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Abstract : This paper introduces experimental tests to investigate the hydrothermal characteristics of align-complete 

circular tube (CCT) or semicircular tube (SCT) banks at a wide range of airflow across the tubes. The tests 

considered several gap ratios between the bases (0.126    0.378) of pairs of SCTs with different pitch ratios in 

transversal/longitudinal directions. The findings declare that the SCT is a helpful passive tool for supplementing the 

air-cooling load, while it also leads to raising the airflow resistance, when compared with systematic shape. 

Moreover, the Nuo and 𝑓o are increased by expanding the space between the flat bases and decreasing the spacing 

between the tubes in both directions. Besides, the hydrothermal performance approach (HTPA) is affected by 

varying SCT geometrical parameters. It is increased by increasing the gap between the flat SCTs-bases in addition 

to the transversal pitch and decreasing the longitudinal pitch. It is recorded that the maximum value of HTPA 

through this study is 2.25. 
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Nomenclatures 

A Area, m2 

Cp Specific heat, J kg⁄ .℃ 

d Diameter, m 

𝑓 Fanning friction factor 

h Convection heat transfer coefficient, 

W m2⁄ .℃ 

k Thermal conductivity, W m⁄ .℃ 

L Length, m 

ṁ Mass flow rate, kg s⁄  

P Pressure, Pa 

Q Heat transfer rate, W 

S Gap between the bases of two adjacent 

SCTs, m 

T Temperature, ℃ or K 

u Velocity, m/s 

V̇ Volume flow rate, m3 s⁄  

Dimensionless groups 

𝑁𝑢 Average Nusselt number 

𝑃𝑟 Prandtl number 

𝑅𝑒 Reynolds number 

𝑆𝑡 Stanton number 

Greek letters 

 Attack angle,  

 Temperature ratio 
∆ Differential 

 Base gap ratio 

 Gap ratio 

 Heat capacity ratio 

𝜇 Dynamic viscosity, kg m⁄ . s 

𝜌 Density, kg m3⁄  

Superscripts and subscripts 

ave Average  

b Base 

c Cross-sectional 

cir Circular 

h Hydraulic 

i Inner or inlet or internal 

LM Logarithmic Mean 

m Mean  

max Maximum 

o Out or outer 

s Surface 

t Tube 

Acronyms and abbreviations 

CCT Complete Circular Tube 

HTPA Hydrothermal Performance Approach 

SCT Semi-Circular Tube 
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1. Introduction 

Tube banks in crossflow are well-thought-out one 

of the well-known types of heat exchange tools that 

are employed in several industries as in steam 

producers and air coolers. Moreover, the 

aligned/staggered bundle is usually branded by the 

tube diameter and by the transversal and 

longitudinal pitches. The flow and thermal 

attributes of this type of heat exchanger are very 

vital to be judged. Thus, rising the exchange rate 

more than that in usual practice will improve the 

effectiveness in such submissions besides their 

capital and operating expenses [1, 2]. 

There is a great history of research on the behaviour 

of tube banks' performance. Baughn et al. [3] 

performed experimental runs on the heat exchange 

from isofluxed CCT bundle. The authors assured 

that for both in-line and staggered CCT 

arrangements, the heat exchange coefficient could 

be recognized by the third row. Zhang et al. [4] 

accomplished tests on the effect of the spacing of 

inline vortex generators on the heat/mass 

transmissions through finned flatten tube bank. The 

authors recorded that the optimal spacing hinges on 

the performance assessment principle. Moawed [5] 

observed the performance of an in-line tube bundle 

of single SCTs. The study considered isofluxed 

conditions. Nada et al. [6] studied the flow/heat 

transfer of an airflow across single isofluxed SCT 

at different attack angles. Bayat et al. [7] 

accomplished a study using a cam-shaped staggered 

CCT bank. It was documented that the pressure 

decay was 92-93% smaller than the CCTs. Zhao et 

al. [8] numerically simulated the heat transfer from 

finned oval tubes combined with dimples and/or 

vortex generators. He et al. [9] simulated the 

sedimentation of sulfuric acid on an H-type finned 

CCT bank. The findings assured that the fin 

thickness and flow velocity have the highest effect 

on acid sedimentation. 

