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 A B S T R A C T

This study experimentally investigates the combined impact of several parameters on the two-phase flow 
distribution in an evaporator header for an air/water mixture, in flow pattern similarity with a low Global 
Warming Potential refrigerant. The test were performed at isothermal conditions under the assumption that 
phase change is negligible in an evaporator header. The water and air flow rates were varied and three inlet 
qualities were targeted (𝑥 = 0.04, 0.1 and 0.25). Total mass fluxes 𝐺 ranging from 42 kg∕(s m2) to 513 kg∕(s m2)
were covered. The impact of the fluid properties on the flow patterns was preliminary and theoretically 
evaluated by means of flow maps for all pipe directions: horizontal, vertical upward and vertical downward. A 
rectangular header connected to eight parallel channels of internal diameter (I.D.) of 10 mm was used to mimic 
an evaporator. Four header and channels orientations were investigated. The inlet position and the diameter 
of the feeding tube (23 mm or 56 mm) could be changed as well as the channels intrusion inside the header 
height. A flow pattern breaking device, also called splashing grid, was also tested at the inlet of the header. A 
Design Of Experiment (DOE) technique was used to build an optimized test matrix ensuring that the impact of 
each parameter individually as well as their combinations could be assessed in a balanced manner and within a 
minimum amount of tests. Forty-eight tests were needed. The standard deviation of the water flow distribution 
among the channels is set as comparative variable. Based on the experimental results, a ranking of the most 
influential parameters was established. The study highlights that the orientation of the header and channels is 
the most significant parameter impacting the flow distribution, followed the tube inlet position. The combined 
influence of the inlet tube position and diameter, the tube intrusion and the presence/absence of the splashing 
grid is evaluated for each of the four orientations. Based on these conclusions, design rules were established 
for each header and channel orientation. The findings of this research represent a significant advancement in 
the field and can serve as a foundation for greatly improving flow distribution within evaporators, thereby 
enhancing their thermal performance.
1. Introduction

The improvement of the performances of Vapor Cycle Systems (VCS) 
has been the subject of decades of research. Indeed, these closed loop 
systems that use refrigerants as working fluids are present in numerous 
fields for cooling requirement such as the pharmaceutical industry, 
the aeronautical and the automotive sectors, the building and food 
industries [1]. Due to their massive use, an even small efficiency en-
hancement would lead to a significant amount of power saved. One way 
to enhance the efficiency of VCS is to optimize its components, such 
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E-mail address: aude.lecardonnel@vki.ac.be (A. Lecardonnel).

as the evaporator. Consequently, evaporators are continuously under 
research for improvement. One straightforward way to intensify their 
performances is to improve the refrigerant flow distribution among 
the evaporator channels. Indeed, at the inlet of this specific type of 
heat exchanger, the refrigerant is mostly found in a liquid/gas two-
phase state, which makes the distribution much harder to predict than 
for a single phase flow. However, a non uniform distribution among 
channels can drop the evaporator performances by 13% [2] and up to 
30% in the worst cases [3]. Thereby, extensive scientific endeavor has 
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Nomenclature

Roman symbols
𝑚̇ Mass flow rate (kg∕s)
𝐴 Area (m2)
𝐹𝑟 Froude number
𝐺 Mass flux 𝐺 = 𝑚̇

𝐴
 (kg∕(s m2))

𝑗 Volumetric flow rate (m3∕s)
𝑃 Pressure (Pa)
𝑢 Superficial velocity 𝑢 =

𝐺(1 − 𝑥)
𝜌

 (m∕s)

𝑥 Vapor/gas quality 𝑥 =
𝑚̇v

𝑚̇v + 𝑚̇l
 (–)

Greek symbols
𝜒 Martinelli parameter (–)
𝜇 Dynamic viscosity (Pa∕s)
𝜌 Density (kg∕m3)
𝜎 Surface tension (N∕m−1)

Subscripts

atm Atmospheric
a Air
l Liquid phase
ref Refrigerant
sat Saturation
s Superficial
TP Two-phase
tt Turbulent–turbulent
v Vapor/gas phase
w Water

Abbreviations

𝐷𝐼𝐴𝑀 Diameter
𝐷𝑂𝐸 Design of Experiment
𝐺𝑊 𝑃 Global Warming Potential
𝐻𝐻 −𝐻𝐶 Horizontal Header-Horizontal Channels
𝐻𝐻 − 𝑉 𝐷𝐶 Horizontal Header-Vertical Downward 

Channels
𝐻𝐻 − 𝑉 𝑈𝐶 Horizontal Header-Vertical Upward Chan-

nels
𝐼.𝐷. Internal Diameter
𝐼𝑁𝑇𝑅 Intrusion
𝑂𝐹𝐴𝑇 One-factor-at-a-time
𝑂𝑅𝐼𝐸𝑁𝑇 Orientation
𝑃𝐴𝑁𝑇𝑇𝐻𝐸𝑅 exPerimental And Numerical mulTiscale 

mulTiphasic Heat ExchangeR
𝑃𝑂𝑆 Position
𝑅𝑂𝐼 Region of interest
𝑆𝑃𝐿 Splashing grid
𝑆𝑇𝐷 Standard deviation
𝑉 𝐶𝑆 Vapor Cycle System
𝑉 𝐷𝐻 −𝐻𝐶 Vertical Downward Header-Vertical Chan-

nels
𝑉 𝐹𝑀 Venturi Flow Meter
𝑉 𝑈𝐻 −𝐻𝐶 Vertical Upward Header-Vertical Channels
𝑊𝐴𝑇 Water

been dedicated to the characterization and prediction of this liquid/gas 
flow distribution over the last decades as it is a complex problem to 
address, depending on various physical phenomena but also on many 
2 
parameters such as geometrical features and operating conditions. Fur-
thermore, the flow distribution also varies with the working fluid and 
their phase properties. Lastly, the majority of the studies focuses on the 
effect of single variable for a specific flow orientation (i.e. vertical or 
horizontal). Thereby, the combined effect of several parameters is not 
thoroughly addressed in the literature [4,5]. For all these reasons, it is 
still rather hard to draw conclusions and obtain general design rules 
for the evaporator header. The present paper aims to overcome these 
limits, by evaluating the effect of multiple combined parameters.

Maldistribution in parallel channels of evaporators is a significant 
problem that arises due to the presence of valves or other compo-
nents that impact the pressure drop of the refrigerant and may cause 
evaporation. As a result, the liquid and the vapor phases distribute 
unevenly in the tubes, leading to uneven cooling performance, reduced 
efficiency, and potential damage to the system. Flow non-uniformity 
among the channels is to be avoided especially for the liquid phase, 
as underfed channels may lead to the total vaporization of the liquid 
after leaving the header, and lead to dry-out which drastically decreases 
the heat transfer at the wall [3]. For these reasons, it is paramount to 
understand which parameters and their combinations might influence 
the distribution. This flow maldistribution has been extensively studied 
in the literature.

Some exhaustive reviews have already been published about the 
parameters influencing the distribution and whether their impact can 
be considered to be major or minor. Among them, the reviews of S.Y. 
Lee [6], Dario et al. [4] and Xiong et al. [5] are detailed and listed 
all the parameters that are found to influence the flow distribution, 
from the geometry, to the operating conditions and the fluid properties 
(see Fig.  1). These parameters impact the forces acting on the flow. 
Indeed, besides the usual forces that can be found in single fluid flows 
(inertial, gravitational and viscous forces), two-phase flows present 
surface tension forces at the liquid–vapor/gas interfaces due to the 
interaction between the two phases.

The reviews of Dario et al. [4] and S.Y. Lee [6] draw the same 
conclusion: only some of these parameters have a strong influence on 
the distribution and are highlighted by a red star symbol in Fig.  1, 
the rest of them being of minor influence. The impact of the most 
influencing parameters was assessed by various experimental studies. 
The literature review in the following Sections 1.1–1.3 is structured into 
three subsections respectively focusing on the geometrical parameters, 
the operating conditions and the fluid properties.

1.1. Geometrical parameters

The geometrical parameters are the subjects of only few studies 
when it comes to flow distribution. Besides, the influence of some 
factors such as the channels geometry and number, or the header ge-
ometry is rather nonexistent. The main factors among the geometrical 
parameters that present a strong impact are the channels intrusion 
inside the header, mostly studied by J. K. Lee and al. [7,8], but also 
the feeding tube hydraulic diameter and length [9,10] and finally 
its position on the header. However, varying the dimensions of the 
feeding tube is rather equivalent to varying the inlet flow patterns, 
and the influence of the inlet flow regimes on the distribution will be 
developed in the following Section 1.2. In two distinct experiments, 
J. K. Lee firstly studied different intrusions depths of 0, 1

8
, 1
4
 and 1

2
of the square shape header width of 24 mm [7], in a vertical upward 
header having a feeding tube of the same dimensions as the header. 
The flow distributions of the air/water mixture were studied for each 
intrusion at mass flux of 54–134 kg∕(s m2) and inlet quality of 0.2–0.5. 
Secondly, J. K. Lee et al. [8] studied intrusion depth of 0, 1

8
 and 1

4
 in 

a 16 mm square shape header. The mass flux and inlet quality of the 
air/water mixture were 40–150 kg∕(s m2) and inlet quality of 0.1–0.4. 
Two configurations were experimented: an upward vertical header and 
a horizontal header with horizontal channels.
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Fig. 1. Parameter impacting the two-phase flow distribution inside the header with multiple parallel channels.
Source: adapted from Dario et al. [4].
Two conclusions could be drawn from these experiments. The first 
one is that the tube intrusion in a horizontal header with horizontal 
channels seems to worsen the distribution as it amplifies the maldis-
tribution problem associated with this configuration. Indeed, the tube 
intrusion seems to decrease the liquid feeding in the first channels and 
to increase it in the last. In a horizontal header, since the first tubes are 
already underfed and the last ones overfed, the liquid maldistribution 
is amplified, while the vapor distribution is nearly not altered and 
rather homogeneous in all cases. For the upward vertical header, it 
is the opposite. The first channels are originally overfed in the case 
of no intrusion while in the last region where recirculation occurs, not 
enough liquid is distributed. The vapor phase exhibits the inverse trend. 
Thus, the tube intrusion tends to improve both the liquid and vapor 
distributions.

However, it appears from both studies [7,8], that in an upward 
vertical header, an optimal tube intrusion exists which seems to be 
around 1

8
 of the header width in both studies. When this tube intrusion 

is exceeded or is worth 0, the liquid and vapor distribution is worsen.
Those two studies allow an investigation of the impact of the 

number of channels on the flow distribution as well as the header size. 
Indeed, in both [7,8], the operating conditions are very similar, but 
the number of tubes differs from being 6 in [7] to 15 in [8], and the 
square shape header size from 24 mm to 16 mm. The results in term 
of liquid distribution show the same global trend from overfeeding of 
the first tube to underfeeding of the last ones. However, in the case 
of the 6 tubes study in [7], the tendency is very pronounced and the 
plateau found in the central part of the curve in the case of 15 tubes 
is not present at all. Thus, it means that the overall maldistribution 
tendency is not affected by the amount of channels, but is flattened 
when the number of tubes is increased, as long as liquid still reaches 
the last tubes.

Other relevant geometrical factors are the inlet feeding tube and 
the outlet tube positions. Generally, for an horizontal header, an inlet 
tube coaxial with the header is to be avoided as it leads to the least 
uniform distribution, as reported by both Cho et al. [11] and Kim 
et al. [12]. A position of the feeding tube perpendicular to the header 
or to both the header and the channels is to be preferred to improve 
the distribution. For a vertical header, the conclusions obtained in the 
literature are also congruent. Both Dario et al. [13] and Byun et al. [14] 
found the top inlet to enable a more homogeneous distribution of an 
air and water flow and a R410A flow respectively, when compared 
to a middle inlet position. The position of the outlet tube is fewly 
studied in the literature. Buyn et al. [14] however investigated its 
3 
impact in the second pass of an evaporator with a vertical header. They 
concluded that a top or bottom outlet position enhance the distribution 
compared to a middle position. Finally, Kim et al. [15] examined the 
impact of parallel or reverse directions of coaxial inlet and outlet. These 
configurations are also named ‘‘Z-shape’’ and ‘‘U-shape’’. The tests 
were performed in a simplified evaporator with a horizontal header 
connected to both vertical downward and upward channels, with air 
and water as fluids and quality up to 0.4. They found that the impact 
on the water flow distribution was negligible.

