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While past research has primarily focused on heat transfer in larger diameter tubes, the capabilities of
small-diameter tubes have often been estimated using correction factors. However, with the evolution of
compact heat exchangers, conducting dedicated studies on small-diameter tube bundles has become in-
creasingly crucial to achieve more precise conclusions. An experimental research on flow and heat-trans-
fer characteristics of staggered tube bundles with different tube diameters (2, 3, and 5 mm) is conducted.
In the experiment, the number of rows (4—12), the mass rate of the air (0.06—0.18 kg/s), and the trans-
verse tube pitch (S /d =2, S,/d = 3) are variables to study the characteristics of the airside flow resistance
and heat transfer. The three main conclusions of the experimental results are as follows: (1) Under the
same conditions, the smaller tube diameter leads to the larger airside convective heat-transfer coefficient.
Besides, the deviation between the Nusselt number of the experiment and the empirical correlation of
Zukauskas is in the range between —14 and —10%; (2) The effect of transverse distance on heat transfer
is not obvious, but the convective heat-transfer coefficient increases significantly with the increase of row
number; (3) The external pressure drop of the tube exhibits an exponential increase with the air-flow
rate. Particularly in the experimental samples with smaller diameters, the outflow resistance of the tube
is noticeably higher compared to other tubes. Finally, new empirical correlations of the airside convection
heat transfer for the small-diameter staggered tube bundles are fitted according to the experimental data,
and it is hoped to provide a reference for the more accurate design of tube-bundle heat exchangers.

KEY WORDS: tube bundle, heat transfer, pressure drop, small diameter, staggered
row
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NOMENCLATURE
A flow area (m?) ) constant of correlations
A, test section area (m?) Y constant of correlations
c, isobaric specific heat capacity A thermal conductivity [W/(m-K)]
[kJ/(kg-K)] n dynamic viscosity (Pa-s)
d tube diameter (m) p density (kg/m?)
Eu Euler number c uncertainty
f Fanning friction factor
h convective heat-transfer coefficient ~ Subscripts
[W/(m?-K)] a air

/ tube length (m) ave average
m mass-flow rate (kg/s) cal calculate
N, tube row numbers cor  correction
Nu Nusselt number exp  experimental
P pressure (MPa) i inside
Pr Prandtl number in inlet
0 heat flux (W) max — maximum
Re Reynolds number min  minimum
S heat-transfer area (m?) 0 outside
S, transverse distance (m) out outlet
S, longitudinal distance (m) tube  tube
T temperature (K) w wall
T, tube-wall temperature (K)
T, air temperature (K) Abbreviations
Vl velocity of flow (m/s) CCA cooled cooling air

HTC heat-transfer coefficient
Greek HX  heat exchanger
a constant of correlations LMTD logarithmic mean temperature
§ constant of correlations difference

1. INTRODUCTION

The rapid advancement of hypersonic vehicles in recent years has led to increased demands
for higher performance, posing new challenges to the thermal protection capabilities of their
power systems. A sophisticated cooling technology called Cooled Cooling Air (CCA) has been
proposed by Bruening (1999) for the thermal protection of turbine hot-end components of aero
engines in last decades. More specifically, by installing a heat exchanger on engines allows the
heat exchange between the onboard fuel and inlet air to improve its cooling efficiency (Fu et al.,
2024). The tube-bundle heat exchangers utilized in acronautical engines typically possess several
distinct features, such as more compact, lower weight, robust reliability, and high thermal trans-
fer efficiency. Consequently, the study of convective heat-transfer characteristics in tube rows,
with varying diameters and arrangements, and their influence on the efficiency of tube-bundle
heat exchangers has garnered significant attention.

In the realm of heat-transfer research, the study of forced convection across multiple-bank
tube bundles has been a topic of both numerical and experimental investigation for many de-
cades. This research primarily focuses on the advantages and disadvantages of different tube-
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bundle arrangements, specifically the in-line configuration where tubes are arranged in a single
row in parallel and the staggered configuration where tubes are offset in alternating rows. The
investigation into how varying tube diameters influence heat transfer and pressure drop, subse-
quently affecting heat-exchanger performance, represents a crucial area of study. Most studies
have focused on conventional tube-bundle diameters (> 10 mm), the applicability of which to
miniature tube-bundle forked row structure heat exchangers remains to be discussed (Li et al.,
2022; Wung and Chen, 1989; Khan et al., 2006). Of interest is the small-diameter tube row with
a diameter of 5 mm, which is especially suitable for compact heat exchangers used within aircraft
engines.

