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Heat pipe heat exchanger is a type of exchanger that transfers heat through the phase
change of the working fluid inside the heat pipe. It offers advantages such as a small
temperature difference for heat transfer, simple structure, and high heat transfer
capacity.This study focuses on a 116 MW gas-fired boiler and presents a complete and
detailed design of a gravity-type gas-liquid heat pipe heat exchanger using conventional
design methods.

Based on the calculations, 738 gravity-assisted heat pipes with a length of 4100 mm are
selected. The tube bundle is arranged in 12 rows in a staggered configuration. Water is
used as the working fluid, carbon steel as the tube material, and aluminum as the fin
material. This combination provides benefits such as low cost and excellent thermal
conductivity. The pressure drop on the flue gas side is approximately 841 Pa, which is
within an acceptable range. The tube wall temperature is around 74 °C, which avoids dew
point corrosion.

Under China’s strong push for energy conservation and emission reduction, this equipment
provides a more efficient energy-saving solution at a lower cost.
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SYMBOLS AND ABBREVIATIONS

Roman characters

A

d

area
diameter

inlet mass flow velocity

fin height

length

Molar Mass

mass

mole

heat transfer rate

thermal resistance

thickness

temperature

fin spacing

overall heat transfer coefficient
Specific heat capacity

mass flow rate

Greek characters

convective heat transfer coefficient
excess air ratio
thermal conductivity

surface tension

mole

kW

W/m? . °C
kJ/kg-K

kg/s

W/m?.°C

W/m?2 . °C

N/m



Constants

fin thickness

dynamic viscosity

the ratio of areas

empirical coefficient
gravitational acceleration
heat of phase change of water

Pi

Dimensionless quantities

Pr Prandtl number
Subscripts

f flue gas side

i inner

L liquid

0 outer

Vv vapor

w water side
Abbreviations

ORC Organic Rankine Cycle
HPHE Heat pipe heat exchanger

kg/m-s

9,81 m/s
2.443 Mi/kg

3.14
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1 Introduction

The ongoing urbanization progression in China has precipitated a continuous expansion of
building stock, concomitantly driving substantial escalation in architectural energy
consumption. Notably, heating and domestic hot water systems constitute a predominant
proportion of this energy demand, particularly in northern regions characterized by

intensive winter heating requirements and elevated hot water consumption.

Gas-fired boilers, as prevalent thermal energy conversion devices, are extensively
deployed in populated infrastructures encompassing residential complexes, commercial
establishments, and office buildings. To enhance the energy utilization efficiency of these
combustion systems, the integration of heat pipe heat exchanger technology into boiler
systems has emerged as a promising solution. This innovative configuration enables
effective recovery of waste heat from high-temperature flue gases through thermal

exchange processes, thereby preheating feedwater or combustion air.

1.1 Background

Energy has played a pivotal role in the development of global societal civilization, serving
as a fundamental pillar for industrial and economic progress. It is categorized into
renewable and non-renewable forms. Renewable energy includes solar, wind, and
hydropower, while non-renewable energy primarily relies on fossil fuel combustion, such
as coal, natural gas, and petroleum. However, finite geological reserves indicate that global
fossil fuel resources will inevitably be depleted. The 1973 oil crisis brought this issue into
sharp focus, prompting nations worldwide to intensify research into energy-efficient
technologies and renewable energy investments to optimize energy structures (Smil, 2017).
From 1973 to the present, renewable energy adoption has gradually increased.
Nevertheless, due to environmental constraints, renewables cannot yet fully replace fossil
fuels, which are projected to remain dominant in the energy mix for the foreseeable future.

Continued research on improving fossil fuel efficiency remains imperative.

China’s rapid urbanization has driven significant growth in building energy consumption.

In 2014, the building sector accounted for 19.12% of national energy use (China Building



Energy Efficiency Association, 2016), with space heating constituting approximately 35%
of building energy demand. Rising heating requirements are expected to increase this
demand by 15% by 2030 (International Energy Agency [IEA], 2018). Enhancing heating
system energy efficiency is therefore critical to addressing China’s escalating thermal

energy needs.