Yilmaz and Yilmaz [10] studied the effects of 

different dimensions of in-line isothermal CCT 

bank on its thermal performance. Yilmaz et al. [11] 

numerically simulated the thermal action of axially 

finned inline CCT configuration. The results 

recorded that the fins augmented the heat exchange 

at a lower pressure drop. Martinez- Wang and 

Cheng 12] simulated the attributes of air crossing a 

rotated aligned tube bank. Compared to the original 

design, the results recorded maximum reductions in 

the pressure drop and total cost by 69.7% and 

16.3%, respectively. Mohanan et al. [13] 

numerically simulated the airflow patterns around 

CCT and flattened staggered tube bundles of five 

rows. It was reported that employing elliptic tubes 

attained higher performance than employing mixed 

(elliptic and circular) and circular tubes, 

respectively. Ramírez-Hernández et al. [14] carried 

out tests on the thermal action of an airflow 

crossing CCTs under frost formation settings. The 

authors observed a non-uniform frost development 

at lower Reynolds numbers. Souza et al. [15] 

simulated the performance response of an 

evaporator tube bundle of seven rows and different 

transverse pitches. Choudhary et al. [16] practically 

outlined the effect of integrating perforated splitter 

plates to isofluxed tube bundle on the hydrothermal 

performance. It was recorded that the splitter plates 

augmented the thermal performance response. 

Zhong et al. [17] considered the condensation heat 

exchange on a bundle of in-line and staggered 

CCTs. From the introduced review, it is clear that 

there is no employed pair of SCTs instead of CCTs, 

which is considered a passive method to enhancing 

the exchange rate, especially that applying passive 

approaches avoids the need to the external power as 

active ones consume to accomplish the heat 

exchange augmentation [18-24]. The current 

experimental work judges the heat load and flow 

resistance across in-line pairs (Fig. 1) of CCT or 

SCT bank. The tests consider several gap ratios 

between the bases of pairs of SCTs with different 

pitch ratios in transversal/longitudinal directions. A 

dimensionless parameter, expresses the ratio 

between the SCTs spacing and the tube outer 

diameter, is the gap ratio (), defined as follows; 

 

 =
𝑆𝑏

𝑑𝑡,𝑜
 (𝟏) 

 
 

Fig. 1: Inline SCT bank. 

 

2. Experimental Apparatus 

In this investigation, the apparatus contains 

cooling water and heating air streams. The airflow 

line is an open-cycle, which incorporates a blower 

(5 hp, suction-type), air damper, orifice plate 

meter, transition duct, pressure devices, testing 

segment in which tube bundle is located, entrance 

channel, straightener, and air heater. The cooling 

water is a closed-loop, which involves a cooling 

system, pump, flow meter, valves, two headers, the 

tested inline tube bundle, and the piping. Fig. 2 

represent outlines of the testing rig. The path of the 

airflow in the current device begins from the inlet 

channel, where there is an electric heater (6 kW) 

and a straightener package. Heater operation is 

specified via a pre-set thermostat to preserve a 

persistent temperature of the heating air crossing 

the bundle. The passageway is made of galvanized 

steel with dimensions of 950 x 250 x 3500 mm. 

The outer body is thermally insulated with glass 

wool. Then the air flows through the test portion 
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(at a distance of 2000 mm). There are two 

openings on the vertical sides of the tunnel 

(dimensions of 250 x 300 mm) in which two 

headers are installed. Then the air enters the 

measuring channel through the transitional part 

(convergent section). The flow rate measuring 

channel consists of two series of PVC pipe, 

manhole panel and downstream PVC pipe. 5HP-

blower is used to preserve the air in the system. 

The air flowrate is controlled by an airflow 

retarder. The refrigeration unit consists of an 

insulated cabinet with a capacity of 100 litters. 

Heat is delivered from the water in the cabinet by 

two cooling units with a refrigeration load of 20 

kW. The operation of the unit is based on a pre-set 

temperature regulator. 

A 3 HP pump is used to circulate the water. 

Tested bundles consist of 20 CCTs or 40 SCTs; 

number of rows is NL = 5 while number of 

columns perpendicular to the airflow is NT = 4. 