1.2. Operating conditions

The operating conditions that affect flow distribution can be cat-
egorized in three groups: flow pattern, thermal condition and header–
channel orientation. For what concerns the thermal condition, it should 
be highlighted that most of the studies on flow distribution are achieved 
in adiabatic conditions, i.e. with no heat transfer nor phase change. 
One of the few diabatic study is performed by Vist et al. [10] using 
R134a in vertical upward and downward flow configurations and water 
as secondary fluid. The water inlet temperature was varied from 40 ◦C, 
to 50 ◦C and up to 60 ◦C in a 16 mm manifold and then in a 8 mm 
manifold. Apart from the case at 40 ◦C in the 8 mm header that exhibits 
a vapor distribution slightly improved, no effect at all of the water 
inlet temperature variation could be detected. Similar conclusions were 
obtained by Hwang et al. [16] who examined the influence of various 
heat loads (0 kW, 4.06 kW and 8.02 kW) on the two-phase distribution 
of a R410A flow in a horizontal header with vertical upward channels. 
The findings of this research indicated that the impact of mass flow 
rate and inlet steam quality was greater than that of thermal load. In 
fact, the liquid distribution variations related to the heat load were 
within the measurement uncertainties. Taken together, these diabatic 
results suggest that the onset of phase change downstream does not 
measurably alter the two-phase feeding of the channels in the header. 
Thus, the header liquid–vapor distribution can be modeled and studied 
as an adiabatic process.

The header and channels orientation can be combined into 5 con-
figurations that are shown in Fig.  2. Depending on the orientation, 
the flow distributions present very different behaviors because of the 
impact of the forces acting on the fluid. A general study is given by 
J. K. Lee in [17] that covers all the configuration except the vertical 
downward header with horizontal channels. In the case of vertical 
upward header, vapor distribution is rather homogeneous even if the 
last channel receive slightly more vapor. However, concerning the 
liquid distribution, due to the gravity force acting in the opposite 
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Fig. 2. All possible header and channels configurations.
direction of the flow, the first channels tend to be overfed while the 
last ones do not receive any liquid. As the mass-flow rate increases, 
this trend remains unchanged, but liquid reaches and feeds the last 
channels. At even higher mass-flow rates, a recirculation zone at the 
end plate of the header starts to appear, and the overfeeding of the last 
channels becomes as high as the first ones. For a vertical downward 
header with horizontal channels, the distribution shows a similar but 
opposite trend [18,19]. Indeed, in that case the gravity acts with and 
not against the flow, and thus pushes the liquid phase to accumulate at 
the bottom part of the header. Thus, the last channels present a high 
liquid overfeeding along with the couple of first channels, and this phe-
nomenon is amplified as the mass-flow rate increases. The vapor phase 
shows a more homogeneous distribution, even if the feeding of the 
tubes tends to slightly but continuously increase in the axial direction of 
the header. As shown in [7,8], the distribution in the vertical upward 
header with horizontal channels can be improved by tube intrusion. 
However, for a vertical downward header with horizontal channels, no 
example of distribution improvement has been found in literature. The 
horizontal headers have been the most widely studied configurations. 
Concerning the upward flow in vertical channels, the work of Vist and 
Peterson [10], Hwang et al. [16] and J.K. Lee [17] observed similar 
liquid and vapor phase distributions. They both exhibit step-like shapes, 
but in an opposite trend. Indeed, the liquid phase overfeeds the last 
channels, which accumulates at the rear part of the header, due to the 
difficulty of the fluid to flow against the gravity force, while the first 
ones receive almost no liquid mass flow rate. For the vapor phase, it is 
exactly the opposite. The first channels receive almost only vapor, while 
the last ones, due to the liquid accumulation that creates a blockage, 
are highly underfed. When the channels are oriented horizontally as 
well as the header, the flow does not have to overcome the gravity 
force and thus more liquid is distributed in the first channels, even 
if the division remains strongly non homogeneous as reported by Jun 
Kyoung Lee [17]. Due to the diminution of the liquid blockage effect 
in the rear part of the header, more vapor is received by the last 
channels, allowing a quite homogeneous distribution of the vapor phase 
among the tubes. The last configuration concerns horizontal headers 
connected to vertical downward channels. As reported by Lee [17] 
and Kim et al. [12], the vapor phase is almost equally distributed 
between all the channels as it can flow in the entire header since no 
liquid is accumulated anywhere due to the gravity forcing the liquid 
to flow down in the channels. However, the situation is different for 
the liquid phase. Indeed, almost all the liquid flow is distributed in 
4 
the first channels while from the channels located in the middle of 
the header until the last ones, no liquid is received. When the mass-
flow rate is increased and due to the annular flow pattern, some liquid 
reaches the rear part of the header and thus feeds the last tubes. 
The distribution improvement has been widely studied by the work 
of Fei and Hrnjak [9], and Ahmad et al. [20,21]. Firstly, Fei and 
Hrnjak decreased the feeding tube length to generate a jet to allow the 
distribution of liquid to further down the channels. They also noticed 
that by generating a mist flow pattern inside the feeding tube, a good 
liquid distribution could be obtained. Ahmad used a splashing grid at 
the end of the feeding tube to create droplet jets, reproducing the effect 
created by a mist flow pattern. Thanks to this device, good vapor and 
liquid distributions could be obtained. Other devices and solutions exist 
or are under study to help the uniformity but will not be developed in 
the present article. One may read the above mentioned reviews of Dario 
et al. [4] and Xiong et al. [5] for further information.

1.3. Fluid properties

The flow maldistribution in headers in the literature is generally 
analyzed for one specific fluid. Thus, this raises the question of the 
validity of this improvement when using other fluids. This subject has 
been dealt with only few studies, but their conclusions are however 
consistent. Zhang et al. [22] tested both R134a and water/air mixture 
under similar conditions, and they observed different flow distributions 
between the two fluids. They explained these results by the difference 
in fluid properties. Indeed, R134a and air/water mixture present dif-
ferent liquid to vapor phase density and viscosity ratios 𝜌l

𝜌v
 and 𝜇l

𝜇v
. 

This directly impacts the predominance of the forces acting of the 
flow, and thus the flow patterns. Indeed, for the same mass flux 𝐺
and quality 𝑥 [22], R134a present mostly stratified structures, while 
air/water mainly exhibits annular flow regimes. Thereby, depending 
on the flow pattern in the feeding tube, the distribution in the same 
header will be strongly influenced. This is confirmed by the studies of 
Kim et al. [12] and Zou et al. [23]. In Kim et al. [12] experiments 
obtained for R134a and air/water mixture at the same mass flux 𝐺 and 
inlet quality 𝑥 were compared, and while the vapor phase distribution 
is quite homogeneous in both cases, the liquid distribution is very 
different, as well as the inlet flow patterns. In Zou et al. [23], very 
different distributions were observed testing R245fa, R134a, R410a and 
R32 under the same operating conditions and facility. It appears also 
in that case that the distribution varies significantly.
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1.4. Motivation of the study and objectives

Despite the literature on maldistribution is vast, the existing stud-
ies focus only on few parameter effects and the literature remains 
fragmented: no work to date comprehensively examines how multiple 
parameters collectively govern liquid maldistribution in evaporator 
headers. However, it is essential to investigate multiple parameters 
simultaneously and their mutual interactions. As a consequence, it is 
hard to draw general conclusions and trends about the two-phase flow 
distribution in an evaporator when more than two parameters are com-
bined. There is the great need of a more complete and systematic study 
of the influence on the liquid distribution of the main impacting param-
eters. Thus, the present work aims at filling this gap in the literature. 
Firstly, the parameters whose interactions are of great interest were 
defined. A test section design was built accordingly and is described in 
Section 2 as long as the list of parameters. Secondly, to help building 
an optimized test matrix, a Design of Experiment algorithm was used. 
This approach is explained in Section 2.3. Then, the experimental loop 
is presented in Section 3, followed by the measurement methodology, 
the data reduction and the measurement uncertainties in Section 4. 
Finally, the main results of this experimental campaign are presented 
in Section 5. This is the first systematic study, to the authors’ knowl-
edge, investigating the impact of various combined parameters on 
two-phase distributions in evaporators’ headers. Additionally, applying 
DOE methods to two-phase distributions in flow pattern similarity 
with refrigerant is a novelty in the field. The results of this work 
will show the effect of studying multiple combined parameters and 
will detail which combination of geometrical parameters is able to 
provide a uniform distribution. This approach not only represents 
the first application of DOE to two-phase distribution in vapor–liquid 
refrigerant flows, but also offers direct guidance for designing more 
energy-efficient evaporators with uniformly split flows — an outcome 
with clear implications for next-generation refrigeration and heat-pump 
technologies.

2. Test section design

2.1. Operating conditions

As outlined by the literature review, the use of different fluids for 
the same set-up and operating conditions leads to different distribution 
results. The current framework of this study is to obtain some deeper 
understanding about the two-phase flow maldistribution in a simplified 
evaporator header working with an air/water mixture. The conclusions 
provided by this study are meant to be extended and used to design 
evaporators working with refrigerants. Thus, there is the need to carry 
a flow pattern similarity study between the air/water mixture and the 
R1234ze(E), which is the low Global Warming Potential fluid selected 
for this two-phase flow pattern similarity.

In Webb et al. [24], a flow pattern similarity between the R-404A 
refrigerant and an air–water mixture was achieved by keeping three 
non-dimensional numbers constant, assuming that the geometrical fea-
tures of the facility are equal. The first one to be kept constant between 
the two cases is the phase density ratio 𝜌l

𝜌v
, as Zhang et al. [22] 

also showed the great importance. The fluid properties of R1234ze(E) 
(liquid and vapor phase viscosity and density) are displayed in Table  1 
at 𝑇sat = 0 ◦C). Given the air properties, to reach such a goal, the air 
needs to be operated at 8 bar absolute pressure to obtain the targeted 
density. Due to material constraints, the maximum operating pressure 
was limited to 7 bar, which did not allow for an exact density ratio 
similarity (see Table  2).

The surface tension 𝜎l is also a significant element to consider. 
Indeed, the surface tension value of water in contact with air at 
atmospheric pressure and 20 ◦C is 73 mN m−1 and decreases only 
very slightly with pressure [26]. Since the surface tension value that 
5 
Table 1
R1234ze properties at 𝑇sat = 0 ◦C [25].
 𝜇l 𝜇v 𝜌l 𝜌v  
 Pa∕s Pa∕s kg∕m3 kg∕m3 
 2.69 ⋅10−4 1.12 ⋅10−5 1240.6 11.65  

Table 2
Similarity study.
 Parameter Refrigerant Air/water

 x 0.04 0.4 0.042 0.41 
 Min 𝑚̇v (g/s) 4 40 3 30  
 Min 𝑚̇l (g/s) 96 60 69 43  
 Max 𝑚̇v (g/s) 10 100 7.6 76  
 Max 𝑚̇l (g/s) 240 150 173 108  
 𝜌l
𝜌v

106 106 120 120  

can be commonly found for refrigerant is ∼10 mN m−1, the variation 
is expected to affect the conclusions as well in term of distribution. 
However, the surface tension is especially significant when it comes to 
micro-channels. Commonly, the header and feeding pipes dimensions 
of evaporators are not of the order of micro-millimeter but at least 
around ten times higher. Thus, the phase density ratio 𝜌l

𝜌v
 similarity is 

considered to be significantly more impacting than the surface tension 
value similarity.

