers for the two-phase mixture are expressed in
Equations (9) and (10), respectively.

Gh,tp,i D
Hhutp,i

©)

Reh,tp,i =
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2
Gh,tp,i

SLip} 1
Here, L; is the individual characteristic length of the Froude number, defined as the
height from the inlet of the header to the inlet of each branch tube.

Friyipi = (10)

s

TMp,j5
m]-_4 <:%

T, j4

VTl

M, 3 <:%

Mp,j3
==

M, j2
==

Mhpj,1 Min

Xin

Figure 10. Flow notation in the vertical header and branching tubes.

3.4.1. Reynolds Number

Figure 11a depicts the change in the Reynolds number according to the inlet vapor
quality of the header. Regardless of the inlet flow rate, the Reynolds number increases as
the inlet vapor quality increases. A rise in the inlet vapor quality indicates an increase in
the vapor flow rate in the vertical header. Furthermore, increasing the inlet vapor quality
causes a significant increase in the void fraction. In the case when vapor quality is equal
to 0.2, the void fraction is approximately 0.5-0.7. Therefore, a slight increase in the inlet
vapor quality causes a relatively high volume flux, wide cross-sectional area, and high
vapor-phase speed. Moreover, the high-volume flux of the vapor phase leads to an increase
in the Reynolds number (increase in inertia) of the entire two-phase mixture. As a result,
the amount of liquid or vapor flow to the upper region of the header increases.

Figure 11b depicts the change in the Reynolds number when the header outlet inner
diameter set changes for a header height of 190 mm. Header set 2, which has a different
outlet inner diameter, has a higher Reynolds number compared with header set 1, with a
fixed outlet inner diameter regardless of the inlet flow rate. As previously described, the
large outlet inner diameter gradually expands from the bottom (tube number 1, 2.2 mm)
to the top (tube number 5, 3.2 mm). Accordingly, the resistance of the flow distribution
decreases, and the Reynolds number consequently increases. However, it can be observed
that the change in the outlet inner diameter causes an effective change only at a flow rate of
150 kg h~!, where the effect is concentrated in tube numbers 3 and 4. These observations
are evident from the liquid and vapor flow ratio results depicted in Figures 5 and 6. It can
be understood that the flow distribution can be controlled by changing the outlet diameter
of the vertical header.

Figure 11c illustrates the effect of the vertical header height variation on the Reynolds
number. The Reynolds number is generally lower at header set 3 (490 mm height) compared
with that of header set 1 (190 mm height) for all the considered flow rates. The flow is
concentrated at the bottom part of the header due to lesser resistances in the taller header,
which also indicates lesser inertial forces or Reynolds number. The liquid and vapor
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flow ratios in the upper tubes decrease along with an increase in the header height. As
the gravitational force becomes more dominant, the consideration of the Froude number

becomes significant.
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Figure 11. Reynolds number according to the experimental parameters: (a) inlet vapor quality
variation; (b) header outlet diameter variation; (c) header height variation.

3.4.2. Froude Number

Figure 12a depicts the variation in Froude numbers inside the 190 mm vertical header
according to the inlet vapor quality variation. For all the flow rates, the Froude number
increases as the inlet quality increases. Similar to the trends of the Reynolds number,
the inlet vapor quality leads to an increase in the inertial force of the entire two-phase
mixture, and it shows an increasing Froude number. As a result, the increased inertial force
compared to the height effect (gravity) increases the flow amount of the traversing liquid
and vapor towards the top tubes.
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Figure 12. Froude number according to the experimental parameters: (a) inlet vapor quality variation;
(b) header outlet diameter variation; (c) header height variation.

Figure 12b shows the variation in the Froude number according to the large diameter
in the upper tube section of the vertical header with a height of 190 mm. Regardless of
the flow rate, the different outlet inner diameter set of the header (header set 2) leads to
increased inertia compared to the case of the same outlet inner diameter (header set 1).
That is, the Froude number is higher in the header set 2. Therefore, the liquid/vapor phase
amount to the upper section (towards tube number 5) increases even with the same header
inlet quality.