The tubes are made of copper material with a 

diameter of 14.45 and 15.88 mm on the inside and 

outside, respectively, with a total length of 1000 

mm for each. To form SCTs, the CCT is cut 

longitudinally through the plasma cutter. Next, a 

sheet of the same material, length, diameter, and 

thickness is welded lengthwise.  

The tubes are organized as an in-line configuration 

with different spacing ratios in both the 

longitudinal and transversal directions. 

Furthermore, for the banks of SCTs, different gaps 

between the tube bases are considered. The attack 

angle of the bases of the SCTs is maintained at 

60. The characteristic dimensions of the different 

configurations are revealed in Table 1. Two tanks 

are incorporated in the present apparatus to meet 

the arriving water to/from the tubes. Two nipples 

are welded on both ends of each header. One end 

of each header is bolted to a blind flange to close 

off these ends, while the other ends are bolted to 

the nipple of the air duct. Totally, 32 rectangular 

housing dies (Fig. 3) are made of wooden sheets of 

dimensions of 320x270 mm2 (4 mm thickness) are 

sandwiched between the header and air duct 

nipples. The dies are drilled via a laser cut machine 

to provide holes of the same dimensions and 

number of the tubes. Additionally, ingoing and exit 

ports are soldered to both headers. The 

CCTs/SCTs are coupled with the two headers 

through the dies, taking into consideration to close 

off the space between the tubes and their holes. 

 

 

Table 1: Distinguishing sizes of the tested tubes. 

 
 

 
 

Fig. 3: The rectangular housing-die 

. 
Variable zone flow meter, 10-100 L/min, flow 

rate range and reading accuracy ± 5%, is coupled to 

evaluate the water flowing rate. The airflow rate is 

estimated by measuring the pressure decay via a 

digital pressure gauge; 0.001-69 kPa pressure 

difference range and accuracy of ± 1 Pa. The same 

instrument is also used to judge the pressure decay 

across a tube bank. Eight K-thermocouples are used 

to evaluate the inlet and outlet temperatures of both 

streams. Six of them are inserted directly into the 

airflow stream at the inlet and out of the test 

section, in three evenly spaced positions. 

3. Experimental Procedures 

To start experiments, air blower, air gate control 

unit, orifice plate meter, transition canal, test 

section, inlet duct, straightening device, heater, tube 

bundle, headers, chiller, pump, flow meter, 

thermocouples and differential pressure gauge are 

gathered. The cooling tank is filled with water, and 

then the blower, cooler, heater and pump are 

engaged.  
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Table 2: Testing circumstances. 
 

 
 

Fluid’s inlet temperatures are controlled on both 

sides by adapting the temperatures of both the 

heater and coolant reservoir through their 

thermostats. The water flowing rate is estimated by 

the meter and valve fitting. While the air flowing 

rate is controlled via the damper. While conducting 

the experiment, it is assumed that the steady state at 

a maximum change of 0.5°C can be recorded within 

25 min. 

4. Heat Exchange and Flow Resistance Estimation 

Firstly, the properties of both fluids; heating air 

and cooling water, are evaluated at their mean 

temperatures, 𝑇𝑎,𝑚 and 𝑇𝑤,𝑚, respectively. Then, 

the heat load rates on the air/water sides (𝑄𝑜 and 

𝑄𝑖) are calculated. These are used to assess the heat 

load as there is a small difference between them 

due to measurement errors; max. deviation 

presented here is ± 4.4%. 

 

𝑇𝑎,𝑚 = (
∑𝑇𝑎,𝑖

3
+

∑𝑇𝑎,𝑜

3
) 2⁄  (2) 

𝑇𝑤,𝑚 = (𝑇𝑤,𝑖 + 𝑇𝑤,𝑜) 2⁄  (3) 

𝑄𝑜 = �̇�𝑜𝐶𝑝𝑜(𝑇𝑎,𝑎𝑣𝑒,𝑖 − 𝑇𝑎,𝑎𝑣𝑒,𝑜) (3) 

𝑄𝑖 = �̇�𝑖𝐶𝑝𝑖(𝑇𝑤,𝑜 − 𝑇𝑤,𝑖) (4) 

The total thermal conductance is assessed using Eq. 

(5). 