The second parameter defined by Webb [24] is the Martinelli pa-
rameter 𝜒tt which is a sort of liquid fraction in case of both phases in 
turbulent regime and is defined as 

𝜒tt =
(

𝜌v
𝜌l

)0.5 ( 𝜇l
𝜇v

)0.125
(1 − 𝑥

𝑥

)0.875
. (1)

Finally, the third parameter is the densimetric Froude number 𝐹𝑇𝐷 that 
compares the inertial and the gravity forces acting on the fluid. It is 
expressed as 

𝐹𝑇𝐷 =

(

𝜌v𝑗2v
(𝜌l − 𝜌v)𝐷 ⋅ 𝑔

)0.5

, (2)

where 𝑗v is the vapor volumetric flow rate. This formulation accounts 
for the impact of the lighter phase on the buoyancy force by includ-
ing the reduced gravity under Boussinesq approximation, valid in the 
present work. The purpose of fixing the Martinelli and densimetric 
Froude between the R1234ze(E) and the air/water mixture is to ensure 
that equivalent flow patterns would be studied, since flow regimes 
in the feeding tube influence strongly the distribution of the two 
phases [9]. Based on these three parameters, on the required operating 
conditions (100 g/s < 𝑚̇refrigerant < 250 g/s and 0.04 < 𝑥refrigerant <
0.4) and on the properties of the fluids (air, water and R1234ze(E)), 
the results of the flow pattern similarity study are presented in Table 
2. In a first time, the density ratio, the Martinelli parameter 𝜒tt and 
the densimetric Froude number 𝐹𝑇𝐷 are calculated for the R1234ze(E) 
operating conditions. In a second time, the required equivalent qualities 
of the air/water mixture is obtained from the Martinelli parameter and 
density ratio similarities. Then, the required air mass flow rates are 
calculated from the densimetric Froude number similarity and more 
specifically through the vapor phase volumetric flow rate 𝑗v. Lastly, the 
water mass flow rates are retrieved from both the quality and the air 
mass flow rate.

Thereby, air mass flow rates ranging from 3 g/s to 76 g/s are 
required along with water mass flow rates ranging from 43 g/s to 173 
g/s (indicated in bold font in Table  2), with the equivalent targeted 
quality values 𝑥 from 0 to 0.41. Based on the equipment capabilities, it 
was decided to test 6 inlet flow rate conditions: water mass flow rates 
𝑚̇water,inlet of 100 and 160 g/s, combined to qualities of 0.04, 0.1 and 
0.25. These values correspond to air mass flow rates 𝑚̇air,inlet ranging 
from 4.2 g/s to 53.3 g/s.
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Fig. 3. Test section design: (Left) Front view, (Right) Close view of the header.
2.2. Geometrical dimensions

The calculation of the geometrical dimensions and the design of the 
test section were based on three characteristics:

1. The most impacting parameters gathered from the literature 
review (see Section 1)

2. The traditional simplified evaporator designs found in the liter-
ature [9,20,27]

3. The similarity study (see Section 2.1)

Firstly, it appears from the literature review that the most impacting 
parameters among the geometrical factors (see Fig.  1) are the feeding 
tube position and hydraulic diameter since they impact greatly the flow 
pattern at the inlet of the header and thus the distribution, as well as the 
channels intrusion inside the header. Among the operating conditions, 
the channels and header orientations are found to highly influence 
the two-phase flow distribution as well as the flow pattern. Between 
the fluid properties, the density ratio between the two phases shows 
a substantial effect. The present test section was therefore designed to 
allow the study of the combined impact of the feeding tube position 
and diameter, the channels intrusion, the header orientation, and the 
density ratio between the two phases. Based on the common header and 
channel arrangements found in the literature, as well as the minimum 
and maximum mass flow rates obtained from the flow pattern similarity 
(Table  2), the sizing of the various components such as the feeding tube, 
the header, the channels and the outlet reservoir was adapted. The test 
section generated is displayed in Fig.  3:

It consists of a manifold made of aluminum, with a rectangular 
section of (186 × 130) mm, 560 mm long. The wall thickness is 
20 mm to ensure a proper resistance to the 7 bar pressure. The front 
and back faces of the header are made transparent to enable flow 
visualization inside the header. The two Plexiglass windows are 30 mm 
thick, calculated also to guarantee a proper resistance to pressure. The 
metallic frames enclosing the Plexiglass were extended on the upper 
side to minimize the displacement of the test section when pressurized. 
The inlet pipe is 1 m long. It is made of stainless steel, except for 65 mm 
before the manifold, where it is transparent to allow the visualization 
of the flow regime at the inlet section of the header. The visualization 
piece can be observed in Fig.  4 left. It is not possible to cover all 
flow patterns, from stratified to annular with only one inlet pipe 
diameter. Thus, two feeding tube diameters were considered: 23 mm 
6 
and 56 mm. The objective of the 56 mm pipe diameter is to cover all 
the stratified inlet flow regimes, while the objective of the 23 mm pipe 
is to potentially cover the remaining flow patterns: slug, intermittent, 
and annular. Based on the inlet air and water mass-flow rates (𝑚̇air,inlet
and 𝑚̇water,inlet) selected that comply with the similarity study presented 
in Section 2.1 and the two feeding tube diameters considered, the range 
of total mass flux can be evaluated using 

𝐺 =
𝑚̇air + 𝑚̇water

𝐴pipe
, (3)

where 𝐴pipe is the cross-sectional area of the inlet feeding pipe. 𝐺
then ranges from 42 kg∕(s m2) to 513 kg∕(s m2). The liquid superficial 
velocities 𝑢sl spans from 0.04 m/s to 0.39 m/s while vapor superficial 
velocities 𝑢sv from 0.21 m/s to 16 m/s were reached.

Four inlet pipe positions can be tested. Position 1 is referred to be 
coaxial to the header length, while position 2, 3, and 4 are perpendic-
ular to the header length. For each position, the inlet pipe diameter 
can either be 23 mm or 56 mm. Position 2 and 4 of the feeding tube 
are expected to lead to similar distributions. For this reason as well as 
time limitations, the position 2 was not considered and its symmetrical 
position 4 was exploited instead. Therefore, three inlet pipe positions 
were in fact utilized. Eight tubes of 10 mm diameter made in stainless 
steel are connected to the manifold. Venturi Flow Meters (VFM) are 
installed in each channel to obtain the individual mass flow rates of 
each phase, as well as pressure sensors to monitor the static absolute 
pressure. An upstream length of 520 mm is available before the venturi, 
and a downstream length of 170 mm to respect the standard ISO 
5167-4:2003 [28]. The static pressure sensor is positioned at 70 mm 
from the top of the tube. More details about the venturi design and 
calibration can be found in Lecardonnel et al. [29]. To change the 
channels intrusion inside the header, spacers made of stainless steel 
were manufactured and inserted between the pair of flanges located 
before the VFM. This flexible element allows to study easily several 
intrusion depths. Two dimensions were chosen, to enable an intrusion 
of the channels inside the header of 1

4
 and 1

2
 of the header height of 

130 mm. The 1
2
 spacer can be observed in Fig.  4 (Right).

In addition, it is possible to insert a removable device called ‘‘splash-
ing grid’’ (Fig.  5) between the end of the feeding tube and the inlet of 
the header. This system was identified as one effective way to improve 
flow maldistribution according to the work of Ahmad et al. [20] since 
it enables the breaking of the inlet flow pattern and the possible 
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Fig. 4. (Left) Inlet transparent piece, (Right) Spacer for channel intrusions.
Fig. 5. (Left) Splashing grid design, (Right) Holes pattern.
phase separation. The grid was designed with similar dimensions. Holes 
of 0.5 mm and spaced of 1.5 mm in each direction were uniformly 
distributed in a squared pattern (Fig.  5). The grid was 3D printed 
in resin, and the wall thickness was adapted to withstand the 7 bar 
pressure.

Finally, the flow passing through the 8 tubes exits into a 200 mm 
circular collector. The outlet pipe of the test section is located on 
the same side as the coaxial inlet pipe position, in a ‘‘U’’ shape. The 
whole test section was screwed to a wooden plate mounted on sliding 
rails. This allows for a great flexibility of the structure which was a 
requirement since four header and channel positions out of the five 
displayed in Fig.  2 aimed at being investigated: configurations (a), (b), 
(d) and (e).

2.3. Test matrix

As highlighted by the literature review, the majority of the studies 
focuses on the influence of one variable or two, for instance J. K. Lee [8] 
analyzed the effect of the channel intrusion for two header and channel 
orientations. They follow the one-factor-at-a-time (OFAT) methodol-
ogy: they modify each parameter over its full range, while the other 
parameters remain unchanged. This strategy presents however some 
strong limitations since the interactions between the variables cannot 
be examined [30], and thus the optimal combination of variables can 
hardly be captured. In such context of multi-factorial analysis, the use 
of Design of Experiments (DoE) techniques is excessively meaningful to 
select an optimal test matrix. Indeed, these techniques can help to build 
a matrix that will allow to retrieve knowledge about the influence of 
a single variable or of combination of variables as exactly as possible 
7 
in a minimum amount of experimental tests. More information about 
such technique can be found in the work of Tempesti et al. [31], where 
the authors show a methodology based on DOE approach applied to a 
similar case study. The selection of the factors and levels that define the 
design space was explained in Section 2.2 and they are listed in Table 
3. For each factor, each level was given a label and numbering between 
−1 and 1 included. This labeling and numbering will be referred to in 
the rest of the article. For instance, Position -1 refers to the central inlet 
and perpendicular to the header length. Two levels of water flow rate 
were chosen among the possible range presented in Section 2.1. Three 
levels of air flow rate were as well selected to reach the various flow 
patterns described in Section 2.2 and are shown in Table  3 as air quality 
levels.

From this list, if all the combinations between factors and levels 
were to be tested, then 1296 experiments would be needed. With the 
help of a DOE algorithm, the amount of tests can be tremendously 
reduced while maintaining a high degree of precision in the influ-
ence of individual and combined parameters within the design space. 
In that context, the experimental matrix was created by means of 
the Python package DoEgen [32], the operation of which is briefly 
described herein. Once the user has defined the factors and levels 
of interest, the algorithm creates various experimental matrices with 
sequentially increasing number of tests. For each matrix, it monitors 
several parameters to help the experimentalist select the appropriate 
number of runs for the specific case under investigation. Reducing the 
number of tests means that not all combinations of factors and levels 
will be included in the experiment. To ensure that the resulting analysis 
remains statistically valid and consistent, the reduction must be done 
in a controlled way. In particular, certain statistical properties should 
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Table 3
Factors, numbers and descriptions of levels for each orientation.
 Factor Levels  
 
Header/Channels
orientation 4

Orient −1: Horizontal Header and Vertical Downward Channels (HH-VDC) 
 Orient − 1

3
: Horizontal Header and Vertical Upward Channels (HH-VUC)  

 Orient 1
3
: Vertical Upward Header and Horizontal Channels (VUH-HC)  

 Orient 1: Vertical Downward Header and Horizontal Channels (VDH-HC)  
 
Inlet tube position 3

Pos −1: Perpendicular to header length, central  
 Pos 0: Perpendicular to header length, lateral  
 Pos 1: Parallel/Coaxial to header length  
 Inlet tube diameter 3 Diam −1: 23 mm  
 Diam 1: 56 mm  
 Splashing grid 2 Grid −1: grid not present  
 Grid 1: grid present  
 
Channels intrusion 3

Intr −1: 0 mm  
 Intr 0: 33 mm ( 1

4
 header height)  

 Intr 1: 66 mm ( 1
2
 header height)  

 Water inlet flow rate 
𝑚̇water,inlet

2 Water −1: 0.1 kg/s  
 Water 1: 0.16 kg/s  
 
Air inlet quality 𝑥 3

Air −1: 𝑥 = 4%  
 Air 0: 𝑥 = 10%  
 Air 1: 𝑥 = 25%  
be preserved: for instance, each level of a factor and each combination 
of levels across factors should appear an equal number of times or as 
evenly as possible. The DoEgen package addresses this by computing a 
set of metrics that quantify how well these properties are maintained 
in the reduced experimental matrix. These cited parameters serve to 
evaluate how well the matrix is balanced between factors (Center 
balance), between levels (Level balance), between levels in pairs of 
factors (Two-level Balance), between factors-levels pairs combination 
(Two-level missing). In addition, it quantifies how much each matrix is 
close to an orthogonal one (Orthogonality), and it computes the D1-
Efficiency, which evaluates the goodness of the experimental design 
according to the D-Optimal criteria. Additional information can be 
found in the work of Tempesti et al. [31].

