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The present paper goal is to compile a comprehensive database of data on the pres-
sure drop and flow distribution uniformity utilizing CFD in a network of parallel 
tubes arranged in a Z configuration adopted for flat plate solar collectors. A 3-D 
CFD model is implemented to simulate such a system as in the market, including 
two domains: tube materials and fluid, besides entering, and exiting prolonged 
ports. The model specifications are Z disposition of uniform inlet and outlet head-
ers diameter (D = 20 mm), length of 1150 mm, and tube length of 1780 mm. The 
investigated design parameters include the number of tubes (N = 5, 10, and 15) 
and the tubes diameter to header diameter ratio (d/D = 0.25, 0.35, and 0.50). 
For a wide range of inlet Reynolds numbers from 500-5000. The present model 
demonstrated noticeable agreement with offered experimental findings from the 
literature. The results affirmed that lowering both the number of tubes and the 
diameter of tubes enhances the flow distribution uniformity. The findings indicate 
that lowering the number of tubes from 15 to 5 at a lower tubes diameter to header 
diameter ratio of of 0.25 at a higher Reynolds number yields a maximum increase 
in flow distribution uniformity of roughly 180% with a negative effect on the total 
pressure drop.
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Introduction

Solar energy takes a lot of importance in the last years and the researchers used the 
solar energy in several important applications which can change the lifestyle in world by reduc-
ing the usage of the fossil oil [1-12]. Parallel piping connections of Z disposition are popularly 
used within flat plate solar collectors. It consists of an inlet distributing header, a companying 
outlet header, and an array of parallel tubes between the two headers. In reality, and due to 
some assembly considerations, the tubes array is extended into the dividing and combining 
headers for a few millimeters producing the entering and prolonged exit ports. The moving 
fluid-flows from the entering header to the outlet header passing through the array of tubes. In 
Z disposition, fluid passes through the inlet header and is consequently gathered and left from 
the network in the same direction. Generally, in parallel piping connections, flow distribution 
uniformity (FDU) beside pressure drops both affect the performance (Weitbrecht et al. [13], 
and Duffie and Beckman [14]). For such a system, the FDU and reducing pressure drop will 
minimize the pumping power and improve the system’s efficiency. Developments according to 
the newest manufacturing techniques, measuring devices, and software. But, due to difficulties 
in performing experimental works with such systems or even hard to implement, the CFD sim-
ulations represent an appropriate alternative solution.

Weitbrecht et al. [13] performed experiments on isothermal flow dividing in Z-shaped 
flat plate solar collectors using laser doppler velocimetry techniques. Moreover, they forecast 
the fluid-flow concentration dispersal for different cases using mathematical models. Tubes’ 
prolonged ports (junctions) of 4.5 mm were considered for both inlet and exit headers. The 
results concluded a dependence of the fluid-flow concentration distribution on the Reynolds 
number, as larger Reynolds numbers generate larger gradients in the flow distribution. Bas-
siouny and Martin [15, 16] presented a mathematical model based on mass and momentum 
conservation equations in plate heat exchangers with parallel channels for two dispositions of Z 
and U. They studied the system pressure drop and relative FDU. The results stated a principle 
for the total pressure that it is equal for the two configurations, U and Z. Jones and Lior [17] 
numerically examined the flow distribution across a particular solar arrangement of Z and U 
structures for 54 distinct patterns. Ahn et al. [18] presented two parameters that can be used 
in analyzing the FDU in distributing manifolds at low Reynolds number: the ratio of manifold 
diameter and manifold length at inlet and outlet. They produced a correlation for the optimum 
FDU as a function of the Reynolds number and the two ratios. 