1.2 Waste heat recovery technology for gas boilers

After the fuel in a gas boiler is burned, a large amount of high-temperature flue gas is
produced. How to utilize the residual heat in the flue gas is the key factor affecting the
efficiency of the gas boiler. The current waste heat recovery technologies for gas boilers

mainly include the following types:
1) Direct-contact heat exchanger:

This technology operates by spraying water below the flue gas dew point temperature
directly into the exhaust stream. Through direct gas-liquid interaction, the gas temperature
drops below its dew point, inducing water vapor condensation and latent heat release. A
key advantage lies in its simultaneous acid gas removal capability, as aqueous absorption
effectively captures acidic components (Li et al., 2019). However, the resultant acidic

wastewater cannot be recycled, leading to water resource wastage.
2) Indirect-contact heat exchanger:

Common configurations include plate-type and shell-and-tube heat exchangers. The shell-
and-tube variant features a tubular bundle enclosed within a shell, where flue gas and
coolant flow through the shell-side and tube-side respectively, enabling thermal conduction
through metallic walls. Plate-type designs utilize stacked corrugated metal plates to
establish alternating hot and cold fluid channels (Li et al., 2022). Both configurations

exhibit high heat transfer efficiency and reduced mass.
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Figure 1. Shall and tube heat exchanger (Bergman et al, 2017)
3) Heat pipe heat exchanger:

As a phase-change heat transfer device, HPHEs leverage the thermal conductivity of sealed
heat pipes containing volatile working fluids. Operational principle: Flue gas heats the
evaporator section, vaporizing the working fluid, which migrates to the condenser section.
Subsequent condensation releases heat to the cold medium, with condensate returning via
capillary action or gravity (Shuai, 2017). HPHEs exhibit advantages including compact
design, superior thermal performance, and adaptability through material/fluid

customization (Zhang et al., 2016).



11

HEAT PIPE

EVAPORATOR LENGTH CONDENSATION LENGTH
A AL
f ] f A

i & LIQUID FLOW TROUGH WICK

COOLING FINS HEAT

Figure 2. The working principle of a heat pipe
4) Organic Rankine Cycle (ORC) waste heat recovery:

ORC systems employ organic working fluids for low-grade heat conversion. The cycle
comprises a working fluid pump, evaporator, expander, and condenser. Process sequence:
Pressurized fluid absorbs flue gas heat in the evaporator, vaporizes, drives the expander for
power generation, condenses in the condenser, and returns to the pump (Guo et al., 2025).
While ORC is an environmentally benign technology for low-temperature applications, its

low thermal efficiency remains a critical limitation (Mao et al., 2023; Wu et al., 2024).
5) Heat pump technology:

This system recovers flue gas heat via a reverse Carnot cycle. Key components include a
compressor, condenser, evaporator, and expansion valve. Process flow: Refrigerant
absorbs exhaust heat in the evaporator, compresses to elevate temperature, rejects heat in
the condenser, and throttles back to the evaporator (Guo et al., 2025). Although enabling

deep heat recovery, high costs and operational complexity impede widespread adoption.
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2 Heat pipe

The heat pipe is recognized as a high-efficiency thermal transfer component that achieves
effective heat exchange through phase-change heat transfer of a working medium within a
sealed enclosure. Due to its thermal conductivity substantially exceeding that of
conventional metallic conductors, this technology has gained extensive adoption in

applications requiring high-performance thermal management and waste heat recovery.

2.1 Overview of global heat pipe development

The concept of the heat pipe was first proposed by American inventor R.S. Gaugler in
1942, who described its core operational principle: a sealed device utilizing phase change
of an internal working fluid for heat transfer (Peterson, 1984). However, technological and

material limitations at the time hindered widespread recognition of this innovation.

In 1963, George M. Grover at Los Alamos National Laboratory (LANL) reinvigorated heat
pipe research by refining its design and identifying the critical role of capillary wick
structures in enabling microgravity operation. His 1964 patent marked the advent of

modern heat pipe technology.

British researchers Dunn and Reay advanced engineering applications in 1967 through
their development of gravity-assisted heat pipes, later publishing the seminal

monograph Heat Pipes (Dunn and Reay, 1976).

The 1970s witnessed NASA's adoption of heat pipes in spacecraft thermal control systems,
capitalizing on their microgravity efficiency. Notable implementations included the Lunar
Roving Vehicle (LRV) during the Apollo program, Skylab space station thermal regulation,
and the Hubble Space Telescope.

With rising power densities in 1990s electronics, heat pipes became integral to thermal
management in laptops, servers, and LED systems. Since the 2000s, industrial applications
have expanded into renewable energy (e.g., solar thermal collectors) and waste heat
recovery systems (e.g., boiler flue gas recuperation), significantly improving energy

efficiency.
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Initiated in the 1970s with aerospace applications, China successfully deployed heat pipes
in its 1976 satellite program. By the 1980s, national research priorities shifted toward
energy conservation, supported by substantial governmental investment (Ma, 1983). By
1991, large-scale power plant boilers incorporated domestically developed heat pipe
exchangers achieving performance parity with US and Japanese counterparts (Sun, 1997).
Current R&D focuses on civil and industrial applications, emphasizing performance

optimization and innovative configurations (Liu, 1986).