The overall evolution of these efficiencies with increasing number of 
runs are shown in Fig.  6(Left) for the case under investigation. A zoom 
of the region of interest (ROI) is shown in Fig.  6(Right). At low number 
of runs, all efficiency metrics are understandably low – this is expected, 
as there are not enough tests to ensure balance across the design space. 
As the number of runs increases, the efficiency values rise steadily, 
reaching a first local maximum at 24 runs, where both center and level 
balance reach 100%. This indicates that each factor and level appears 
an equal amount of times. Notably, the total number of combination 
divided by 24 is an integer, which allows perfect distribution. However, 
beyond this point, adding more runs does not necessarily improve the 
design quality. In fact, the metrics may decrease temporarily because 
some factors or levels start appearing more frequently than others, 
disrupting the balance. As the number of tests continues to increase, 
a second optimal point is reached at 48 runs, where center and level 
balance return to 100%, and two-level balance improves compared to 
the 24 run case. Thereby, this test matrix of 48 sets of header/channel 
orientation, inlet tube position and diameter, presence/absence of the 
splashing grid, channel intrusion, one specific combination of water 
and air flow rate levels generated by the algorithm was selected. It 
should be noted that this matrix selected 12 experiments per header 
and channels orientation. In addition, besides the specific combination 
of water and air flow rates levels selected by the algorithm, the other 5 
combinations of water and air levels were as well tested for each of the 
48 configurations. Indeed, it did not require a tremendous additional 
amount of time but the additional information gathered was of great 
significance as it allowed to draw conclusions about the stability of the 
two-phase distribution over various air and water conditions.
8 
2.4. Flow maps

As stated in Sections 1.2 and 2.2, the flow pattern inside the feeding 
tube is of great interest as it will drive the behavior of the two-
phase flow inside the header and the distribution among the channels. 
The characterization of such flow patterns depends not only on the 
fluid employed, but also on the pipe diameter and orientation. In the 
following paragraphs, the flow pattern predictions are presented per 
feeding tube orientation.

2.4.1. Horizontal pipe
For a horizontal pipe, the Baker flow map [33] is very often reported 

in the literature [34–36] to translate accurately the transitions of the 
flow regimes from one fluid to another one. The Baker flow map (see 
Fig.  7) is built with air and water at atmospheric pressure and ambient 
temperature as reference and the transitions between the flow pattern 
are quantified in terms of air mass flux 𝐺a,B and water mass flux 𝐺w,B
where 𝐵 refers to Baker. Two parameters 𝜆 and 𝛹 (Eqs. (4) and (5)) are 
defined by Baker to relate the vapor and liquid properties of any fluid 
considered to the properties of air and water at atmospheric pressure 
and ambient temperature. They are evaluated using 

𝜆 =
(

𝜌v
𝜌a

𝜌l
𝜌w

)1∕2
(4)

and 

𝛹 =
(𝜎w

𝜎

)

[

(

𝜇l
𝜇w

)(

𝜌w
𝜌l

)2
]1∕3

. (5)

The air and water mass fluxes 𝐺a,B and 𝐺w,B and the parameters 𝜆 and 
𝛹 are related to the vapor and liquid mass fluxes of any fluid 𝐺v and 
𝐺l using 

𝐺w,B = 𝐺l𝛹 (6)

and 

𝐺a,B =
𝐺v
𝜆

. (7)

Then, the flow pattern transitions in term of mass flux of any fluid are 
calculated with 

𝐺 =
𝐺w,B (8)
l 𝛹
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Fig. 6. (Left) Overall evolution of efficiencies in percentage with number of experiments required, (Right) Zoom in the ROI.
Fig. 7. The basic Baker flow map compared to transitions for air and water at 7 bar and R1234ze(E) at 𝑇sat = 0 ◦C.
and 

𝐺v = 𝐺a,B𝜆. (9)

The transitions lines between the various flow patterns were calculated 
for air and water at 7 bar, pressure imposed by the similarity study 
(see Section 2), and are compared to the actual transitions of the Baker 
flow map based on air and water at atmospheric pressure and ambient 
temperature in Fig.  7. The transitions of a typical low Global Warming 
Potential (GWP) refrigerant (R1234ze(E)) are as well displayed for a 
sake of comparison. They are calculated at a saturated temperature 
𝑇sat = 0 ◦C which is a common operating temperature in an evaporator 
exploiting a GWP refrigerant.

Overall, as one can notice, the flow regimes transitions of air and 
water at 7 bar occurs at higher vapor mass fluxes, and at both higher 
liquid and vapor mass fluxes for the stratified and wavy transitions 
when compared to the original transitions of the Baker flow map. 
Concerning the R1234ze(E), the flow transitions occurs at higher vapor 
and lower liquid mass fluxes. Due to the density ratio similarity, the 
flow transitions between the annular, slug and plug flow patterns occur 
at very similar vapor mass fluxes between the air and water at flow at 
7 bar and the R1234ze(E) flow at 𝑇sat = 0 ◦C. in Fig.  7, the window of 
the test conditions targeted which were presented in Sections 2.1 and
9 
2.2 is displayed. This covers as expected the following flow regimes: 
stratified, plug, slug and annular.

2.4.2. Vertical upward pipe
For a vertical upward pipe, the Hewitt and Roberts flow map [37] is 

trusted to be able to predict the transitions of a wide range of fluid [38] 
and is displayed in Fig.  8. This flow map relates the flow patterns 
transitions to both the vapor and liquid momentum fluxes 𝐺

2
v

𝜌v
 and 

𝐺2
l

𝜌l
.

To compare the evolution of the flow regime conditions between 
the air/water and the R1234ze(E) flows, the same inlet vapor and 
liquid mass fluxes 𝐺v and 𝐺l (corresponding to the superficial veloc-
ities mentioned in Section 2.2) were considered for the calculation. 
The superficial momentum fluxes 𝐺

2
v

𝜌v
 and 

𝐺2
l

𝜌l
 were then calculated 

based on the densities corresponding to the air/water mixture at both 
atmospheric pressure and 7 bar and room temperature and to the 
R1234ze(E) at 𝑇sat = 0 ◦C. The test points are again shown in the shape 
of a window for a sake of clarity in Fig.  8. As one can conclude from 
the figure, the annular flow regime is more difficult to reach for air 
and water at 7 bar as well as for R1234ze(E) at 𝑇sat = 0 ◦C. Indeed, 
to reach it it requires vapor momentum fluxes respectively ∼7 to ∼12 
times higher than for air and water at atmospheric pressure. This is 



A. Lecardonnel et al. Applied Thermal Engineering 279 (2025) 128034 
Fig. 8. The basic Hewitt flow map comparing the flow regime evolutions for air and water at 1 bar, at 7 bar and for R1234ze(E) at 𝑇sat = 0 ◦C.
Fig. 9. Flow pattern transition comparison in a vertical downward pipe for air and water at 1 bar and at 7 bar and for R1234ze(E) at 𝑇sat = 0 ◦C in a feeding 
tube of: (Left) 23 mm diameter, (Right) 56 mm diameter.
equivalent to the density ratio between air at 7 bar and the vapor phase 
of R1234ze(E) with the air at atmospheric conditions. The flow regimes 
covered in the present study are as targeted slug, churn and annular.

2.4.3. Vertical downward pipe
For a vertical downward pipe orientation, no generalized flow map 

could be found. However, Barnea developed a unified flow scheme that 
allows for the prediction of flow maps for all pipe inclinations, but also 
for all pipe diameters and fluids [39]. This scheme was implemented, 
and the flow pattern transitions for a vertical downward pipe obtained 
for an air/water mixture at 1 bar and at 7 bar, and for a R1234ze(E) 
flow at a saturation temperature 𝑇sat = 0 ◦C are compared in Fig.  9. 
The flow pattern transitions are function of the superficial velocities of 
the two phases 𝑢sl and 𝑢sv. In Fig.  9 (Left), the flow pattern comparison 
is achieved for the 23 mm diameter feeding tube, while Fig.  9 (Right) 
depicts the comparison for the 56 mm diameter feeding tube.

As can be noticed, only three flow patterns are encountered in 
vertical downward pipes: dispersed bubbles, intermittent and annular. 
The test conditions did not however allow the dispersed bubbles flow 
10 
regime to be reached. The two flow pattern transitions (DB–I and I–A) 
are logically expected to occur at lower liquid superficial velocities 𝑢sl
in the 23 mm diameter pipe than in the 56 mm diameter. Besides, as 
one can note from Fig.  9, the flow pattern transitions greatly match 
between the air/water mixture at 7 bar and the R1234ze(E) at 𝑇sat =
0 ◦C, apart for a small region of the DB–I transition for the 23 mm 
diameter tube and at low 𝑢sv. However, while the DB–I flow transition 
is found to be very similar for the air/water at 1 bar and the other 
two flows, the I–A transition differs. Indeed, annular flow patterns can 
be reached at lower liquid superficial velocities 𝑢sl but higher vapor 
superficial velocities 𝑢sv for the air/water at 1 bar. In this downward 
orientation, the gravity acts with the flow. Thereby the higher is the 
density, the higher is the inertial force magnitude. This explains why 
the flow transition to annular occurs at lower 𝑢sl for the air/water 
mixture at 7 bar and the R1234ze(E) at 𝑇sat = 0 ◦C than for the 
air/water at 1 bar.

2.4.4. Conclusion
To conclude on the study of all these flow maps, the main important 

finding is that the existing studies about maldistribution that use air 
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Fig. 10. Experimental apparatus of the adiabatic set-up.
and water at atmospheric pressure are very likely not representative of 
the actual flow pattern conditions inside an evaporator. Indeed, due to 
the difference of liquid and especially vapor phases between air/water 
at 𝑃atm and a refrigerant, the magnitude of the various forces acting on 
the fluid is greatly altered, and thus this leads to a significant shift in 
the flow regime transitions.

3. Experimental loop

The overall experimental apparatus is shown on Fig.  10. An air/
water mixture is used as a fluid. Water is pumped from a tank by a 
centrifugal pump (Wilo Helix V 214-1/16/E/KS/400-50) and its flow 
rate is measured thanks to an electromagnetic flowmeter (Fuji Electric 
ModMAG® M1000). A 15 bar compressed air line is connected to the 
facility and its pressure is then decreased to around 7.5 bar through a 
pressure regulator. The air flow rate is measured by means of a thermal 
mass flow sensor (CS Instruments VA 500). Air and water are then 
mixed together by means of an elbow pipe inserted in the main water 
pipe. The mixture is then further sent to a straight length of pipe to 
ensure a fully developed flow at the inlet of the test section. The test 
section is connected to the rest of the facility by means of flexible 
hoses. Since four header and channel orientations were to be tested, 
there was the need to have easily adjustable connections. A safety bar 
with USV 112-12, DN40 with adjustable pressure range 2–12 bar, set to 
8 bar maximum pressure and a maximum exit flow rate of 13.1 m3∕h
is connected to one of the inlet ports of the test section. Downstream 
the test section, a back pressure valve allows for the pressurization of 
the test section to the desired pressure condition. Finally the air and 
water mixture is sent back to the water tank. The water is collected at 
the bottom while the air is released to the surroundings.