𝑈𝑜𝐴𝑡,𝑜 =
𝑄𝑎𝑣𝑒

𝐹 ∆𝑇𝐿.𝑀

 (5) 

∆𝑇𝐿.𝑀 =
(∆𝑇𝑖 − ∆𝑇𝑜)

 ln [
∆𝑇𝑖

∆𝑇𝑜
]

=
(𝑇𝑡,𝑖 − 𝑇𝑠ℎ,𝑜) − (𝑇𝑡,𝑜 − 𝑇𝑠ℎ,𝑖)

ln [
𝑇𝑡,𝑖−𝑇𝑠ℎ,𝑜

𝑇𝑡,𝑜−𝑇𝑠ℎ,𝑖
]

 (6) 

𝐹 =
𝑙𝑛 (

1−

1−
)

( − 1) ∗ 𝑙𝑛 [1 +
𝑙𝑛(1−)


]
 (7) 

 =
𝑇𝑤,𝑜 − 𝑇𝑤,𝑖

𝑇𝑎,𝑎𝑣𝑒,𝑖 − 𝑇𝑤,𝑖

 (8) 

 =
𝑇𝑎,𝑎𝑣𝑒,𝑖 − 𝑇𝑎,𝑎𝑣𝑒,𝑜

𝑇𝑤,𝑜 − 𝑇𝑤,𝑖

 (9) 

 and  are heat capacity and temperature ratios 

[25]. For the bundle walls, the fouling/conduction 

thermal resistances are omitted. So, the convection 

resistances are only incorporated to evaluate the 

overall coefficient;   
1

𝑈𝑜𝐴𝑡,𝑜

=
1

ℎ𝑜𝐴𝑡,𝑜

+
1

ℎ𝑖𝐴𝑡,𝑖

 (10) 

In Eq. (10), 𝐴𝑡 is the surface area of the tubes, 

valued as follows; 

𝐴𝑡 = 20𝜋𝑑𝑡𝐿𝑡 For CCTs (11) 

𝐴𝑡 = 40𝑑𝑡𝐿𝑡(0.5𝜋 + 1) For SCTs  (12) 

Water flow through the tubes is quite turbulent 

with the ratio between tube length to hydraulic 

diameter of 65.7 for CCTs and 107.6 for SCTs, 

which is greater than 10. Thus, the average Nusselt 

number for the water side (𝑁𝑢𝑖) using the 

Gnielinski [26] correlation, Eq. (13); 

𝑁𝑢𝑖 =

𝑓𝑖

2
(𝑅𝑒𝑖 − 1000)𝑃𝑟𝑖

1 + 12.7√
𝑓𝑖

2
(𝑃𝑟𝑖

2 3⁄
− 1)

[1 + (
dt,h

Lt

)
2 3⁄

] (13) 

Filonenko [27], Eq. (14) is utilized to get the 𝑓𝑖 

in Eq. (13). 

𝑓𝑖 = 0.25(1.82 𝑙𝑜𝑔 𝑅𝑒𝑖 − 1.64)−2 (14) 

Then the average coefficient of transferred heat 

in the waterside is found as follows; 

ℎ𝑖 =
𝑁𝑢𝑖. 𝑘𝑖

𝑑𝑡,ℎ

 (15) 

In Eq. (16), 𝑑𝑡,ℎ is the tube hydraulic diameter, 

found as follows; 

𝑑𝑡,ℎ = 𝑑𝑡,𝑖 For CCTs (16) 

𝑑𝑡,ℎ =
𝜋𝑑𝑡,𝑖

𝜋 + 2
 For SCTs  (17) 

For the air-side, average Nusselt number (𝑁𝑢𝑜), 

can be assessed as follows; 

𝑁𝑢𝑜 =
ℎ𝑜 𝑑𝑡,𝑜

𝑘𝑜

 (18) 

The water-Reynolds number is valued as; 

𝑅𝑒𝑖 =
4�̇�𝑖,𝑡𝑢𝑏𝑒

𝜋𝑑𝑡,ℎ𝜇𝑖

 (19) 

The air velocity measured in the blank test 

section is called the surface velocity (uo), which is 

obtained from the calibrated aperture meter. 