Maharudrayya et al. [19] presented a 1-D mathematical model relays on mass and 
momentum conservation equations in the entering and exhaust gas headers of Z and U construc-
tions in planar fuel cells. The results have been validated with those obtained from 3-D CFD 
simulations applying CFX code. Fan et al. [20] performed a CFD study and experimental works 
on the flow and temperature profile inside solar panels consisting of inclined channels. They 
reported that in some positions, the moving fluid gets boiling due to maldistribution. Fang et al. 
[21] have built a model adapted to match the natural phenomena physics to predict the pressure 
variations in headers of heat exchangers. Their model has been experimentally validated. Wang 
[22] introduced an intensive literature survey on manifold FDU and compared different CFD, 
discrete and analytical models. A generalized model has been produced for uniform and varied 
cross-section manifold designs. Ekramian et al. [23] showed a numerical methodology to study 
the influence of many parameters on the thermal performance of flat plate solar collectors. The 
experimental work of Cruz-Peragon et al. [24] was also used to confirm the numerical results of 
their fluid-flow concentration distribution. Hassan et al. [25] used numerical and physical mod-
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els to look at how the FDU increases in sections of different manifolds that are the same length 
or get smaller as they go along. When a tapered manifold with a ratio of two was used instead 
of a uniform one, the results showed that FDU went up. Facao [26] made a model that uses 
correlations for pressure loss to find the best way to design a manifold. The optimized model 
was tested numerically and in the real world. His research showed that for better FDU, the di-
ameter of the combining manifold should be more significant than the diameter of the dividing 
manifold. Yang et al. [27] have used numbers to study what happens when the rectangular exit 
ports in a distribution manifold have different aspect ratios. The results showed that an aspect 
ratio of 0.25 was best for practical work.

Karvounis et al. [28] have numerically and experimentally researched the FDU 
in a Z-shaped flat plate solar collector. Experiments included measuring each riser’s fluid 
mass-flow rate using the ultrasound technique. Based on their results, it is found that the 
non-uniformity among risers increases along with the increase of the inlet fluid-flow rate. 
Further, they used CFD to examine how changing the diameter of each riser tube affected 
the FDU’s performance. A tiny model with 10 channels integrated into two rectangular 
manifolds was represented numerically, and experimental results for the flow distribution 
in U- and Z-type configurations were also provided by Siddiqui et al. [29]. The results 
demonstrated that the U configuration manifold had superior FDU at higher Re. To im-
prove FDU in parallel pipe networks, several methods were implemented to investigate 
various factors. Modifications are possible to the number of absorber tubes, their diame-
ters, the manifold to tube diameter ratio, the size and shape of the manifold and header, and 
more. Karali et al. [30] recently used CFD to simulate the pipe connection for a Z-shaped 
flat plate solar collector. A 3-D model is built with components, including tubes, fluid do-
mains, and regular entrance and exit ports. These studies examined the impact of different 
tapered longitudinal sections of manifolds on the homogeneity and consistency of flow 
allocation. The findings showed that to improve the FDU, a unique taper ratio should be 
adopted per each inlet Reynolds number.

The findings determined that a different taper ratio should be used for each inlet Reyn-
olds number to maximize the FDU’s effectiveness. Considering the previous sections, it could 
be summarized that very few CFD models can be found to model such systems as in reality. 
Including the two domains, tube materials and fluid, entering and exiting prolonged ports. This 
is related to complex geometry and the expensive computational facilities required. However, 
accomplishing such CFD works would reveal an excellent agreement of the CFD results com-
pared to the experimental observations if available. That introduces such CFD works to substi-
tute needed experimental tests, especially for many studied cases and even difficult designs to 
implement in laboratories. In this sense, the idea of the present paper was designed to perform 
an intensive CFD analysis considering the system as it looks in the market with the minimum 
assumptions needed. Aims to provide an extensive information database about the FDU and 
pressure drop of a Z disposition parallel tubes. Under the influence of changing many design 
parameters will be discussed in the next section. That would be helpful in the design and opti-
mization processes for such systems. The model dimensions are taken from the experimental 
work of Weitbrecht et al. [13].