Zukauskas (1987) completed the initial experimental work on aligned and staggered bundles
and established a complete empirical relationship for heat transfer. The empirical correlations
have received widespread recognition and acceptance in the academic community. Qiwu and
Yangke (2010) verified the Zukauskas empirical formula by numerical simulation, while the de-
viation is less than 5%. The configuration of tube bundles has been a topic of interest in research,
with the findings indicating that staggered tube bundles offer better thermal-hydraulic perfor-
mance compared to in-line arrangements, albeit with a slightly higher pressure drop (Zhang et
al., 1997; Chen et al., 2000). Pan et al. (2004) and Da-Peng et al. (2003) have carried out series
of numerical investigations to assess the flow-field characteristics of non-uniform incoming air
across both aligned and staggered tube bundles. The results revealed that the disturbance of the
staggered bundle on the incoming air was more pronounced than that of the aligned bundle under
comparable conditions, and by varying the tube spacing can effectively mitigate the flow loss. In
the study conducted by Saraireh et al. (2017), three-dimensional computational fluid-dynamics
simulations were performed to investigate the impact of air velocity and heat flux on staggered
and in-line tube arrangements. The results indicate that compact banks, whether in-line or stag-
gered, exhibit higher heat transfer compared to widely spaced configurations. Recent research by
scholars (Khan et al., 2021) has focused on the thermohydraulic behavior of staggered twisted
oval tube (TWT) bundles in air-water cross flows, identifying a need for more comprehensive
computational studies and design optimization. Due to the intricate nature of inter-tube flow, a
majority of theoretical analyses and simulation studies have utilized simplified boundary condi-
tions, resulting in their limited applicability to laminar flow conditions (Liu et al., 2023; Xie et
al., 2020). Zhao et al. (2022) were also interested in the effects of tube spacing and tube-bundle
arrangement on the fluid dynamics and heat-transfer properties of falling film in tube bundles and
carried out numerical studies.

The investigation of heat transfer in tube bundles has practical applications in determining
the thermodynamic characteristics of heat exchangers. Wilson and Bassiouny (2000) performed
numerical investigations on the heat transfer and friction factor of cross-flow heat exchangers
with in-line and staggered arrangements. Their results demonstrated that the Nusselt number for
the staggered arrangement is somewhat higher than that of the in-line arrangement, particularly in
the low range of S /d. Xu et al. (2016) investigated the effect of pipe diameter on the convective
heat transfer of a cross-row tube-bundle heat exchanger through theoretical calculation. The study
used a tube diameter of 20 mm in the model. Results showed that as the tube diameter decreases,
the heat transfer increases, air outlet temperature decreases, and the heat-transfer enhancement is
significant. In other words, smaller tube diameter leads to a greater enhancement in convective
heat transfer. Zeenshan et al. (2020) numerically investigated the effect of tube shape variation
on the thermal and flow characteristics of fin and tube heat exchangers. Their results indicate that
the overall performance of the system increases as the tube aspect ratio decreases for all studied
cases. Qing et al. (2007) investigated the impact of the trailing edge spoiler channel arrangement
in turbine blades on heat transfer and flow characteristics using 3D numerical simulations. The
results indicated that a staggered configuration along the flow direction was found to be the opti-
mal arrangement method. The study by Wung and Chen (Wung and Chen, 1989; Chen and Wung,
1989) investigated the temperature field, heat-transfer characteristics, and pressure drop in aligned

Volume 31, Issue 5, 2024



36 Qietal.

and staggered tube bundles by solving the convective flow. Results showed that the heat-transfer
rate outside the staggered tube bundle was higher than that in the aligned tube bundle, although the
staggered tubes also displayed increased outflow resistance. Other studies (Deeb, 2022) have ex-
plored the enhanced thermal-hydraulic performance of heat exchangers using drop-shaped tubes,
emphasizing their efficiency over traditional circular tubes in varied pitch ratio settings.