4. Data reduction, uncertainties and comparative response vari-
able

All the instruments described in the preceding paragraphs were 
connected to a NI-DAQ (National Instruments) hardware for signal 
acquisition. This includes the water electromagnetic flow meter for 
𝑚̇water,inlet , the air thermal flow meter for 𝑚̇air,inlet and the pressure mem-
brane sensor for 𝛥𝑃venturi,TP. All signals were recorded at a frequency of 
200 Hz over a duration of 90 s.

The inlet quality 𝑥 was determined using Eq.  (10)

𝑥 =
𝑚̇air,inlet

𝑚̇ + 𝑚̇
. (10)
air,inlet water,inlet
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Table 4
Uncertainty estimation.
 Variable Evaluation Uncertainty value 
 Inlet water flow rate 𝑚̇water,inlet Manufacturer 0.3%  
 Inlet air flow rate 𝑚̇air,inlet Manufacturer 1.5%  
 Venturi pressure drops 𝛥𝑃venturi,TP Manufacturer 154 Pa  
 Inlet quality 𝑥 Calculated (Eq. (10)) [0.00059–0.0029] 

The individual air and water flow rates for each of the eight chan-
nels, denoted as 𝑚̇water,channel,i and 𝑚̇air,channel,i respectively (where i 
represents the channel number from 1 to 8), were derived from the 
venturi pressure drop 𝛥𝑃venturi,TP measurements and a robust calibration 
dataset obtained prior to the experimental campaign. For a detailed 
explanation of the calculation methodology, readers are referred to the 
article by Lecardonnel et al. [29]. The accuracy of the individual air 
flow rate measurements is estimated to be within ±20% on average, 
while the accuracy for the water flow rate measurements is expected 
to be within ±10% on average.

The uncertainty values estimated for parameters of interest, mea-
sured or calculated, are listed in Table  4.

To compare the measurement results and determine whether a 
specific parameter or level improves or worsens the distribution among 
the channels, a comparative response variable must be defined. In an 
evaporator, liquid phase distribution is more crucial than vapor phase 
distribution to avoid dry-out phenomena. As a consequence of this 
observation, as the comparative response variable for post-processing, 
the standard deviation of the water flow distribution among the eight 
channels was selected. The standard deviation indicates how far the 
actual distribution deviates from the ideal uniform distribution among 
the eight channels. It is calculated using 

𝑆𝑇𝐷water =

√

√

√

√

1
𝑛 − 1

𝑛
∑

𝑖=1
|𝑚̇water,channel,i − 𝑚̇𝜇|

2, (11)

where 𝑛 is equal to 8 as the total number of channels. The water flow 
rate mean value 𝑚̇𝜇 across the eight channels is defined as 

𝑚̇𝜇 = 1
𝑛

𝑛
∑

𝑖=1
𝑚̇water,channel,i =

𝑚̇water,inlet

𝑛
. (12)

5. Results

A schematic of each orientation can be found in Fig.  2 along with the 
abbreviations for the header/channel orientations used in the results 
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discussion. Firstly, the overall results of the study are presented through 
a DOE mean plot that allows to know the ranking of the most affecting 
parameters. The combination of parameters leading to the best and the 
worst expected distributions is given, and the water distribution profile 
from the tests with the closest combinations are presented. Secondly, 
the experimental results obtained in the present work are compared 
with other relevant works in the literature. Thirdly, the combined effect 
of the feeding tube position and diameter, as well as the channels 
intrusion and the presence/absence of the splashing grid is analyzed 
for each of the header and channels orientation. Finally, a summary of 
the main conclusions are gathered for each orientation and an attempt 
of design rules are produced.

5.1. Overall results

5.1.1. Ranking of most impacting parameters
A ranked order listing of the most affecting factors can be obtained 

with the so-called ‘‘DOE Mean plot’’ shown in Fig.  11. It indicates the 
average comparative response variable 𝑦 (i.e. 𝑆𝑇𝐷water) in the 𝑦-axis 
for each level of the factors in the 𝑥-axis. The response variable results 
for each level of each factor are represented by a black 𝑋. The levels 
are all ordered in the same way, meaning that for each factor, the level 
−1 is the 𝑋 the further at the left, and the level 1 is the 𝑋 the further 
at the right. Each 𝑋 corresponds to the average of all the tests among 
the 48 which have the same level value. The factors are ordered on the 
𝑥-axis, where ORIENT represents the channels and header orientation 
levels, POS and DIAM are, respectively, the inlet tube position and 
diameter, SPL is the splashing grid, INTR stands for tube intrusion, and 
finally WAT and AIR corresponds to the water and air inlet flow rates. 
Looking at the variability of the response for different levels of each 
factor, the most affecting parameters can be assessed. The average of 
the 48 𝑆𝑇𝐷water values is represented on the graph by the horizontal 
dashed line.

In line with the results by Dario et al. during their review on this 
topic [4], the factor with the highest influence of the flow distribution 
is the channel and header orientation ORIENT. It is recalled here that 
one should consult Table  3 and Figs.  2 and 3 for more information 
about the factors numbering and levels, as well the designation of 
the orientations. The first orientation HH-VDC shows by far the best 
results in terms of water flow uniformity among the eight channels. 
Then the second orientation HH-VUC obtains STD results a bit higher 
than the results of HH-VDC. The third orientation in terms of results 
is the VDH-HC orientation which obtains 𝑆𝑇𝐷water values a bit lower 
than the global mean STD value. Finally, the last orientations VUH-HC 
presents the worst water flow uniformity on average. This result clearly 
concludes that vertical channels and a horizontal header is preferable 
for a better flow distribution in the channels.

The large scale of the 𝑦-axis of Fig.  11(Top), due to the great impact 
of the orientation, does not give a high visibility on the best selection 
for the other factors. Fig.  11(Bottom) displays the same information as 
Fig.  11(Top) but without the orientation factor, for a clearer visualiza-
tion of the other parameters influence. The second most influencing 
parameter is the inlet tube position, followed rather closely by the 
inlet water flow rate. The rest of the factors, meaning the inlet pipe 
diameter, the presence of the splashing grid, the tube intrusion and the 
air flow rate have a similar and lower impact of the water distribution. 
Nevertheless, the channel intrusion is found to improve overall the flow 
distribution, and this improvement increases as the intrusion increases. 
It is however important to highlight that this ranking and conclusions 
are valid for the overall study. For each header and channel orientation, 
a different ranking of parameters of influence could be established as 
will be highlighted in Section 5.4.
12 
Fig. 11. (Top) DOE Mean plot of the 48 runs, (Bottom) Mean plot of the 48 
runs without the orientation.

5.1.2. Best expected combination
From Fig.  11, an indication of the best combination of parameters is 

obtained. As previously stated, the response was defined as the standard 
deviation across all channels of the individual water flow rate. Thus, 
the optimal configuration is the setting that minimizes the 𝑆𝑇𝐷water re-
sponse: it is expected for a HH-VDC orientation, a perpendicular lateral 
inlet position, with the greatest inlet tube diameter, with the splashing 
grid, with the highest channel intrusion, with the lowest water and the 
highest air flow rates. This set of parameters does not corresponds to 
a configuration of the test matrix. However, the STD results for the 
intrusion of 33 mm and 66 mm are close. Thereby, the flow distribution 
from another similar test, with a channel intrusion of 33 mm and giving 
very low STD values can be examined to get an insight of the possible 
water flow distribution profile of the best expected configuration. A 
visualization of the header during this specific test is displayed in Fig. 
12, together with the water phase distribution among the channels. 
This test however corresponded to a parameter combination without 
the splashing grid. The outlet of the test section is located next to the 
channel 8. Nevertheless, as one can see, the water phase distribution 
is remarkably homogeneous among the eight channels. Channels 1 and 
2 tends to be slightly underfed by the water for all conditions due to 
their location that faces the feeding tube: the perturbation at the surface 
of the pond is the greatest at their direct surroundings leading to a 
lower local level of the water. This uniform distribution is due to several 
phenomena. Firstly, the perpendicular large tube inlet diameter without 
the splashing grid delivers the air and water mixture inside the header 
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Fig. 12. Closest best expected combination: (Top) Visualization of the header, (Middle) Water phase distribution, (Bottom) Water phase distribution for all flow 
rate conditions tested.
as a smooth pouring such as a rain shower and not as a jet. Secondly, 
the tube intrusion creates a water pond at the bottom of the header. 
Thirdly, due to the low inlet velocities of the air and water phases, 
when meeting the water pond surface the inlet mixture creates shallow 
waves that agitate the water surface and propagate inside the whole 
header. As a consequence, the water is homogeneously distributed 
among the channels. This conclusion is verified for all the water and 
air flow rate conditions tested as can be seen in Fig.  12(Bottom).

5.1.3. Worst expected combination
The combination of parameters that is expected to produce the 

worst water phase distribution (i.e. leads to the highest response y) 
is the following: a VUH-HC orientation, a central and perpendicular 
to the header inlet, with the smallest inlet tube diameter, without the 
splashing grid, with no channel intrusion, with the highest water and 
the medium air flow rates. A visualization of the header as well as the 
13 
water phase distribution among the channels for this configuration is 
presented in Fig.  13. A strong inhomogeneity in the water distribution 
profile is indeed obtained with this combination of parameters. The 
first three top channels are not fed with the liquid phase. Due to the 
low velocity of the two-phase flow entering the header through the 
perpendicular central inlet, the liquid reach is not improved and the 
liquid phase does not attain higher than the channel 4. Then, two 
substantial peaks of liquid overfeeding are encountered in the channels 
6 and 8. The latter is the one closest to the outlet tube, and therefore 
represents a preferential pathway. This strong inhomogeneity in the 
water distribution profile is maintained for all the mass flow rates tested 
as can be seen in Fig.  13(Bottom). However, it is important to note that, 
as the inlet water flow rate 𝑚̇water,inlet increases, so does the channel 
liquid reach. Indeed, for 𝑚̇water,inlet of 0.10 kg/s, the channels from 1 to 
4 are not fed by the liquid phase, while for 𝑚̇water,inlet of 0.16 kg/s, the 
channels from 1 to 3 are not fed by water. Thereby, the liquid filling 
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Fig. 13. Worst expected configuration: (Top-Left) Water phase distribution, (Top-Right) Visualization of the header, (Bottom) Water phase distribution for all 
flow rate conditions tested.
of the header increases as the inlet water flow rate 𝑚̇water,inlet increases, 
improving the distribution.

5.2. Comparison with the literature: Main conclusions

5.2.1. Difficulty to form an annular flow
As already stated in Section 1.3, most experimental studies are 

performed with air and water at atmospheric pressure. However, as 
was highlighted by the work of Zou et al. [23], the fluid properties 
influences greatly the liquid distribution. They employed only refrig-
erants for their work (R245fa, R134a, R410A, and R32) that have 
phase density ratio 𝜌l

𝜌v
 of around 120, 80, 30 and 42 respectively. 

Nevertheless, they observed distribution coefficient varying for R245fa 
to more than double for R32 for various inlet conditions, and difference 
of tube liquid reach up to 25% between those two fluids. Thus, they 
demonstrated that the phase density ratio is an important parameter to 
consider when investigating the two-phase distribution problematic.

This is the reason why the applicability of the conclusions drawn 
from studies that exploits an air/water mixture at an atmospheric 
pressure as fluids to an actual evaporator using a refrigerant are very 
questionable. Indeed, at an atmospheric pressure and at a temperature 
of around 20 ◦C, the phase density ratio 𝜌l

𝜌v
 of air and water is as 

high as ∼830. This is of an utterly different order of magnitude of 
what can be commonly encountered for refrigerants. As implied by 
Kim et al. in their future work [15], this totally changes the flow 
patterns encountered in the feeding tube and header. Indeed, since the 
magnitude and the distribution of the forces acting on the liquid and 
vapor phase are greatly transformed, the flow pattern transition are 
remarkably shifted.