However, the interstitial velocity (uo,max) depends 

on the free distances between tubes in each row; 

computed from; 

𝑢𝑜,𝑚𝑎𝑥 =
𝑢𝑜 𝑆𝑇

𝑆𝑇 − 𝑑𝑡,𝑜

 (20) 

The interstitial velocity is used to determine the 

pattern of airflow through the tube bank by 

calculating the Reynolds and Stanton maximum 

numbers as follows; 

𝑅𝑒𝑜,𝑚𝑎𝑥 =
𝑢𝑜,𝑚𝑎𝑥  𝑑𝑡,𝑜

𝑜

 (21) 

𝑆𝑡𝑜 =
𝑁𝑢𝑜

𝑅𝑒𝑜,𝑚𝑎𝑥 . 𝑃𝑟𝑜
 (22) 

 

The air pressure drop (∆𝑃𝑜) is incorporated to 

assess Fanning friction factor for the air-side (𝑓o) as 

follows [28]; 

𝑓𝑜 =
∆𝑃𝑜

2 𝑁𝐿 𝜌𝑜𝑢𝑜,𝑚𝑎𝑥
2

 (23) 

Moreover, for all runs, the uncertainties in the 

main variables/parameters do not exceed 5.4% 

(Appendix A). 
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5 Apparatus validation/outputs verification 

The verification of the output of this study is 

done by comparing the recoded friction coefficients 

and heat exchange of the airflow with that resulted 

by Zukauskas [28], Eq. (24) and Jakob [29], Eq. 

(25) at the same operational conditions for aligned 

CCT bank. The documented data recorded a 

maximum difference 6.9%. 

𝑁𝑢𝑜 = 0.2484 𝑅𝑒𝑜,𝑚𝑎𝑥
0.63  𝑃𝑟𝑜

0.36 (24) 

𝑓𝑜 =

[
 
 
 
 

0.044 +
0.08 ∗

𝑆𝐿

𝑑𝑡,𝑜

(
𝑆𝑇

𝑑𝑡,𝑜
− 1)

(0.43+
1.13 𝑑𝑡,𝑜

𝑆𝐿
)

]
 
 
 
 

𝑅𝑒𝑜,𝑚𝑎𝑥
−0.15  (25) 

 

 
Fig. 4: Outputs of the 𝑵𝒖𝒐 verification assessments. 

 

 
Fig. 5: Outputs of the 𝒇𝒐 verification assessments. 

 

6. Results and Discussions 

6.1 Effect of Bases-Gap 
This section presents the effect of splitting the 

tubes. Three different gaps between the SCTs-bases 

are considered, which form three gap/tube outer 

diameter ratios between 0.126 and 0.378. Fig. 6 

demonstrates a sample of the recorded outputs for 

Nuo and 𝑓o for the considered gap ratios at different 

airflow rates. It is noticeable that splitting the CCTs 

to pairs of SCTs raises both the cooling rate and 

pressor decay for the air. Besides, the increases in 

heat transfer rates and the pumping power are 

increased by increasing the gap between the SCTs-

bases. Compared to the CCT bundle, the average 

percentage increases in 𝑁𝑢𝑜 and 𝑓o are 56.2% and 

24.5%, respectively, at  = 0.126. The 

corresponding increases at  = 0.378 are 66.5% and 

30%, respectively. These results can be backed to 

two reasons. The first is increasing the heat transfer 

surface area by splitting the tube; the area increases 

from 20dt,o Lt for CCTs to be 20dt,oLt + 40dt,oLt 

for SCTs. The second reason is that increasing the 

gap between the flat bases of pair of SCTs throttles 

the main stream between the tube columns, which 

increases the disturbance of the air, and 

consequently improves the commingle between the 

fluid layers, which breaks the thermal and velocity 

boundary layers of the air-side flow. These 

augment the heat transfer rate and increase the flow 

pressure loss concurrently. 

 

 
Fig. 6 Performance parameters at different bases-gaps (ST/dt,o = SL/dt,o = 2.0 and  = 60; (a) 𝑵𝒖𝒐, (b) 

𝒉𝒐, (c) 𝑼𝒐, (d) 𝒇𝒐. 
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6.2 Effect of The Spacing Between the Tubes in Transversal Direction 

Here, three spaces in the transversal direction (2 ≤ ST/dt,o ≤ 3) are experienced for the inline setting and constant 

angle of the flow direction at 60. A sample of the outputs for 𝑁𝑢𝑜 and 𝑓o are presented in Fig. 7. The outputs assure 

that increasing the distance between the tubes in the transversal direction, from 2 to 3, decreases the 𝑁𝑢𝑜 and 𝑓o by 

27.3% and 39.8%, respectively. These drops may be due to weakness of the airflow strangling associated with 

growing the spacings between the tubes in the transversal direction, which weakens the flow impinging with the 

following tubes. This lessens the breaking of the airflow boundary layers, which accordingly deteriorates the 

cooling rate and the airflow resistance. 