In addition to these numerical methods, the researchers also conducted experimental stud-
ies on the tube-bundle heat-transfer issue. Lai et al. (2019) investigated the cross-flow effects on
fluid-elastic instability in steam generator tube bundles, revealing two critical states of stability
and corresponding critical velocities through both experimental and numerical analyses. Fei et
al. (2014) engaged in experimental investigations on the effect of the number of tube rows and
bundle arrangement. Results demonstrated heat transfer increased with more tube rows, reaching
a plateau at 10 rows. Additionally, the dimensionless Euler number of flow resistance was found
to decrease with the increasing number of tube rows, and the staggered bundle had higher heat
transfer but greater resistance than the anterograde bundle, as confirmed by numerical simula-
tion. Grimison (1937) observed that the convective heat-transfer rate outside the tube was not
immediately in a steady state; however, it increased with the increasing number of tube rows.
Upon reaching a row number of 10, the convective heat-transfer rate achieved a relatively stable
state. He formulated a widely utilized equation, Nu = CRe", which represented his findings. An
experimental work (Wu et al., 2020) focused on the heat-transfer characteristics of staggered
tube-bundle heat exchangers in oscillating flow, proposing a new Nusselt number correlation
that accounts for wave parameters and depth, enhancing the design of seawater heat exchangers.
However, the tube diameters investigated in the aforementioned studies were all greater than 10
mm. In the latest research of Yangjia et al. (2023) numerically investigates the flow and heat-
transfer characteristics of small-scale staggered tube bundles in cross flow to assess the validity
of classical heat-transfer correlations. It was concluded that tube diameter minimally affects the
Nusselt number, while tube pitch ratio and Reynolds number significantly influence heat transfer.
et al. Ishak et al. (2013) presented an experimental investigation on laminar forced convection
air flow in a staggered flat tube bank in cross flow, and discovered a new correlation between the
mean Nusselt number and Reynolds number.

Recent experimental (Li et al., 2017; Wen et al., 2017; Liu et al., 2018, 2022) findings re-
veal that the air-side heat transfer and pressure drop of heat exchangers with small-diameter
tube bundles (less than 4 mm) exhibit some deviation (approximately —16%) from the reference
empirical equation. Bacellar et al. (2014) identified a dearth of experimental research on heat
transfer outside tubes with diameters below Smm, which is highly valuable for compact tube
heat exchangers. To bridge the gap, Bacellar et al. (2016) employed numerical simulations to
investigate tube bundles ranging from 0.5-2 mm, which were validated by experimental data.
The findings indicate good agreement between the simulation and experiment at high Reynolds
numbers, but a deviation of up to 15% at low Reynolds numbers. In their experimental study,
Chang et al. (2015) investigated the difference between the flow heat-transfer characteristics of
a tube bundle and the corresponding empirical formula. The experimental conditions involved a
tube diameter of 7.94 mm and a tube row number of 10, and the measured heat transfer was found
to be 10-16% lower than the predicted values. The recurring observation highlights the limited
utility of conventional equations for small tubular diameters.

In this study, the thermal characteristics of tubular rows with smaller diameters are explored
to provide theoretical support for the design of compact heat exchangers. Specifically, the effects
of the incoming air-flow Reynolds number, tube diameter, number of tube rows, and transverse
distance S, between tubes are investigated. The experimental method involves heating the tube
bundle using constant current, achieving a higher temperature state, and then passing room-tem-
perature air across the tube bundle. By measuring the temperature of the tube wall, the tempera-
ture difference between the inlet and outlet, and the pressure drop of the experimental section,
new coefficients are proposed to establish a mathematical model with wider applicability.
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2. EXPERIMENTAL SETUPS

2.1 Experimental Apparatus

The heating tube used in the experimental section is shown in Fig. 1. A core consisting of stag-
gered bundles that are sequentially secured on the base forms the main part of the experimental
section. A total of 12 rows are employed, with each row containing 6 small bundles, as depicted
in Fig. 1. The diameter and transverse distance, S, of these bundles are identified as variable
parameters under investigation, and are tabulated below.

To ensure excellent heat transfer and insulation properties of the experimental apparatus,
the structure of the tube bundle, depicted in Fig. 2, consists of a copper tube, a heat-conducting
ceramic tube, and a heating wire, arranged from the outside to the inside. The copper tube, with
excellent thermal conductivity, facilitates temperature measurement and recording. The specially
designed ceramic tube, featuring a thermal conductivity of approximately 20 W/(m - K), enables
effective heat conduction and electrical insulation between the outermost copper tube and the
innermost heating-wire layer, made of a nickel-chromium alloy that delivers exceptional heating
performance and current-carrying capacity. During fabrication, we use 12 cm long and 0.2 mm
diameter nickel-chromium alloy as the heating wire and pass it through a 10 cm long thermal
conductive ceramic tube with an inner diameter of 0.3 mm. The gap between the two is filled
with thermal grease. The ceramic tube, equipped with the heating wire, is then inserted into a
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. 1: Physical diagram and arrangement of the tube bundle
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FIG. 2: Structure of the tube and test section: (a) tubes that can be used for experiments, and (b) core com-
posed of multiple tube bundles
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copper tube with the same outer diameter. Subsequently, both ports of the copper tube are fixed
and sealed with high-temperature adhesive. Finally, the part of the heating wire that exceeds
the length of the ceramic tube is wound and connected with the copper wire with a diameter of
0.3 mm, and the use of glue will ensure that they are connected tightly. After the tube bundle is
installed on the base and connected to the external power supply, the experimental core is fully
assembled. In the experiment, each heating wire in the device is connected in parallel with the
power supply by a wire to ensure that the core is heated by an electric current.