Figure 12c depicts the effect of the height variation on the Froude numbers inside
the vertical header. As hypothesized, owing to an increase in the local gravity due to
the individual height increment from the header inlet, the Froude number consequently
decreases. Thus, the height adjustment can modulate the excessive liquid flow exiting at
the top branch tubes in the 190 mm header observed in Figure 4.

3.5. Flow Distribution Correlation

In this section, the flow distribution correlation that can predict the flow distribution
in the vertical header is derived from measured experimental results. However, it should
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be noted that the flow distribution prediction described in this chapter is an empirical result
of specific headers considered in this study. Hence, its application to vertical headers with
different structures may exhibit limitations.

The flow distribution in the vertical header can be expressed and described using
the Reynolds number, Froude number, dimensionless numbers of inertia, viscosity, and
gravity, as previously shown. In particular, the prediction of the flow distribution of
the liquid phase is of interest from the perspective of evaporator heat exchanger design
to prevent dry-out in the branching tubes. Watanabe et al. [31] introduced the liquid
distribution ratio (11, ; /11y, ;), which is the liquid taken off at the local tube to the liquid
at the immediate header, and the distribution notation is shown in Figure 7. Watanabe
et al. [31], Byun and Kim [32], Zou and Hrnjak [33,34], and Redo et al. [24] proposed
various empirical correlations using the Reynolds or Froude numbers to predict the liquid
distribution ratio. Table 3 summarizes the conditions and empirical correlations suggested
in the previous studies.

Table 3. Conditions and empirical correlation of previous studies.

Worki 1;, G; T. Protrusi .
Authors Flolii dlng (kénlllnfl) (kg ml’i s-1) Xin (osé‘i ro ({;}:)s 1on Correlation
i
Watanabe et al. R11 45-135 40-120 0-0.4 - 0 i
2.74¢"°Re, — 0.0124Red” +1.37
Byun and Kim R410A 46-64 50-70 0.3 5 50 i _ 698 Re;, 042
m i
hl, m['i _
Zou and Hrnjak (i) R134a 15-45 17.95-52.4 0.2-0.8 10 50,75 T
1122 (A \ "% 1153
39389x1;122 (Ayin ) " Re,
Zou and Hrnjak (i) ~ R410A 15-45 1795-524  02-0.8 5 50 i _ 4719891248 Re 147
Myl i m
M. A. Redo et al. R410a 40-200 50-250 0.1-0.6 10,15 0,50 M 913101 pr;0«373
m

1 i

The above empirical correlations for the liquid distribution ratio are shown for the
measurement results. All correlation equations are similar to the actual (experimental)
liquid flow ratio in Figure 13. Among them, the correlation equation of Redo et al. was
found to be relatively consistent with the measurement results, while most correlation
equations did not sufficiently predict the experimental results.
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Figure 13. Previous correlations [24,31-34] vs. actual liquid distribution ratio.
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As described in the study of Redo et al. [24], there are differences between the proposed
correlations owing to the target experimental applications, which are related to the physical
configurations of the header and the operating conditions. The present study has investi-
gated the flow distribution considering the header height, header outlet inner diameter,
inlet flow rate, and inlet vapor quality as parameters that differ from the previous studies.
In particular, a mass flux of 908-2723 kg m~2 s~! was considered, which is very high
compared to the considerations of the existing studies [24,29-32]. Therefore, it is necessary
to establish a new empirical correlation that satisfies the corresponding conditions.

The inlet vapor quality (x;,), liquid-phase Reynolds number (Rey, ; ;), and liquid-phase
Froude number (Fry,; ;) were considered to investigate the effect of each parameter on the
liquid distribution ratio in this study. Here, the Reynolds and Froude numbers of the liquid
phase are expressed in Equations (11) and (12), respectively.