 
Fig. 7 Performance parameters at different transversal spacings (SL/dt,o = 2.0,  = 60 and  = 0.126); 

(a) 𝑵𝒖𝒐, (b) 𝒉𝒐, (c) 𝑼𝒐, (d) 𝒇𝒐. 

6.3 Effect of The Spacing Between the Tubes in Flow Direction 

Here, three spaces in the longitudinal direction (2 ≤ SL/dt,o ≤ 3) are considered also for the aligned setting and 

fixed angle of the flow direction at 60. Fig. 8 supplies a sample of the outputs for 𝑁𝑢𝑜 and 𝑓o at ST/dt,o = 3 and  = 

0.378 at different airflow rates. The results show that growing the longitudinal spacing ratio from 2 to 3 dampens 

the Nuo and 𝑓o by 8% and 5.8%, respectively. These drops are due to weakening the impinging force of the air on 

the subsequent tubes. This weakens the turbulence level around the tubes, which diminishes the mixing between the 

fluid layers and between these layers and the adjacent tube surface. This consequently decreases both 𝑁𝑢𝑜 and 𝑓o. 

 

 
Fig. 8 Performance parameters at different longitudinal spacings (ST/dt,o = 3.0,  = 60 and  = 0.378); (a) 

𝑵𝒖𝒐, (b) 𝒉𝒐, (c) 𝑼𝒐, (d) 𝒇𝒐. 
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6.4 Hydrothermal Performance Approach 

Several terminologies are recognized by other researchers to assess the performance attributes. In this work, 

the HTPA is presented by means of Sto and 𝑓o ratios [30] estimated with engaging SCTs and CCT ones as heat 

transmission surfaces. It is clear from the findings that the HTPA is augmented by growing the gap between the flat 

bases in addition to growing the transversal and/or reducing longitudinal pitches. Also, there is a minor increase in 

the HTPA by growing the airflow rate. 

𝐻𝑇𝑃𝐴 =
𝑆𝑡𝑜,𝑆𝐶𝑇 𝑆𝑡𝑜,𝐶𝐶𝑇⁄

(𝑓𝑜,𝑆𝐶𝑇 𝑓𝑜,𝐶𝐶𝑇⁄ )
1 3⁄

 
 

 

(26) 

 
.= 2) t,o/dL= 3, S t,o/dT= 0.378, S ( t,o/dT, (b) S(a)  ;versus HTPIThe average  Fig. 9 

 

 
.= 2) t,o/dL= 3, S t,o/dT= 0.378, S , (b) flow rate (t,o/dL(a) S ;versus HTPIThe average  Fig. 10 

 

7. Conclusions of the work 

This work introduces an experimental examination of the hydrothermal characteristics of aligned CCT/SCT 

banks at an extensive extent of airflow rates across the tubes. During the tests, several gaps between SCTs-flat bases 

with different pitches in/normal to flow directions are considered. The results of this work are as follows: 

 SCT is a good passive augmentation tool for the air-cooling load, but it indirectly requires an extra pumping 

power for the same flow rate.  

 The Nuo and 𝑓o are increased by increasing the gap between the SCTs-flat bases and decreasing the 

longitudinal and/or transversal pitches of the tubes. 

 The HTPA is affected by varying SCT geometrical parameters. It is increased by:  

 increasing the space between the SCTs-flat bases. 

 increasing the transversal pitch ratio. 

 decreasing the longitudinal pitch ratio. 

 The maximum verified value of HTPA is 2.25. 
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8. Appendix A 

This section summarizes the equations applied to evaluate the uncertainties in all parameters as recognized by 

Kline and McClintock [31]. 

 

ωδ

δ
= ±√(

ωSb

Sb

)
2

+ (
−ωdt,o

dt,o

)

2

= ±√(
0.01

2
)

2
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