2.2 Experimental Bench

Figure 3 depicts a schematic diagram of the experimental system, which comprised several key
components, including the air system, heating system, measurement system, experimental core,
and data acquisition system, as shown in the test platform. All the brands and models of the
equipment are listed in Table 1. A mechanical valve is utilized to regulate the air flow at the
outlet of the fan, ensuring a consistent and steady flow throughout the experiment. To promote
adequate air-flow development through the test section, a long air runner is positioned in front of
the test section. The heat source that has been heated by applying electric power to the core is a
DC power source with a constant 30 V voltage, because it is connected in parallel with each heat-
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Electric
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blower

FIG. 3: Schematic of the experimental system

TABLE 1: Experimental equipment brand and model

Measuring instrument Brand Model
Flowmeter Milon Instrument MLRSL-100-C1C031
Thermocouple Omega Engineering TT-T-30-1000
Infrared thermal imager FLIR-SYSTEMS-INC FLIR-SC7700BB
Differential pressure gauge Rosemount 3051CD4
Absolute pressure gauge Rosemount 3051CA4
Precision multimeter ESCORT 3146A
Acquisition card Advantech ADAM-4018/4520
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ing wire, so its heating power is all the same. The measurement system consists of a flowmeter,
pressure transmitter, and thermocouple. To minimize temperature-measurement errors, multiple
T-type thermocouple is chosen to measure temperature, with its ends welded to the inlet and out-
let of the test section, respectively. The temperature difference is calculated based on the potential
difference of a single thermocouple, with an accuracy of 0.5% maintained. Twelve temperature
measurement points were strategically positioned along the circumference of the inlet and outlet
of the experimental section to ensure precise determination of the temperature field without im-
peding the flow. The model of the inlet and outlet components, along with the placement of the
measurement points and the specific distribution of thermocouples, are illustrated in Fig. 4. To
ensure accuracy, we employed the ice bath method for cold-junction compensation, immersing
the thermocouples in a stable, near-freezing environment (0 degrees Celsius) to calibrate and
compensate for variations in the cold-junction temperature. Additionally, an infrared thermal im-
ager is employed to measure the wall temperature of the heating tube bundle in the experimental
section. The imager is positioned in the observation window and continuously records the data
throughout the experiment.

Before commencing the experiment, it is imperative to employ a multimeter to verify the
normalcy of the resistance value of each heating tube. Subsequently, the appropriate tube bundle
should be inserted into the heating base, followed by the application of black-body spray paint
on the surface of the tube bundle. Once the bundle is installed in the designated test section, the
wires should be connected to the DC power supply to complete the setup process.

In the initial experiment phase, all essential instruments are powered on, including the se-
quential activation of the infrared thermal imager following a 5 min preheating period. The air
mass-flow rate is then adjusted to the required value, and the DC heating power supply is acti-
vated, with the voltage set to 30 V based on the precision multimeter reading. After completing
these initial steps, all bolts on the experimental section are tightened, and the ice bottle is pre-
pared for the formal experiment, with the thermocouple’s reference end inserted into the alcohol
test tube within the ice bottle. In the subsequent experimental phase, the air-inlet temperature
of the experimental section is carefully monitored until stabilization, usually taking approxi-
mately 15 min. Once the air-inlet temperature stabilizes, potential values of thermocouples 1-12
are measured and recorded using the precision multimeter. These values are input into the data
acquisition software on the desktop computer, and compliance with heat-balance requirements
is assessed, ensuring deviations do not exceed 10%. The air mass-flow rate is adjusted, and the
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FIG. 4: Temperature measurement points
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iteration of the aforementioned measurement and recording steps is repeated until the experiment
for all operating conditions is completed. Throughout the experiment, continual adjustments to
the infrared camera are made to ensure proper focus. During the experimental process, a stable
experimental duration of over 20 s was maintained at each recorded point, and experiments under
the same conditions were conducted twice within a span of several days. In the data-processing
phase, the data obtained from multiple experiments under the same conditions were averaged to
mitigate the impact of random errors. This approach ensures a more reliable representation of the
experimental conditions and enhances the accuracy of the results.