Numerical methods

Problem statement

The computational domain is chosen in this research to match the experimental model 
developed by Weitbrecht et al. [13] to validate the proposed CFD model. Where flat plate solar 
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collectors were commercialized and given the 
proportions used today. A horizontally placed 
Z disposition replicates the water FDU in a 3-D 
model. The model’s parameters are shown in  
fig. 1 as constant entrance and exit headers with 
diameters of 20 mm and lengths of 1150 mm 
for the headers and tubes, respectively (1780 
mm). The analyzed design factors are listed in 
tab. 1 of the CFD program used for this work, 
allowing the analysis of nine alternative Z dis-
position. A sizable collection of data is made 
available by the CFD findings to aid in design-
ing and optimizing such systems.

Table 1. The CFD investigated parameters
d/D N ṁ [kgs–1]/ReD

0.25
(d = 5 mm)

5

0.0078
500

0.0157
1000

0.0236
1500

0.0314
2000

0.0472
3000

0.0629
4000

0.0787
5000

10
15

0.35
(d = 7 mm)

5
10
15

0.50
(d = 10 mm)

5
10
15

Where d is the tube diameter, D – the headers diameter (D = 20 mm), N – the total 
tubes number, ReD – the Reynolds number at the header entering is obtained based on from 
eq. (1), ṁ – the fluid total rate of mass-flow at the inlet, and µ – the fluid dynamics viscosity 
coefficient [31]:

4ReD
m

Dµ
=
π


(1)

Geometrical parameters

The problem geometry is a 3-D model sketched utilizing ANSYS-Design Modeler 
R18.0. There are nine different dispositions; all are similar in the main dimensions of the Z 
disposition as illustrated in fig. 1. In contrast, each disposition has detailed specifications of 
tube diameter (d = 5 mm, 7 mm, and 10 mm) and the number of tubes (N = 5, 10, and 15). The 
distance between tubes (center to center – S) varies according to the number of tubes. The S is 
285.75 mm, 127 mm, and 81.643 mm, for the designs, N = 5, N = 10, and N = 15, respective-
ly, as shown in figs. 2(a)-2(c). Figure 2(d) depicts the prolonged ports. The entering and exit 
extended ports of the absorber tubes have 4.5 mm inside the two headers, entering and exit 
(taken exactly from Weitbrecht et al. [13]. Therefore, the current CFD model is close to natural 
systems in the market and is expected to match better results from experimental work. Figures 
2(e) and 2(f) illustrate the fluid and tube bodies, respectively.

Figure 1. Specifications of Z disposition;  
sample – main case, N =10 tubes and  
S = 127 mm
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Figure 2. Photos from design modeler; (a) N = 5, (b) N = 10 tubes, (c) N = 15 tubes,  
(d) prolonged ports of absorber tubes with headers (junctions), (e) fluid body, and  
(f) tubes and headers body

Mesh specifications and independence study

In such CFD problems, a fine grid is needed because of the large aspect ratio of the 
length of the tube to the tube’s diameter. Moreover, inflation layers can be used to capture the 
flow behavior inside the boundary-layer. Therefore, a thorough grid analysis is required to op-
timize the number of cells without compromising numerical convergence and outcomes. Using 
ANSYS-ICEM Mesh R18.0, a tetrahedron-based 3-D uniform volume mesh is created. The 
mesh quality for all studied cases was ensured using mesh skewness of 0.9. Figure 3 shows a 
sample mesh creation for both domains. A mesh independence test is performed using five grids 
as illustrates in tab. 2. The mean fluid-flow velocity from five dispersed planes throughout the 
riser length (U for the first and final tubes is computed using the given domains, boundary con-
ditions, the laminar turbulence model, and the convergence criterion. Table 2 tabulates the grid 
test study for one case. It shows that increasing the cell count above 6266817 yields marginal 
changes in the fluid velocities values, so it is proposed to use grid 3 to all cases (9 dispositions) 
in the current work. Intel (R) Xeon (R) CPU X5650 2.67 GHz 24 GB RAM operating in parallel 
local MPI was the computing capability used.