Rep,,i = 7#1,1,1 : (11)
St
G2, .
i,
i = = (12)
Lipy,,

From this, a generalized expression is constructed as in Equation (13), and the co-
efficients in which the expression represents the maximum coefficient of determination
(R-square) are C; = 7.6 x 107%,Cy = —0.4, C3 = 0.89, C4 = —0.615.

1, Copp,Cs 7,C
miz, = Cix;/Rey ;Fryh (13)
hli

The predicted versus actual liquid distribution ratio graph of the correlation proposed
in this study is depicted in Figure 14. The R-squared value was 0.76, predicted to be
+30% deviation in most ranges.
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Figure 14. Predicted vs. actual liquid distribution ratio.

The proposed correlation provides a relatively accurate prediction of the two-phase
flow distribution within the vertical header tested in this study. This can be applied to
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similar vertical headers for air-conditioning applications operating in a similar range of
conditions. However, because this correlation is aimed at a practical case, there might be
a limitation in applying it to a vertical header with a different structure from that of the
headers being considered in this study.

4. Conclusions

This study aimed to investigate the flow distribution characteristics of a vertical header,
which functions as an evaporator of a heat pump system with an R410A as the working
fluid. The considered vertical headers with a reduced cross-sectional area have a high
mass flux and are characterized by high Reynolds numbers compared to the previously
reported vertical headers. The flow distribution was analyzed by considering the following
parameters: vertical header height, branch pipe diameter, inlet flow rate, and inlet quality.
Generally, it is recommended for a practical design that the average Froude number in the
header be kept as small as possible, and the liquid Reynolds number at the inlet of the
header be maintained as high as possible to avoid extreme flow maldistribution (dry-out).
Specifically, the following conclusions are drawn:

1.  The vertical headers considered in the study exhibit high Reynolds number, where
the liquid flow is concentrated at the top and the vapor flow at the bottom sections.
This characteristic causes the concentration of the liquid flow ratio to deteriorate
in the upper section of the vertical header, and the concentration of the vapor flow
ratio is moderated in the lower section. These trends were exhibited in most of the
experimental conditions, particularly for the 190 mm header.

2. The flow distribution results were confirmed more intuitively using the relative
standard deviation (RSD). The smaller the RSD value, the more uniform the flow
distribution becomes. In the case of the liquid phase, the minimum value of RSD in
the header set 4 (490 mm header, different outlet inner diameters) was 0.17. For the
vapor phase, the header set 2 (190 mm header, different outlet inner diameters) had a
minimum RSD value of 0.18.

3.  The flow distribution characteristics of the vertical header were analyzed using
Reynolds and Froude numbers, which are dimensionless numbers of inertia, vis-
cosity, and gravity. To predict the liquid distribution ratio (111, ;/m;, ; ;), as the available
correlations in the literature have compromised prediction accuracy, we proposed a
new empirical correlation that considers the liquid-phase Reynolds and Froude num-
bers. The derived correlation could predict the liquid distribution ratio within £30%.

The results of this study confirmed that the feasibility of the rational flow distribution
could be derived according to the header’s physical configuration (cross-sectional area,
height, outlet inner diameter) and operating conditions (flow rate, quality, and tempera-
ture). It is also expected that the flow distribution can be controlled by combining these
parameters. However, the study of a vertical header, which was designed for practical
cases, shows the limitations of the application and expansion of results. For this, a sys-
tematic establishment and analysis of the vertical header’s general design parameters and
operating conditions are recommended. In addition, the rational flow distribution in the
vertical header can be extended to consider its effect on the efficiency and capacity of vapor
compression refrigeration systems in the future. For instance, an increase in the Reynolds
number in the evaporator header causes a large pressure drop, which leads to a decrease in
overall system performance. Such interrelationship across hydrodynamics, heat transfer,
and thermodynamics will be carried out as a follow-up study.
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