2.3 Fundamental Equations

The heat transfer in the experiment is equal to the electrical power at both ends of the tube bundle
or the enthalpy difference between the air inlet and outlet; considering the small amount of heat
loss during the experiment, the heat transfer is defined as

Ul + mAH
O=——_"—— (M
2
and the flow rate of air flowing through the test section is defined as follows:
m
V=— 2
o 2
A= 4, -6dl 3)

where 4; is the cross-sectional area of the test section, d and / are the diameter and length of the
tube bundle, respectively. When there are n tubes in the test section, the total heat transfer area is

S = nndl “4)

and the convection heat-transfer coefficient outside the tube of the air transverse tube bundle is

0

h= S(T, - T;) ©)

where T, is the wall temperature and T is the qualitative temperature of air. Nusselt number is
adopted to represent the heat-transfer characteristics and it is defined as
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Nu = % =cRe" (6)

Re = pvd @)

n

Finally, the dimensionless Euler (Fei et al., 2014) number calculated from the pressure
difference between the inlet and outlet of the test section is used to characterize the flow
characteristics:

Eu=_2P )

1 2
Loy
2P

where z represents the tube row number in the flow direction.

2.4 Uncertainty Calculation

Uncertainty analysis was conducted to estimate the uncertainties in the experimental results, fol-
lowing the approach from a previous study (Bich et al., 2012):

®)

y:f(xlaxbx%'“’xn) (9)

where x, represents the measurement variables. In this study, the independent variables consist
of temperature, pressure, pressure difference, and mass-flow rate, while the dependent variables
include the averaged heat-transfer rate, heat-transfer coefficient, Nusselt number, and Euler num-
ber. Under uniform pressure and temperature in all experimental conditions of this study, the
physical property parameters of air were obtained from experimental data provided by the Na-
tional Institute of Standards and Technology (NIST) (Lemmon and Jacobsen, 2004; Lemmon et
al., 2007), with a maximum relative difference of no more than 2%.

Results of the accuracy of the infrared camera and thermocouple used in the calibration
experiment are shown in Fig. 5. The uncertainty data for the measurement equipment used in
the experiment are listed in Table 2. For the measurement instruments used to assess pressure,
flow rate, and temperature, we have considered the manufacturer-provided specifications and the
results from repeatability experiments. Based on these assessments, we establish that the confi-
dence interval for the measurement accuracy ranges displayed in the table is 95%.

By combining the uncertainty data of the equipment in the experimental system from Table
2, the maximum relative uncertainties of the heat-transfer rate, heat-transfer coefficient, Nusselt
number, and Euler number are 0.10, 1.42, 2.65, and 5.74% across all experimental conditions,
respectively.
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FIG. 5: Temperature-measuring equipment working picture and test calibration results: (a) infrared thermal
imager calibration experiment, and (b) thermocouple calibration experiment

TABLE 2: Uncertainties and ranges of air-side direct measurements

Measuring instrument Direct measurement Uncertainty

Flowmeter Mass-flow rate +1.5%
T-type sheathed thermocouple Temperature +1.5K
Infrared thermal imager Wall temperature +0.5%
Rosemount 3051CA4 pressure transmitter Absolute pressure +0.25%

Rosemount 3051CD4 pressure transmitter Pressure drop +0.075%
Multimeter Voltage 0.001 V

Vernier caliper Length 0.02 mm

3. RESULTS AND DISCUSSION

This study mainly focuses on the diameter size and arrangement of the tube bundle with a
staggered configuration, investigating the flow and heat-transfer variations caused by different
tube diameters, transverse distance, and longitudinal row numbers. The experimental param-
eters are listed in Table 3. In order to minimize random errors, the average value of the data
recorded in the first 20 s of each experiment is taken as the final result. Additionally, the aver-
age value obtained from multiple shots using the infrared thermal imager is also selected as
the final result. The experimental results are presented and analyzed in the following sections
of this paper.

TABLE 3: Parameters varied in all experiments

Serial number  Tube diameter Transverse Row numbers  Mass-flow rate
(mm) distance of air (kg/s)
1 2 S/d=3 12 0.06-0.18
2 3 S/d=3 12 0.06-0.18
3 5 S/d=2 12 0.06-0.18
4 5 S/d=3 4,6,8,10,12 0.06-0.18
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3.1 Different Tube Diameters

The experimental results for tube diameters of 2, 3, and 5 mm were integrated as shown in Fig.
6, which presents the heat-transfer characteristics of the test section under different air-flow rates
and tube diameters. Figure 6(a) depicts the variation trend of the tube-bundle wall temperature.
For the forked tube bundles with the same diameter, the average wall temperature notably de-
creased with an increase in the incoming flow rate. This result is consistent with the findings of
Zukauskas (1987), indicating that the convective heat-transfer coefficient and flow rate exhibit
an exponential relationship. As the flow rate increases, the cooling capacity of the air on the tube
bundle also increases, resulting in a decrease in the wall temperature. However, as the tempera-
ture rise of the air is influenced by both heat transfer and flow conditions, an overall decreasing
trend in temperature rise is observed with increasing flow rate as shown in Fig. 6(b). Figure 6(c)
vividly illustrates the significant enhancement of the convective heat-transfer coefficient with
higher mass-flow rates. This can be attributed to the increased turbulence in the air, resulting in
a thinner boundary layer and intensified heat transfer outside the tube. These findings are further
supported by Fig. 6(d), which depicts a positive correlation between Nu and Re of air, exhibiting
an approximate exponential relationship.
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FIG. 6: Heat-transfer characteristics of different tube diameters: (a) wall temperature, (b) temperature drop,
(c) heat-transfer coefficient, and (d) Nusselt number