Solution set-up

The ANSYS-CFX Solver R18.0 is uti-
lized in this work. The solution set-up is two 
domains were identified: fluid domain (water) 
and pipes domain (copper). The fluid domain 
boundary conditions are fluid inlet mass-flow 
rate at the inlet that corresponds to ReD val-
ue range from 500 to 5000, including seven 
points: 500, 1000, 1500, 2000, 3000, 4000, and 
5000, pressure outlet (0 bar) at fluid outlet. The tubes domain boundary condition: walls with 
the no-slip condition at the inner surfaces. The convergence criterion was set to residual mean 
square with a residual value of 10–7. The conservation equations of mass and momentum for 
Newtonian incompressible steady flow can be written:

Figure 3. Sample mesh creation  
(both domains) utilizing ANSYS-ICEM R18.0
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0u v w
x y z
∂ ∂ ∂

+ + =
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(2)

Momentum conservation equation in x-direction:
2 2 2

2 2 2
u u u p u u uu v w
x y z x x y z

ρ µ
  ∂ ∂ ∂ ∂ ∂ ∂ ∂

+ + = − + + +    ∂ ∂ ∂ ∂ ∂ ∂ ∂   
(3)

Simulations were performed for steady-state and no energy conditions. A simple 
method was used for the pressure velocity coupling and a high resolution second order for the 
momentum.

Table 2. Mesh independency study  
(d = 7 mm, d/D = 0.35, N = 10, and ReD = 2000)

Total number of cells
Mean fluid-flow velocity, Ū  [ms–1]

Tube 1 Tube 10
Grid 1 4105722 0.0775426 0.09783391
Grid 2 5707797 0.0771973 0.0959673
Grid 3 6266817 0.0785025 0.09033489
Grid 4 8345644 0.0786426 0.09335532
Grid 5 16924698 0.0786627 0.09060163

Turbulence model and validation

The current model was validated against available experimental results from Weit-
brecht et al. [13]. Their experimental results are the measured fluid-flow concentration  
(FFC = Qi/Qt) per each absorber tube in a Z disposition of headers diameter (D = 20 mm), tube 
diameter (d = 7 mm), number of tubes (N = 10), and for four different inlet ReD = 807, 1491, 
2555, and 4604. The flow rate per each absorber tube, Qi, is calculated based on the average flu-
id velocity passing through the tube from five planes distributed over the tube length, Ūi, [24]:

2
i i4

UQ dπ
= (4)

The fluid-flow concentration (FFCi) is calculated as a ratio from the total outlet flow 
rate, Qt, as presented:

i
i

t

QFFC
Q

= (5)

However, picking the suitable turbulence model is the first step toward reliable out-
comes. For the higher ReD example (ReD = 4604), Weitbrecht et al. [13] evaluated the three 
turbulence models listed in tab. 3: the k-ε model, the k-ε SST model, and the laminar model. 
Based on the results in tab, 3, it is clear that the laminar model is the most appropriate one to 
be used in all study since it exhibits minor fluctuation (3.6%). In theory, this is feasible as even 
at the maximum ReD value (>2000), ReD (locally) within risers stays in the laminar area. Some 
other researchers have reached the same conclusion based on what was revealed, Karvounis et 
al. [28]. In tab. 4, we can see how the present CFD model compares to the experimental find-
ings of Weibrecht et al. [13].