In the present work, the phase density ratio 𝜌l
𝜌v

 is ∼120 which 

is of the same order as the typical values for refrigerant fluids. Due 
14 
to this density ratio similarity, the density of the air is risen from 
∼1.2 kg∕m3 to ∼8 kg∕m3. The main repercussion of this rise is that the 
magnitude of the inertial forces is greatly diminished by comparison to 
tests that would have been performed at atmospheric pressure, while 
the magnitude of the gravitational forces is increased. Consequently, 
no annular flow could be reached neither for horizontal nor vertical 
upward inlet feeding tubes, not even at the highest qualities of 𝑥 =
0.25 and in the feeding tube of smallest diameter in which the highest 
mass fluxes 𝐺 of around ∼513 kg∕(s m2) were reached. This is due 
to the inertial forces of the air that are not strong enough to push 
the water along the feeding tube walls. It should be however noted 
that annular regimes were observed in the vertical downward feeding 
tube of 23 mm diameter. The same conclusion for a horizontal inlet 
pipe is reported by Kim et al. [12]. They compared the results of the 
distribution among the 10 channels of a R134a flow and an air/water 
mixture flow obtained with the same set-up and test section, and 
operated at the same inlet conditions of mass flux 𝐺 and quality 𝑥. They 
observed that even at quality 𝑥 as high as 0.4, an annular flow pattern 
was reached for the air/water mixture, while the R134a flow produced 
only a stratified/stratified wavy flow. Therefore, this radically changed 
the distribution profile in their horizontal header connected to vertical 
downward channels. A similar study of Zhang et al. [22] led to the 
same conclusions: even at qualities as high as 𝑥 = 0.35 for the R134a 
flow, no liquid film was reported on the top and side walls of the tube. 
Indeed, the absence of annular flow do not allow to create a forceful 
jet.

5.2.2. No forceful jet created
This conclusion is of paramount importance since most uniform 

distributions reported in the literature for horizontal header with ver-
tical downward channels and vertical upward header with horizontal 
channels rely on the existence of such a jet from the feeding tube to 
push the liquid phase further away in the rear part of the header. 



A. Lecardonnel et al. Applied Thermal Engineering 279 (2025) 128034 
Fig. 14. (Top) Strongest jet observed in the 23 mm diameter horizontal inlet tube at quality 𝑥 = 0.21 and total mass flux G = 357 kg∕(s m2), (Bottom) Similar 
test performed at atmospheric pressure condition and resulting jet observed in the 23 mm diameter horizontal inlet tube at quality 𝑥 = 0.10 and total mass flux 
G = 317 kg∕(s m2).
Besides, this absence of jet changes also the behavior of the two-phase 
flow inside the header.
Horizontal header. It is widely reported in the literature [9,20], that for 
a two-phase flow entering a horizontal header with vertical downward 
channels, at low quality 𝑥 and/or at low mass flux 𝐺, the liquid phase 
feeds mainly the channels located closest to the feeding tube. As 𝑥
and/or 𝐺 increases, due to the greater magnitude of the inertial forces 
a small jet is created, and the channels located further downstream 
starts to be fed as well. As the quality and/or mass flux are further 
augmented, a more powerful jet is enhanced. The channels located at 
the end of the header are fed with some liquid phase, and if the jet hits 
the wall of the rear part of the header, some recirculation occurs. Even 
if the transitions of all these flow structures differ between the work of 
Fei et al. [9] and Ahmad et al. [20] in term of liquid superficial velocity, 
the flow behaviors reported inside the feeding tube and the header are 
consistent.

With the difficulty to create such a liquid jet with the air and water 
at a pressure of 7 bar, the liquid phase could only feed the first channels 
in the present study. A picture of the strongest jet observed in the 
23 mm diameter horizontal inlet tube is shown in Fig.  14. Even though 
this test makes use of a channel intrusion of 1

4
 of the header height, 

one can easily see that at quality 𝑥 = 0.21 and total mass flux G =
357 kg∕(s m2), the jet created does not even reach the second channel. 
Without the intrusions in the example in Fig.  14, one could effortlessly 
conclude that the first channels only would be fed with the liquid phase. 
This would lead to a poor distribution.

Similar tests were performed for a HH-VDC orientation, a channel 
intrusion of 1

4
 of the header height, and a inlet tube diameter of 23 mm 

but at atmospheric conditions (i.e. ± 1 bar and 20 ◦C). An example of 
the resulting jet is shown in Fig.  14 (Bottom). For this test, the water 
mass flow rate was the same as in the example in Fig.  14, but the 
air mass flow rate was more than twice as small. Thereby, this jet is 
created for a quality of 0.10 and for a mass flux G = 317 kg∕(s m2). This 
confirms the expectations from the flow map study in Section 2.4.1. 
Indeed, the flow patterns observed in the feeding tube for the test 
conditions shown in Fig.  14 (Top) were mostly stratified or plug/slug. 
In contrast, intermittent to annular flow patterns were observed under 
the experimental conditions shown in Fig.  14 (Bottom) at lower quality. 
At a pressure of 7 bar, the volume of the air decreases significantly, 
making it difficult to reach the annular flow regime. As one can see in 
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the header visualization of Fig.  14 (Bottom), the resulting jet at 1 bar 
is much powerful, even at a lower quality and mass flux, than the jet 
at 7 bar (Fig.  14). This strong jet at 1 bar reaches channels located up 
to the middle of the header, and the liquid surface is greatly disturbed 
by the two-phase flow jet.

Vertical upward header. Concerning vertical upward header, Lee et al. 
[7,40] tested an air and water flow in a 24 mm × 24 mm square header 
connected to 6 flat channels of 1.8 mm × 22 mm. They evaluated 
the influence on the distribution of total mass flux 𝐺 ranging from 
54 to 134 kg∕(s m2), of quality from 0.2 to 0.5 and different channel 
intrusion depths. They obtained a very good liquid distribution with 
a channel intrusion of 18  of their header hydraulic diameter that was 
stable for three quality values of 0.25, 0.35 and 0.45 at a mass flux 
of 70 kg∕(s m2). However this uniform liquid distribution relies on the 
annular flow regime formed in the inlet tube, ahead of the header, that 
allows to form a strong liquid jet. Thanks to this jet, the liquid phase is 
able to reach and feed the top channels in the rear part of the header.

This is not what could be observed in the current study. Even at a 
quality of x = 0.33 and total mass flux of G = 570 kg∕(s m2), strong 
perturbations could be visualized at the interface between the liquid 
phase (water) and the gaseous phase (air) (see Fig.  15) due to the 
presence of bubbly and churn inlet flow patterns, but however no 
annular jet. As mentioned in the previous paragraph, the difficulty of 
reaching an annular flow pattern is due to the high density of the 
air generated by the 7 bar test condition, which is set to ensure a 
similar phase density ratio 𝜌l

𝜌v
 to that encountered for refrigerants. 

Consequently, the channels located at the top of the header were not 
fed by the liquid phase. This great horizontal phase separation is very 
similar to the observations shared by Redo et al. [41] of the behavior 
of a R410A two-phase flow in a rectangular header connected to 20 
channels.

Due to the even higher vapor phase density of refrigerants, the 
difficulty to form a forceful jet in both a horizontal or vertical upward 
feeding tube at reasonable and representative quality and superficial 
velocities is expected to be higher. Thereby, the conclusions reported 
about great liquid distributions obtained by means of a jet in a horizon-
tal or vertical upward header can be legitimately questioned. Indeed, it 
is unsure if these conditions can be replicated in an actual evaporator 
working with a refrigerant.
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Fig. 15. Flow behavior inside the header with a 23 mm vertical upward 
feeding tube at a quality of x = 0.33 and total mass flux of G = 570 kg∕(s m2).

Fig. 16. Test section arrangement, outlet location and two-phase flow path 
for a: (Top) Vertical downward header, (Bottom) Vertical upward header.

5.2.3. Importance of outlet tube in vertical header orientation
As indicated in Section 2.2, the simplified evaporator was always 

operated in a ‘‘U’’ shape, meaning that the inlet and outlet pipes were 
located on the same side as shown in Fig.  3. As a consequence, when 
the test bench was installed with a vertical upward header orientation, 
the outlet pipe was located at the bottom of the exit collector in a 
downward direction (see Fig.  16(Bottom)). Conversely, with a vertical 
down header orientation, the outlet pipe was located at the top in 
16 
Fig. 17. Liquid height inside the header: (Left) for 23 mm perpendicular 
and horizontal feeding tube at the middle location and the outlet pipe 
located at the bottom in a vertical downward orientation, (Right) for 23 mm 
perpendicular and horizontal feeding tube at the middle location and the outlet 
pipe located at the top in a vertical upward orientation.

an upward direction (see Fig.  16(Top)). For both vertical upward and 
downward header orientations, the middle and perpendicular inlet 
feeding tube positions were tested. Thereby, for a similar inlet tube 
position and diameter, the direct impact of the outlet location can be 
analyzed. These configurations are presented in Fig.  17, for which the 
two-phase behavior inside the header is presented for two different 
tests. Between these two tests, both inlet feeding tube are located at 
the middle position and are perpendicular to the header. The inlet tube 
diameter is in both cases of 23 mm diameter and the inlet air and water 
conditions are almost identical: the inlet quality is 0.30 and the inlet 
total mass flux is ∼ G = 500 kg∕(s m2) with less than 10% of difference 
between these two tests. However, one meaningful difference lies in the 
outlet pipe location. As can be straightforwardly noticed from Fig.  17, 
the liquid height inside the header at the right is significantly greater 
than the one inside the header at the left. For the configuration in Fig. 
17(Right), the outlet pipe was located at the top of the collector exit 
(see Fig.  16(Top)). This top location leads to an important filling of the 
header by the liquid phase, as some substantial hydrostatic pressure 
losses to overcome by the two-phase flow appear in this arrangement. 
Consequently, one can safely conclude that the outlet location is an 
impacting parameter in the case of a vertical header and that a top exit 
location is able to increase the liquid reach inside the header to feed 
highest channels. It is thus to be preferred. This strong header filling 
due to a top location of the outlet pipe is also reported in the work 
of Zou et al. [42] with R134a. However, this outlet tube location is 
not mentioned in the literature [4,5] as a major parameter impacting 
the distribution, as it is little studied. Thereby, this parameter was not 
selected in the DOE in the present work. Nevertheless, thanks to this 
comparison, an insight about its impact for vertical headers is obtained. 
This parameter is however believed to impact much less the distribution 
for horizontal headers.

5.2.4. Header strongly filled with the liquid phase for a HH-VUC orientation
Even at qualities 𝑥 of around ∼0.25–0.3 and in the absence of 

channel intrusion, an almost complete filling by the liquid phase of 
the horizontal header connected to the vertical upward channels is 
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Fig. 18. Example of the two-phase flow behavior inside the horizontal header connected to the channels oriented vertically upward.
observed (see Fig.  18). This behavior is very similar to what has been 
reported by Ahmad et al. [20]. Indeed, from quality values of 0.0.5 to 
0.2, they reported that the vapor phase begins to occupy a very small 
volume inside the header and is mainly present as a bubbly regime in 
the upper part of the header. In the present work, as soon as the air exits 
the feeding tube, this gaseous phase gathers against the top wall of the 
header, and occupies a tiny portion of it. This is very likely due to the 
pressure test condition of ∼7 bar. In fact, as the air density increases due 
to the pressure increase, the volume of the air decreases accordingly.