Volume 31, Issue 5, 2024



44 Qietal.

As shown in Fig. 6(c), it can be observed that the smaller the diameter of the tube bundle,
the larger the average convective heat-transfer coefficient outside the tube. This conclusion is de-
rived from the relationship between Nusselt number and characteristic size. However, we noted
that the relative ratio of convective heat-transfer coefficient between different tube diameters
does not correspond to the ratio of tube diameters. This is also caused by increased turbulence
as the air velocity increases. In other words, reducing the diameter of the heat-exchange tube
directly increases the convective heat-transfer coefficient outside the tube, thereby strengthening
the overall heat-transfer capacity of the tube bundle.

Figure 6(d) presents the Nusselt number outside the tube for different diameters. Within
the range of diameter variation considered in the test, there is no significant difference in the
dimensionless number indicating the heat-transfer characteristics outside the tube. However, the
test results for tube diameters below 5 mm exhibit noticeable deviation when compared with the
traditional empirical formula proposed by Zukauskas (1987).

Figure 7 presents the impact of various tube diameters on pressure drop. It is commonly ac-
cepted that the external flow resistance of the bundle comprises two distinct components: friction
resistance and differential pressure resistance. Frictional resistance arises from the viscosity-
induced frictional force between the fluid and the surfaces of the tubes. Differential pressure
resistance results from the continuous contraction and expansion of the flow-channel area as
the fluid passes through the tube bundle, leading to fluctuations in kinetic energy and pressure
potential energy.

When the tube diameter remains constant, the pressure drop exhibits an exponential increase
with the rise in mass-flow rate, in line with previous research findings that indicate flow resis-
tance is proportional to the square of the velocity. However, as the tube diameter increases from
2 to 5 mm, the pressure loss notably decreases. This suggests that, under certain flow conditions,
the change in cross-sectional area of the flow passage results in a reduction in the proportion of
fluid in the main flow area, leading to higher friction resistance. Simultaneously, the narrowing of
the flow passage elevates the pressure difference resistance of the air in the flow gap of the tube
bundle, resulting in an overall increase in total pressure drop.

A further investigation into the variation pattern of the dimensionless Euler number is shown
as Fig. 7(b), which characterizes the flow behavior outside the tube. The Euler number initially
increases and then stabilizes as the Reynolds number increases, with a more pronounced effect
in larger tube diameters. However, when the Reynolds number exceeds 3300, the Euler number
shows little variation, and the difference between the Euler numbers of different tube diameters
becomes negligible. This suggests that the momentum loss rate does not increase infinitely with
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FIG. 7: Flow characteristics of different tube diameters: (a) pressure drop, and (b) Euler number
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changes in Reynolds number or flow area as the fluid passes through the tube bundle, but instead
has an upper limit. Further analysis is required to elucidate the underlying mechanisms governing
this behavior.

3.2 Different Transverse Distance S,

In order to explore the influence of S, on the flow heat transfer of cross-tube bundle, the trans-
verse spacing of tube with 5 mm diameter was reduced to S /d = 2. Figure 8 shows the flow and
heat-transfer characteristics of air passing across the bundle at two different intervals. Figure 8(a)
and 8(b) summarize the heat-transfer characteristics of the air under different S,. Obviously, the
reduction of the space does not change the convective heat-transfer coefficient of the air, while
the Nusselt number decreases slightly with the reduction of the space.

Figure 8(c) and 8(d) show the changing law of flow characteristics outside the tube. Obvi-
ously, the narrowing of space will lead to a significant increase in air-pressure loss and Euler
number, which is consistent with the traditional theory: the resistance and pressure resistance are
positively correlated with the flow rate of air; that is, the greater the flow rate, the greater the total
flow resistance. The law of change of Euler number is the same as in the previous section, that is,
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FIG. 8: Experimental data of flow heat-transfer characteristics under different working conditions of S,: (a)
Heat-transfer coefficient, (b) Nusselt number, (c) pressure drop, and (d) Euler number
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it does not always increase with the increase of Reynolds number, but gradually becomes stable.
And, the corresponding variation trend of different horizontal spacing is very close.