Table 4 shows that the FFC calculated using the current model is quite close to the 
experimental values found by Weitbrecht et al. [13].
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Table 3. Turbulence model test against exp. results of [13] at  
ReD = 4604, D = 20 mm, d = 7 mm, and N = 10
Absorber 

tube, i
Experiomental

 results CFD, k-ε model CFD, k-ω SST model CFD, laminar model

1 0.0869 0.0869 0.0927 0.0851
2 0.0889 0.0889 0.0932 0.0881
3 0.0896 0.0906 0.0936 0.0903
4 0.0899 0.0934 0.0953 0.0929
5 0.0933 0.0957 0.0972 0.0963
6 0.0986 0.1000 0.0993 0.0990
7 0.1031 0.1040 0.1018 0.1029
8 0.1100 0.1082 0.1050 0.1087
9 0.1171 0.1135 0.1092 0.1152
10 0.1261 0.1189 0.1126 0.1215

Maximum
 deviation – 5.7% 10.6% 3.6%

Table 4. Validation of the present model with experimental results from 
Weitbrecht et al. [13] (D = 20 mm, d = 7 mm, and N = 10

Absorber 
tube, i

ReD = 807 ReD = 1491 ReD = 2552 ReD = 4604
Experimental CFD Experimental CFD Experimental CFD Experimental

1 0.0935 0.0965 0.0927 0.0943 0.0910 0.0919 0.0869
2 0.0956 0.0964 0.0932 0.0945 0.0917 0.0926 0.0889
3 0.0963 0.0962 0.0937 0.0946 0.0924 0.0928 0.0896
4 0.0963 0.0967 0.0960 0.0960 0.0943 0.0948 0.0899
5 0.0988 0.0998 0.0962 0.0989 0.0955 0.0973 0.0933
6 0.1006 0.0985 0.0986 0.0990 0.0977 0.0988 0.0986
7 0.1018 0.1004 0.1006 0.1011 0.1010 0.1017 0.1031
8 0.1036 0.1031 0.1044 0.1043 0.1059 0.1058 0.1100
9 0.1071 0.1051 0.1080 0.1072 0.1108 0.1101 0.1171
10 0.1080 0.1072 0.1120 0.1102 0.1157 0.1142 0.1261

Maximum
 deviation  – 3.2%  – 2.8%  – 1.9%  –

Assessment of the fluid-flow concentration uniformity

In the present study, the quantification of the flow non-uniformity from the uniform 
one is conducted based on the dimensionless local fluid-flow concentration non-uniformity 
parameter, θi, that expresses the ratio of the fluid-flow concentration per absorber tube, eq. (5), 
to the constant value, as indicated in eq. (6), N is the number of absorber tubes:

i ti
i

i,uniform

/
1/ N

Q QFFC
FFC

θ = = (6)
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Two dimensionless indices are used to express the non-uniformity of the studied cas-
es. The Δθ, is an index for the difference between the maximum and minimum local non-uni-
formity per absorber tube, as indicated in eq. (7) [28]. The more significant value indicates the 
higher difference between the maximum and minimum local non-uniformity per absorber tube:

( )i,max i,min100 [%]θ θ θ∆ = × − (7)
The ϕ is an index of the non-uniformity, the standard deviation of the local non-uni-

formity per each absorber tube for each specified case, as indicated by eq. (8) [28]. The more 
considerable value of ϕ indicates the higher non-uniformity:

( )2i1

1100 1 [%]
n

n
φ θ= × −∑ (8)

The CFD results

The FFC distribution results

The results of FFC per each absorber tube, Qi/Qt, along with inlet Reynolds number 
for all studied cases are presented in figs. 4-6. The FFC at lower Reynolds number is charac-
terized by little fluctuations around the uniform distribution-line (dashed black line). However, 
these fluctuations differ from one case to another. Also, it is seen that the far the absorber tube 
from the header enters, the higher the FFC. This becomes more noticeable as the ReD increas-
es as the flow is much affected by inertia force rather than a vicious one. The same finding 
concerning the FFC among absorber tubes for dispositions of the same type has also been 
reported in the literature [13, 18, 28]. More remarks will be discussed in the non-uniformity 
indices section. The three cases; d = 5 mm (d/D = 0.25), d = 7 mm (d/D = 0.35), and d = 10 mm  
(d/D = 0.5) that illustrated in figs. 4-6 demonstrate that, for same number of tubes as the tube to 
diameter ratio increase the flow ratio increases. At greater ReD, the largest improvement in flow 
ratio was 117%, occurring at a tube count of 15. This improvement was due to an increase in 