5.3. Impact of combined parameters

As stated in Section 1, the main gap that still exists in the literature 
is to understand the impact of several parameters combined. Some 
combinations of two parameters have been properly addressed in the 
literature. However, the influence of several combinations of parame-
ters lacks in the literature and especially when it comes to comparing 
more than two parameters, such as the inlet and outlet tube combined 
positions together with the header and channel orientation for example. 
Besides, as explained previously in Section 5.2, most studies were car-
ried by exploiting an air and water mixture at atmospheric conditions 
as fluids, which is a significant limitation.

To compare the effects of three parameters combined is not an easy 
task. The block plot is graphical tool able to assess the effect of 3 com-
bined variables can be assessed, and the interaction between specific 
and targeted levels of factors can be analyzed. It allows the evaluation 
of whether a parameter of interest (primary parameter) has a statistically 
significant effect on the response and whether its influence follows the 
same trend over all the secondary parameters and tertiary parameters. 
It shows the 𝑆𝑇𝐷water (y-axis) as function of all combinations of all 
levels of secondary factors (x-axis), while the primary factor of interest 
is displayed with symbols of different colors depending on their levels. 
The most explanatory block plots are shown in Figs.  19–21. All the 
𝑆𝑇𝐷water are displayed with a X mark.

The way of understanding a block plot will be shown on the example 
of Fig.  19: the channel intrusion is examined as primary parameter ; the 
different colors of the cross marks indicate its different levels. On the 𝑥-
axis, the first 3 columns are relative to the 3 possible inlet tube position 
levels specific to the channel and header orientation −1 (HH-VDC). 
The same occurs for the columns 4, 5 and 6 with orientation −1

3
 (HH-

VUC), and so on. Besides, it is recalled that the test conditions and the 
combination of parameters leading to the best liquid phase distribution 
are found for the lowest 𝑆𝑇𝐷water (y-axis) response. As the gravity 
force acts differently on the air/water mixture for each orientation, a 
general and common trend of the combination of the intrusion, inlet 
tube position and diameter, and the splashing grid for all orientations is 
inconceivable. Thereby, the header and channel orientation will serve 
as reference parameter for all the comparisons. Besides, as explained 
in Section 2.3, for each of the 48 runs selected by the algorithm, the 6 
combinations of water and air levels in total were tested. To efficiently 
compare the influence of the combined parameter through the block 
plots, the response of these 6 test points was utilized.
17 
Fig. 19. Block plots of the combined interaction of: (Left) orientation, chan-
nels intrusion and inlet tube position, (Right) orientation, inlet tube position 
and channels intrusion.

5.3.1. Combination of orientation, position and intrusion
The combined effect of header and channel orientation, feeding 

tube position and channel intrusion is shown in Fig.  19. Overall, the 
lowest 𝑆𝑇𝐷water values for the HH-VDC orientation. For this specific 
orientation, very similar distribution results are obtained for whatever 
combined levels. This is seen in the equivalent range of the response 
for the three bars, which indicate that the effect of intrusion levels 
is low. Nevertheless, one can observe in Fig.  19 (Right) that for both 
perpendicular lateral and coaxial inlets combined to a HH-VDC orienta-
tion, the presence of at least a 33 mm intrusion improves significantly 
the liquid phase distribution. Additionally, for a perpendicular central 
inlet combined to a 66 mm intrusion, a cluster of test points displays a 
very uniform distribution. However, with no intrusion the coaxial inlet 
presents the worst liquid distribution as reported in the literature [4,
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5], while the perpendicular central one displays the best results and 
especially when combined with a tube intrusion of 66 mm.

For HH-VUC orientation, a sharp noticeable trend can be observed. 
Indeed, as the channel intrusion increases, the 𝑆𝑇𝐷water values in-
creases. Thus, the channel intrusion for this header and channel orienta-
tion worsens the liquid distribution. Besides, the perpendicular central 
inlet when combined to whatever intrusion level leads to the worst 
liquid distribution in this orientation. On the other hand, the coaxial 
inlet position is to be preferred as it leads to the best liquid distribution.

For VDH-HC orientation, a similar trend but of lesser amplitude to 
what has been observed for a HH-VDC orientation can be noted: as 
the channel intrusion increases, the liquid flow distribution worsens. 
Furthermore, the coaxial inlet position is also to be slightly preferred.

Finally, for certain combinations of levels, some of the test points 
stand out from the others and present much lower or higher values of 
𝑆𝑇𝐷water , leading to a very wide range of liquid distribution response. 
For instance, it is quite difficult from this graph to conclude about 
the combined effect of a VUH-HC orientation, the inlet tube position 
and the channel intrusion. Indeed, in this orientation, a perpendicular 
central inlet combined to an absence of intrusion (0 mm) shows a 
group of some low 𝑆𝑇𝐷water values but on average does not lead 
systematically to a great distribution. The same situation is encountered 
for a VUH-HC orientation again, but combined to a perpendicular 
lateral inlet and a channel intrusion of 66 mm, that display a cluster of a 
few data points with low 𝑆𝑇𝐷water . These two examples are circled with 
a solid black line in Fig.  19 to highlight them. It can mean that these 
specific points exhibit low 𝑆𝑇𝐷water values due their combination with 
a fourth and even a fifth parameter level. By crossing the information 
given by three figures, these levels can be identified. Nevertheless, it 
seems that a coaxial inlet is to be avoided for this orientation since it 
leads to less uniform distribution.

5.3.2. Combination of orientation, intrusion and diameter
The impact on the 𝑆𝑇𝐷water of the combination of the header 

and channel orientation, the feeding tube diameter and the channel 
intrusion is displayed in Fig.  20. For a HH-VDC orientation, it is rather 
hard to draw a sharp conclusion on the combined influence of the 
tube intrusion and the inlet feeding tube diameter. However, it can be 
pointed out that a larger feeding tube diameter (56 mm) seems to im-
prove the liquid phase distribution when combined to a 33 mm channel 
intrusion, while it worsens the distribution in case of an absence of 
intrusion (0 mm). When comparing these tests points to the previous 
Fig.  19(Left), it appears that they are related to a perpendicular lateral 
inlet and a coaxial inlet respectively. Thereby, as already reported 
in the literature, a coaxial feeding tube of large diameter for a HH-
VDC orientation and no intrusion is to be avoided (see Section 1.1). 
Similarly, for a VUH-HC orientation, no straightforward conclusion 
can be drawn. There is indeed a mixed influence of the feeding tube 
diameter when combined to the channel intrusion for this orientation. 
However, when comparing Fig.  20(Left) with the previous Fig.  19(Left), 
it can be concluded that the clusters of point circled for the VUH-HC 
orientation combines firstly a perpendicular central inlet combined to 
an absence of intrusion (0 mm) and an inlet tube diameter of 56 mm, 
and secondly a perpendicular lateral inlet, a channel intrusion of 66 mm 
and an inlet tube diameter of 23 mm.

For a HH-VUC orientation however, the conclusion is far more 
obvious: a smaller feeding tube diameter of 23 mm leads to a better 
liquid phase distribution, for all the three intrusion depths studied. 
Likewise but with a small extent, for a VDH-HC orientation, overall, a 
smaller feeding tube diameter helps the distribution. This is particularly 
true when combined to an absence of intrusion (0 mm).
18 
Fig. 20. Block plots of the combined interaction of: (Left) the orientation, the 
channels intrusion and the inlet tube diameter, (Right) the orientation, the 
inlet tube diameter and the channels intrusion.

5.3.3. Combination of orientation, position and splashing grid
The combined influence of the header and channel orientation, 

the feeding tube position and the splashing grid on the liquid phase 
distribution is displayed in Fig.  21. In general terms, the presence of the 
grid does not unfortunately lead to a great and striking improvement of 
the distribution (see Fig.  21(Right)), apart in the case of a HH-VUC ori-
entation. For that specific orientation, the presence of the grid greatly 
help to homogenize the liquid phase distribution when combined to 
both a perpendicular lateral inlet position and especially to a coaxial 
inlet position. It should however be pointed out that the splashing grid 
was mainly expected to enhance the distribution for horizontal pipes 
by breaking the stratified flow regimes, which are usually leading to 
the least uniform distribution. Nevertheless, even when considering 
only the horizontal pipes (HH-VDC and coaxial inlet, VUH-HC and 
VDC-HC with both perpendicular lateral and central inlets), no sharp 
improvement of the distribution seems to be obtained thanks to the 
grid.

5.4. Summary and design rules per orientation

The purpose of this section is to help the reader by summarizing the 
findings and to recap the main design rules of what improves the flow 
distribution for each of the four orientations tested.

5.4.1. Horizontal header and vertical downward channels
For this header and channel orientation, the gravity acts in the 

direction of the flow. Therefore, as soon as the two-phase flow exits the 
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Fig. 21. Block plots of the combined interaction of: (Left) the orientation, the 
channels tube position and the presence/absence of the splashing grid, (Right) 
the orientation, the presence/absence of the splashing grid and the inlet tube 
position.

feeding tube, the liquid phase tends to falls down directly onto the bot-
tom wall of the header, feeding only the first channels close to the inlet. 
For this reason and as already largely highlighted in the literature [4,5], 
a coaxial inlet of large diameter is to be avoided when targeting an 
homogeneous distribution in this orientation. On the other hand, this 
study confirmed that a channel intrusion of 1

4
 (33 mm) or 1

2
 (66 mm) 

of the header height enhances the distribution, especially combined to 
a coaxial or perpendicular central inlet of 56 mm diameter. The best 
distribution for this specific orientation in the present work is found 
for a channel intrusion of 1

2
 (66 mm), together with a perpendicular 

central inlet of the largest diameter (56 mm). An example of the two-
phase flow behavior inside the header can be visualized in Fig.  22 as 
well as the liquid phase distribution profile inside the channels for the 
6 combined air and water test conditions. The water flow distribution is 
found to be very homogeneous over the whole range and air and water 
flow rates tested. This result is similar to the distribution presented in 
Fig.  12. However, with the 66 mm intrusion, the liquid/gas interface is 
located further away from the bottom wall of the header and waves of 
higher amplitude can be created. Besides, in that specific orientation, 
the central position of the feeding tube allows for a better spreading 
over all the eight channels. This combination of parameters for this 
header and channels orientation was never tested in the literature to 
the author’s best knowledge, and thus was never identified as enabling 
a uniform distribution.
19 
5.4.2. Horizontal header and vertical upward channels
For this orientation, the gravity acts against the direction of the 

flow, and this especially important for the water phase because of its 
high density. A channel intrusion is not recommended for that channel 
and header configuration as discussed in Section 5.3.1. Indeed, the 
channel intrusion results in this case of the opposite phenomenon of 
the one occurring in the HH-VDC orientation: the intrusion leads to 
the creation of a gas pocket. An example of a visualization is shown in 
Fig.  23 for a channel intrusion of 66 mm as well as the corresponding 
water distribution among each of the eight channels. A parabolic profile 
can be observed of the water feeding. The channels facing the inlet 
feeding tube receive around three times more of the liquid phase when 
compared to the other channels. Besides, as the inlet water mass flow 
rate increases, the width of the parabolic profile increases. A reverse 
flow situation can be noticed in the channels 7 and 8.

Besides, as already highlighted in Section 5.3.1, the maldistribution 
increases as the tube intrusion increases. The reason for this straight-
forward consequence is the direct volume growth generated of the 
gas pocket. Indeed, as it grows, the gas/liquid interface is located 
further away from the top walls of the header, enhancing waves of 
higher amplitude at this interface when the two-phase flow enters the 
header. The feeding of the tubes becomes more unstable and periodic, 
deteriorating the liquid distribution. A similar strong phase separation 
was observed by Byun et al. [43] and Kim et al. [44] for R134a 
in the same header and channel configuration. Kim et al. [44] as 
well observed that the channel intrusion led to a deterioration in the 
distribution when compared to flush-mounted channels. This effect is 
even more pronounced with a perpendicular central inlet. Indeed, for 
the two other inlet positions (Perpendicular lateral and coaxial), their 
location at the extremities of the header allows a diminution along 
the header length of the gas/liquid interface perturbation generated by 
the two-phase flow exiting the feeding tube. The perpendicular central 
position however does not allow for sufficient diminution, and thus the 
two other inlet positions are to be preferred. Lastly, both a feeding tube 
of smaller diameter and the presence of the splashing grid improves 
the liquid distribution, and this is especially the case when combined 
to a coaxial inlet. This can be explained as they both increase the two-
phase flow velocity and allow inertial forces to increase in magnitude. 
The best liquid distribution is indeed encountered in this orientation for 
such combination of a tube inlet diameter of 23 mm and the presence 
of splashing grid. Besides, the inlet position is coaxial and there is no 
channel intrusion. A header visualization is shown in Fig.  24 as well as 
the water distribution for each test condition.