According to the conclusions of some computational fluid dynamics (CFD) studies (Bacellar
et al., 2016), it can be known that the fast velocity distribution and violent turbulent pulsation
under large flow rate will make the mass and heat transfer between the impact zone at the front
end of the bundle, the wake zone at the back end of the bundle, and the main-stream zone with
high efficiency.

3.3 Different Numbers of Row

In Zukauskas (1987), a correction factor p was introduced into the Nusselt number formula for
tube rows with fewer than 20 rows to eliminate the influence caused by the excessively low heat-
transfer intensity of the first row of tubes. The number of tube rows is also taken as one of the key
points in this experiment with 5 mm tubes. The flow heat-transfer characteristics of 4, 6, 8, and
10 rows of tube rows were studied, respectively, in order to explore the influence of the number
of tube rows on the test results, and compared with the correction factor proposed by Zukauskas
(1987).

In Fig. 9(a), the convective heat-transfer coefficient is shown to change with the air-flow rate
under different tube rows. When the tube rows increase, the convective heat-transfer coefficient
also increases significantly under the same flow rate. And, the difference becomes negligible
when the tube rows exceed 10, indicating that increasing the number of tube rows has a significant
strengthening effect on heat transfer, especially when the number of tube rows is small. Figure
9(b) shows the variation rule of Nusselt number, which is as same as the convective heat-transfer
coefficient. Figure 9(b) depicts the variation of the Nusselt number, which follows the same trend
as that of the convective heat-transfer coefficient. The research of Zukauskas (1987) revealed that
the correction coefficient of rows is 0.98 when the number of rows exceeds 10, whereas it is 0.89
when the number of rows is 4; this finding agrees with the data of our investigation.

Figure 10 illustrates the effect of tube row number on flow resistance. Figure 10(a) shows the
variation of pressure drop with air flow under different tube rows. It is evident that the pressure
drop increases significantly with the increase in the number of tube rows under the same flow
velocity. This phenomenon can be attributed to the increase in friction resistance and instability
of the flow field caused by the increased number of tube rows. Moreover, the effect of varying
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FIG. 9: Experimental data of heat-transfer characteristics under different working conditions of rows: (a)
heat transfer coefficient, and (b) Nusselt number
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row numbers on pressure drop also depends on the air flow rate. Specifically, the difference in
pressure drop between different row numbers is more prominent at higher air-flow rates.

The plot of dimensionless Euler number versus Reynolds number for different tube arrange-
ments is shown in Fig. 10(b). The trend of the Euler number is similar to the previous finding.
When Re is less than 3500, it rises rapidly, then decreases slightly, and finally stabilizes. The
Euler number is significantly influenced by the number of tube rows, and fewer tube rows result
in larger Euler numbers and greater fluctuations in Euler number changes. These findings demon-
strate that, in the fork row system, increasing the number of longitudinal tube rows can stabilize
the flow resistance with changes in air velocity.

3.4 Proposed New Correlation

In Fig. 11(a)-11(c), the external heat-transfer coefficient Nu under different tube diameters men-
tioned in Sec. 3.1 are compared with four existing formulas obtained by Zukauskas (1987), Ba-
cellar et al. (2016), Khan et al. (2006), and Wung and Chen (1989) in their respective studies. The
exact form of these existing formulas in the range of Reynolds numbers covered in this study is
as follows. Due to the complex form of Bacellar’s formula, the constants in the formula are not
listed in detail in this article.

Zukauskas:
0.2 0.25
Nu=035[ S| reteproxs| £r (10)
S, Pr,
Bacellar:
B Py G
Nu =C,Refl N” LN AN (11)
’ D D P
Khan:
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FIG. 11: Proposed new correlations for small-diameter tube. (a) Deviation from existing formulas of 2 mm,
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Wung:

(Sl )0.144
D L
=0.61 3 Rep Pr3 (12)
1-2 exp(—l o9~']
D
1
Nu =0.78Re}" Pr3 (13)

Within the scope of this work, the formulas by Bacellar and Khan exhibit good accuracy in
predicting heat transfer outside the tubes, also indicating the availability of experimental data.
Notably, Bacellar’s prediction method shows a deviation of less than 3% for the micro-tube
bundle compared with the present correlation, despite its highly intricate formula. A simpler cor-
relation based on experimental data is of greater application value.

Journal of Enhanced Heat Transfer



Small-Diameter Tube Bundles with a Staggered Layout 49

In order to directly and accurately reflect the influence of various variables in the staggered
tube-bundle system on the heat transfer outside the tube, we fit a new Nusselt number correlation
for small-tube diameter based on the following form:

Nu = aRe’ N} (S,/d)° Pr'> (14)

where N, represents the numbers of tube banks and Pr represents the Prandtl number.