Figure 4. The FFC distribution 
per each absorber tube vs. ReD 
for the case: d = 5 mm  
(d/D = 0.25); (a) N = 5,  
(b) N = 10, and (c) N = 15 tubes
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the tube-to-diameter ratio from 0.25 to 0.5. By comparison, lowering the tube count from 15 to 
5 at a smaller tube to diameter ratio at a larger ReD results in a maximum increase in flow ratio 
of roughly 180%. We may explain this by noting that the impact becomes more noticeable at 
higher Reynolds numbers. Therefore, a bigger ReD may be to blame for the maldistribution, and 
the ratio of flow relies on it. As flow is controlled more by inertia than viscosity.

Figure 6. The FFC distribution per 
each absorber tube vs. ReD for the 
case: d = 10 mm (d/D = 0.5);  
(a) N = 5, (b) N = 10, and  
(c) N = 15 tubes

Figure 5. The FFC distribution per 
each absorber tube vs. ReD for the 
case: d = 7 mm (d/D = 0.35);  
(a) N = 5, (b) N = 10, and  
(c) N = 15 tubes
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Non-uniformity indices

It is essentially required for more clarification of the FFC distribution from the re-
sulting CFD works, an analysis based on the non-uniformity as aforementioned indices, eqs. 
(9) and (10). Figures 7(a) and 7(b) show the variation of non-uniformity index, Δθ, and the 
non-uniformity index, ϕ, respectively as a function of ReD. Figure 7(b) affirms the concluding 
remarks from the previous section of FFC graphs. As it becomes apparent from fig. 7(b), the 
higher the ReD, the higher the index of non-uniformity, ϕ.

It could also be deduced from fig. 7(b) that, at a specific tube diameter and ReD, the 
increase in the number of tubes leads to higher non-uniformity. As an example, for the case of 
d = 7 mm (d/D = 0.35), increasing the number of tubes from 5-15, causes an increase in ϕ from  
1.5-3.6 at ReD = 500 and from 5.9-19.2 at ReD = 5000. For the influence of the tube diameter on 
the index of non-uniformity, ϕ, it could be seen from fig. 7(b) that, at a specific number of tubes 
and ReD, the increase in the tube diameter leads to higher non-uniformity, the same conclusion 
is found in Jones and Lior [17]. For example, for the case of n = 10 tubes, increasing the tube 
diameter from 5-10 mm or d/D from 0.25-0.5 causes an increase in the non-uniformity index 
from 0.7-8.7 at ReD= 500 and from 3.7-40.0 at ReD= 5000.

Figure 7. Indices of non-uniformity vs. ReD for all studied cases; (a) Δθ and (b) ϕ 

Velocity contours

Few selected velocity contours at only interesting sections and for specified condi-
tions are shown in figs. 8(a)-8(d). Because of the large aspect ratio between the diameter and 
length of the tube, it is difficult to capture photographs from the resulting velocity contours for 
the entire system at once. Where, figs. 8(a) and 8(b) are associated to the case of d = 5, and  
N = 5, fig. 8(a) ReD = 500, and fig. 8(b) ReD = 5000, while figs. 8(c) and 8(d) are for the case 
of d = 10, and N = 15, fig. 8(c) ReD = 500, and fig. 8(d) ReD = 5000. These cases are selected to 
demonstrate the resulting FFC distribution non-uniformity values described in the last section. 
Generally, it is found that resulted velocity contours match the FFC distribution non-uniformity 
values well. As fig. (8) confirmed, the FFC non-uniformity is mainly combined with the higher 
ReD values. On the contrary, at lower ReD, the FDU is enhanced regardless of the other investi-
gated parameters, tube diameter, and the number of tubes.