As can be observed, the two-phase flow jet reaches the channels 
located further away from the entrance. Even though the first channels 
located near the inlet tend to be overfed by the liquid phase, the 
distribution profile displays a smooth and rather uniform trend for all 
flow condition tested. Besides, the water distribution improves as the 
inlet quality and water mass flow rate increase.

5.4.3. Vertical upward header and horizontal channels
From the figures presented in the previous Section 5.3, it appears 

difficult to draw design rules and conclusions for this orientation. For 
instance, no sharp trend between the intrusion, the orientation, and the 
feeding tube position can be found. There is also a mixed influence of 
the inlet tube diameter on the distribution. Thereby, no general rules 
can be derived from these conclusions. Some more uniform distribution 
are however found but they concern very specific combinations of 
parameters, which highlight again the need of such systematic study 
and the great help provided by the Design of Experiment algorithm to 
select the test matrix. The presence of the grid seems however to worsen 
the distribution, because the best distributions are found without the 
grid. Overall, this study shows the highest values of 𝑆𝑇𝐷water , and so 
the worst distribution, for this header and channels configuration. The 
main problem with vertical headers and vertically downward oriented 
outlet tube is the lack of liquid phase feeding to the upper channels, 
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Fig. 22. Most homogeneous water phase distribution obtained for a HH-VDC orientation for all flow rate conditions tested.
while the lower channels are always supplied with liquid phase. The 
solution to obtain more uniform distributions then lies in finding ways 
to feed the top channels. A perpendicular lateral inlet and 66 mm of 
channel intrusion seems a good way of achieving such feeding as can be 
seen in Fig.  25. This combination of parameter, without the splashing 
grid and with the 23 mm feeding tube, leads to the best water phase 
distribution obtained for a VUH-HC orientation. Indeed, as one can 
observe, the header is about half filled with the liquid phase and this 
level increases as the water mass flow rate increases. Therefore, all the 
channels below this liquid reach are greatly fed with water. Due to the 
perpendicular lateral inlet, the two-phase flow jet exiting the feeding 
tube, even if not powerful, is able to supply the other channels that are 
above the liquid reach, thanks to the inlet position combination with 
the 66 mm channel intrusion. Even if the distribution obtained cannot 
be considered as uniform and desirable, this combination of parameters 
enables a better feeding of the liquid phase in the channels. The channel 
1 is however never fed by the water. Besides, a water recirculation 
is detected in the channel 7 for a few test conditions, that tends to 
disappear as the quality increases.

5.4.4. Vertical downward header and horizontal channels
In this header and channel orientation, due to the outlet tube being 

oriented vertically upward, the header is greatly filled with the liquid 
phase. Besides, due to the vertical orientation of the header and as 
20 
already mentioned, the hydrostatic forces to overcome by the two-
phase flow are substantial. Therefore, the various parameters tested 
do not tremendously impact the distribution which impedes significant 
improvements concerning this orientation. Nevertheless, it is still pos-
sible to draw a few conclusions about the influence of the parameters. 
For instance, it appears that as the channel intrusion increases, the 
liquid phase distribution worsens, for whatever other parameters it is 
combined with. Besides, a smaller inlet tube diameter is to be preferred, 
especially when combined to a coaxial inlet. A small inlet indeed 
enhances the magnitude of the inertial forces of the two-phase flow and 
creates strong perturbations at the air/water interface. This generates 
movement of this interface which can improve the liquid reach and 
thus enable the feeding of the upper channels. However, the impact of 
the inlet position is less important than the intrusion and the inlet tube 
diameter. Indeed, a perpendicular lateral inlet combined with 0 mm 
of intrusion also lead to some lower values of 𝑆𝑇𝐷water . No trend 
about the influence of the grid could be however assessed. Nonetheless, 
a slightly better distribution could be obtained for two combinations 
of parameters. The first one is obtained for a small coaxial inlet of 
23 mm and with no grid nor channels intrusion. The second one is 
obtained with a small perpendicular lateral inlet of 23 mm and with no 
intrusion. For this second combination, the water flow rate distribution 
is displayed in Fig.  26, as well as a visualization of the flow behavior 
inside the header. As one can observed, the distribution displays, for 
all water and air mass flow rate conditions tested, two peaks of liquid 
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Fig. 23. Water phase distribution obtained for a HH-VUC orientation for all flow rate conditions tested and for a channel intrusion of 66 mm.
Table 5
Influence on the two-phase distribution of the various parameters studied presented per orientation.
 Orientation Inlet Pos. Diameter Grid Intrusion Outlet pos. 
 Perp.

Central
Perp.
Lateral

Coax. 23 mm 56 mm Pres. Abs. 0 1
4

1
2

 

 HH-VDC ++ + − + − / / −− + ++ /  
 HH-VUC −− − ++ ++ − + − + − −− /  
 VUH-HC − + − + − − + − − + ++  
 VDH-HC − − + ++ − / / + −− −− ++  
overfeeding, in the channel 4 and especially in the channel 7. This 
is due to the fact that the channel is the second closest to the test 
section exit, the first being the channel 8 which is never fully immersed. 
Indeed, due to the vertical upward orientation of the outlet pipe in this 
configuration, the header is almost filled with the water phase, leaving 
to the air a small pocket at the top. Thus, the hydrostatic pressure 
induced by this water volume is high, as well as the pressure drops 
to overcome for the air and water mixture to exit the test section. 
Consequently, due to its close location to the outlet, the channel 7 
represents a clear preferential pathway for the water flow.

5.4.5. Summary conclusion
To conclude this summary of design rules per orientation with more 

visual guidelines on which parameters and levels improve and worsen 
the distribution, Table  5 is proposed.
21 
6. Conclusion

This study conducted an experimental investigation into the multi-
factorial effect of various parameters on the two-phase flow distribution 
within the simplified version of an evaporator header. Total mass fluxes 
𝐺 spanned from 42 kg∕(s m2) to 513 kg∕(s m2). Three inlet qualities 
were targeted: 0.04, 0.1 and 0.25. The experimental tests were carried 
with air and water in flow pattern similarity with a low GWP refriger-
ant, at a pressure operating condition of 7 bar, at room temperature and 
at isothermal conditions. Four orientations of the header and channels 
were examined. The feeding tube could be moved to three different 
positions and its diameter varied (23 mm or 56 mm). Different channel 
intrusions into the header height were as well tested: 0, 1

4
 and 1

2
. 

Lastly, a splashing grid could be placed at the entrance of the header to 
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Fig. 24. Best water phase distribution obtained for a HH-VUC orientation for all flow rate conditions tested.

Fig. 25. Best water phase distribution obtained for a VUH-HC orientation for all flow rate conditions tested.

Fig. 26. Best water phase distribution obtained for a VDH-HC orientation for all flow rate conditions tested.
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modify the inlet flow pattern. A Design Of Experiment (DOE) technique 
was employed to construct an optimized test matrix. Forty-eight tests 
were deemed necessary. The results between each configuration were 
compared using the standard deviation of the water flow distribution.

The orientation is found to be the most impacting parameter. The 
inlet tube position also showed a substantial impact on the distribution, 
before the presence of the splashing grid, the inlet tube diameter and 
the channel intrusion. The best water phase distribution is expected 
to be for a HH-VDC orientation associated to a perpendicular lateral 
inlet position and largest inlet diameter, with the splashing grid and the 
highest channel intrusion, and for the lowest water and the highest air 
inlet flow rates. This combination of parameter has not be tested, but 
the water distribution profile of the test with the closest combination 
displayed a greatly uniform distribution with the entire range of inlet 
flow conditions, which confirms the expectation. The worst distribution 
is expected for a VUH-HC orientation coupled to a perpendicular cen-
tral inlet of smallest diameter, without the splashing nor intrusion, and 
for the highest level of water medium level of air. This combination of 
parameter has been tested and the water distribution indeed displayed 
a highly uneven feeding among the channels, verifying again the pre-
dictions. Besides, overall, the worst water distributions were found for 
a VUH-HC orientation.

The flow maps predicted a great shift in the flow pattern due to 
the pressure necessary for the flow pattern similarity. This is confirmed 
by the experimental tests. There is a difficulty to form an annular 
flow and to increase the inertial forces of the flow due to the high 
density of the air. When compared to the literature, this is of great 
disadvantage since most uniform distributions reported in the literature 
rely on acceleration of the two phase flow and the formation of an 
annular flow pattern.

The study showed in the case of a vertical header the difficulties to 
find efficient ways to improve the distribution. It was indeed arduous to 
draw sharp conclusions about the various combinations of parameters 
tested and few clear trends could be defined for both vertical headers 
configuration. However, the position of the outlet tube and its direction 
showed a straightforward impact on the liquid filling of the header. 
On the other hand, for both horizontal header configurations, some 
clear and interestingly opposite trends could be obtained. The channel 
intrusion proved to successfully enhance the distribution for a HH-VDC 
orientation while it worsens it for a HH-VUC orientation. A coaxial 
inlet position is advised for a HH-VUC orientation while it is to be 
avoided for a HH-VDC orientation. Lastly, great distributions could be 
achieved for several combinations of parameters for these horizontal 
header configurations, that were besides stable over all the air and 
water flow rate tested.

Thanks to this experimental work and with the help of the design 
of experiment, a great contribution to the understanding of the liquid 
phase distribution inside an evaporator header is brought. With the 
two-phase flow pattern similarity, these findings can be transferred to 
an evaporator operating with a refrigerant. Besides, several combina-
tions of parameters that were not yet tested in the literature could be 
identified. Some of them, such as the combination leading to the best 
distribution obtained for a HH-VDC orientation led to very uniform 
water distributions. However, due to the limitation to 48 runs, the 
influence of all the interactions are not obviously available but some 
deep insights were already obtained about the two-phase flow behavior 
inside a header.

As a future work, a similar DOE study will be achieved on a real 
scale evaporator working with a R1234ze(E) refrigerant. The results 
from both studies will be then compared for several similar configu-
rations, to confirm the transferability of the main conclusions of the 
present article to an actual evaporator and refrigerant flow. Besides, 
thanks to such DOE study, an interpolating equation that relates the 
comparative response variable (i.e. 𝑆𝑇𝐷water in the present case) to the 
parameters involved can be obtained. This equation can be then further 
used to predict the performances of the combination of parameters that 
23 
have not been tested in the test matrix [31]. Such predictive equation is 
usually the objective of a DOE study. However, in the present work, 48 
tests were not sufficient to obtain a sufficiently accurate equation. This 
is mainly because the physical forces driving the two-phase flow distri-
bution are so different according to the header and channel orientation, 
that much more than 12 tests per orientation would be needed to char-
acterize the distribution accurately. For instance, Tempesti et al. with 
72 tests over a total of 108 performed only in a HH-VDC orientation 
and with a 23 mm inlet tube diameter, managed to obtain a predictive 
model of 51% of accuracy. Thereby, the minimum amount of tests 
required to reach an acceptable accuracy of the predictive equation 
would have been tremendous for the present work. Finally, in a future 
work, the combination of parameters identified from the DOE mean 
plot in the Section 5.1.2 could be tested, to confirm this result.
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