According to the experimental results in this study, the external Nusselt number correlation
suitable for small-tube diameters is proposed, which has a high predictive accuracy for the cur-
rent data.

Nu = 0.2179ReO.5894N10.1015(Sl/d)0.1540Prl/3 (15)

In Fig. 11(d), the heat-transfer data obtained from this experiment are fitted, and the new
relationship describing the exponential correlation between the Nusselt number and the Reyn-
olds number is compared with the traditional formula. It is evident that the external heat-transfer
empirical curve for all small-tube diameters deviates from the empirical curve for external con-
vection heat transfer of the fork bank summarized by the traditional Zukauskas. The diameter
deviation for a 2 mm tube is —14%, the diameter deviation for a 3 mm tube is —11%, and the di-
ameter deviation for a 5 mm tube is —10%. As the diameter of the tube decreases, the applicability
of the traditional formula deteriorates.

For demonstrating the accuracy of the correction coefficients for S and N, suggested in the
correlation, Fig. 12 was utilized with Nu/(S,/d)""*** and Nu/N;"'*"® plotted as the respective or-
dinates. Additionally, a comparison was made between the fitting formula and some of the data
presented above. It is evident that the new correlation exhibited a robust linear relationship with
a maximum error of no more than 5%, thereby demonstrating reliable prediction accuracy. It can
be observed that although previous studies have introduced a broader range of variables, they of-
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FIG. 12: Accuracy verification of the present correlation: (a) new correlations for different S\/d, and (b)
new correlations for different N,
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ten lacked considerations for corrections related to the number of tube rows and tube diameters.
Additionally, inherent discrepancies between numerical simulations and experimental research
inevitably exist. This can lead to variations in the results, especially when applying these models
to real-world scenarios, necessitating a more nuanced approach in both theoretical and practical
applications of heat-transfer models in small-diameter tube bundles. Practically, these findings
are particularly relevant for the design of compact heat exchangers, like those commonly used
in modern aircraft. The correlation provides robust support in the design process, ensuring ef-
ficient and reliable performance in these critical applications, where precise heat-transfer control
is paramount. This aligns well with the ongoing trend towards miniaturization and efficiency in
thermal management systems.

To summarize, while maintaining a high level of consistency with previous numerical inves-
tigations, the findings of this study contribute significant engineering insights for research in the
small-diameter range. These results hold great practical value and provide a strong theoretical
foundation for the study of compact heat exchangers.

4. CONCLUSION

In light of the advancements in compact heat-exchanger technologies, it has become increasingly
vital to specifically explore the heat-transfer characteristics of small-diameter tube bundles for
more accurate and relevant findings. In this work, experimental investigations were conducted to
analyze the air-side heat transfer and pressure-drop characteristics of small-diameter tube bun-
dles arranged in a staggered configuration and exposed to cross flow. The independent variables
considered in the experiments were the air-flow rate, Reynolds number, tube diameter, transverse
spacing, and longitudinal row number. A Nusselt number fitting formula, suitable for the tubular
diameter, was derived, and the comprehensive performance was compared and analyzed. Based
on the experimental data, the following conclusions were drawn:

1. As the fluid flows through the tube bundle, the heat-transfer efficiency on the outer sur-
face of the tubes increases with an increase in the flow rate. Additionally, smaller tube
diameters lead to higher convective heat-transfer coefficients. When the tube diameter
remains the same, the influence of transverse spacing S, on heat transfer is not signifi-
cant. Furthermore, the convective heat-transfer coefficient increases with the number of
rows when it is between 4 and 12.

2. The Nusselt number calculation results in all the test data have shown a certain devia-
tion from the traditional Zukauskas formula, ranging from —14 to —10%. The Nusselt
number calculation results in all the test data have shown a certain deviation from the
traditional Zukauskas formula, ranging from —14 to —10%. Moreover, the deviation in
the prediction of the traditional formula is greater for smaller tube diameters. The cor-
relation proposed by this study for microtube bundle is in good agreement with the
experimental data and some numerical studies.

3. The pressure drop outside the tube increases exponentially with air-flow rate and is
also influenced by the tube diameter, transverse spacing, and number of tube rows. The
Euler number difference under different test conditions is similar to the pressure-drop
difference, except that the Euler number always increases first and then becomes stable
as flow velocity increases.

4. Our study extends to guiding heat-exchanger design, particularly in thermal calcula-
tions. Designers and engineers can utilize the newly developed formulas to verify and
refine their designs, ensuring optimized performance and efficiency. This approach is
especially beneficial for compact heat-exchanger systems, where precise heat-trans-
fer calculations are critical for maximizing performance within constrained spatial
dimensions.
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