System total pressure drop

In the present study, the overall pressure drop is obtained as the difference between 
mean fluid pressure at the entering and exit. Figure 9 graphs the system’s total pressure drop 
results for all studied cases along with ReD. It is shown in fig. 9 that increasing the inlet ReD 
causes a severe increase in the total pressure drop at specific conditions of tube diameter and 
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the number of tubes. Indicating higher pump-
ing power needed and poor system efficiency. 
It could also be observed from fig. (9) that, at a 
specific tube diameter and ReD, increasing the 
number of tubes causes a decrease in the total 
pressure drop of the system. As an example, for 
the case of d = 7 mm (d/D = 0.35), increasing the 
number of tubes from 5-15, causes a decrease 
in the total pressure drop from 47.7-17.3 at  
ReD= 500 and from 663.5-264.5 at ReD = 5000. 
The same remark could be observed when study-
ing the influence of increasing the tube diameter 
at a specific number of tubes and ReD. For example, for the case of N = 10 tubes, increasing 
the tube diameter from 5-10 mm, causes a decrease in the total pressure drop from 87.8-8.1 at  
ReD = 500 and from 1066.8-179.2 at ReD= 5000.

Conclusions

In this study, a parallel tube network with Z disposition is investigated to build a com-
prehensive database on the FDU and pressure drop. The CFD analysis is used by various design 
parameters to depict a flat plate solar collector as it is found in reality. A 3-D CFD model is 
suggested taking into account two domains of fluid and tubes, as well as the inlet and exit ports. 
A good agreement was discovered when the current model was validated using experimental 
findings from the literature. The number of tubes, the ratio of tube diameter to header diameter, 
non-uniformity indices, and Reynolds number is only a few of the characteristics that have been 
demonstrated in the current research.

Based on all the available results over the investigated ranges, it could be deduced the 
following remarks.

	y At lower ReD, the distribution of fluid-flow concentration, FFC, is characterized by small 
variations around the value of uniform distribution.

	y The large the far the riser tube from the header enters, the higher the FFC. This becomes 
more noticeable as the ReD increases. 

	y At higher Reynolds number, the largest improvement in flow ratio was 117%, occurring at a 
tube count of 15 when tube-to- header diameter ratio increases from 0.25-0.5. 

Figure 8. Selected velocity contours; (a) ReD = 500, d = 5 mm, N = 5,  
(b) ReD = 5000, d = 5 mm, N = 5, (c) ReD = 500, d = 10 mm, N = 15, and  
(d) ReD = 5000 d = 10 mm, N = 15

Figure 9. Total pressure drop variation  
vs. ReD for all studied cases
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	y While, lowering the tube count from 15-5 at a smaller tube to diameter ratio at a larger ReD 

results in a maximum increase in flow ratio of roughly 180%.
	y Hence it is important to note that, optimizing the design parameters is essential while keep-

ing the ReD at the lowest possible value.
	y To reduce the overall pressure loss throughout the system, increase the number of tubes or 

their diameter. However, the non-uniformity index ϕ shows an opposite trend to this. 
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Nomenclature
d 	 – tube inner diameter, [mm]
D 	– headers inner diameters, [mm]
ṁ 	– fluid total rate of mass-flow, [kg/s] 
N 	 – total tubes number
p 	 – pressure, [Pa]
Q 	– fluid rate of volume flow, [m3s–1]
ReD – Reynolds number
S 	 – distance between tubes, [mm]
U 	– disposition
U ̄ 	– mean fluid-flow velocity, [ms–1]
Z 	 – Z disposition

Greek symbols

θi 	 – local fluid-flow concentration  
non-uniformity index, [–]

µ	 – fluid coefficient of dynamic viscosity, [Pa⋅s]
ϕ 	 – index of non-uniformity, [%]

Subscripts

i 	 – order of absorber tube, (1, 2, 3....15)
t 	 – total outlet

Acronyms

FDU	– flow distribution uniformity
FFC 	– fluid-flow concentration 
max 	– maximum
min 	 – minimum
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