2.2 Characteristics of heat pipes

Superior Heat Transfer Performance:Heat pipes differ fundamentally from conventional
metallic conduction by utilizing the latent heat of phase change within their internal
working fluid. This mechanism minimizes thermal resistance, achieving heat transfer
efficiency significantly surpassing metallic conduction. This exceptional performance has
led to the metaphorical designation of heat pipes as possessing “super-thermal conduction

properties.”

Exceptional Isothermal Characteristics:Under steady-state operation, continuous phase
change processes maintain near-constant saturation temperatures throughout the heat pipe.
Although minimal pressure differentials between evaporator and condenser sections drive
fluid circulation, their impact on temperature uniformity is negligible, resulting in superior

isothermal performance.

Adaptability to Diverse Operating Conditions:Material selection (envelope and working
fluid) can be optimized for specific thermal and environmental requirements. Design
configurations are tailored to operational temperature ranges spanning cryogenic to high-
temperature applications (e.g., -200°C to 2000°C), enabling deployment across industrial,

aerospace, and energy systems.

Modular Reliability and Flexibility:Heat pipe heat exchangers employ parallel-arranged
modules where individual heat pipes operate independently. Single-unit failures do not
critically impair system functionality, while maintenance requires only localized
replacement without disrupting adjacent components. This modular architecture enhances

system maintainability and operational reliability.



14

2.3 Research contents

This study involves the design of a heat pipe heat exchanger (HPHE) specifically for gas-
fired boilers. The designed HPHE effectively recovers waste heat from boiler flue gas and
transfers it to preheat combustion air, thereby improving boiler efficiency and reducing
fuel consumption. The design process references established methodologies from relevant
literature (Liu et al., 2021; Fang & Wang, 2015), focusing on: selection of the working
fluid within the heat pipes, determination of heat pipe materials, calculation of the required
number of heat pipes, optimization of the heat pipe bundle arrangement, and complete

modeling of the HPHE system.
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3 Thermal design calculations for heat pipes

The design target is a 116 MW gas-fired boiler operating with pure methane (CHa) at 95%
thermal efficiency. Flue gas inlet/outlet temperatures are 145°C and 85°C, respectively,
while preheated water inlet/outlet temperatures are 75°C and 83°C. Since flue gas
temperatures remain above the water vapor dew point, methane's lower heating value

(LHV) is adopted for calculations.

3.1 Methane mass flow rate calculation

The higher heating value (HHV) of methane is obtained from authoritative references

(Wikipedia contributors, 2025):
HHV = 55.5 MJ/kg
The stoichiometric combustion equation is:
CH4 +20, - CO, + 2H,0 (D)

Each mole of methane produces 2 moles of water. With methane's molar mass at 16.04

g/mol and water at 18.016 g/mol, 1 kg of methane generates:

2x18016 2247k
1604 9
The lower calorific value of methane (LHV) is:
LHV =555 —2247 . r =555 — 2247 x 2.443 = 50.01MJ/kg ()

where 1 is heat of phase change of water (MJ/KQ).

Mass flow rate of methane | pethane

116
'Methane = 55 50.01 = 2.442 kg/s (3)
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3.2 Calculation of mass flow rates of flue gas and water

In practical combustion processes, non-uniform air-fuel mixing may induce localized
oxygen deficiency, leading to incomplete methane combustion with byproducts such as
carbon monoxide (CO), which reduces combustion efficiency and increases emissions. To
ensure complete fuel oxidation, an excess air ratio of A=1.2 is assumed. Table 1 shows the

data of related substances after methane combustion.

Table 1.Data on Methane and Its Combustion Products

m [g] M [g/mol] n [mol] O,-req[mol] CO,[mol] H,O[mol]
CH,4 2442 16.04 152.244 304.489 152.244 304.489
The actual required oxygen:
No, = A - 304.489 = 365.387 mol 4

The molar fraction of oxygen in atmospheric air is 20.95%, with nitrogen constituting

78.08% of the composition. Consequently, the stoichiometric air requirement is determined

by:
Ngir = Zof‘g;% = 1744.09 mol (5)
The molar number of nitrogen gas is:
NN2 = N, X 78.08% = 1361.785mol (6)

The molar number of oxygen remaining during the combustion process:

= (A—1) - 304.489 = 60.898 mol ™)

r102, excess

Table 2.Data on the Components of Flue Gas

n [mol] M [g/mol] m [g]
CO, 152.244 44 6698.736
H,0 304.489 18 5480.802
0, 60.898 32 1948.736
N, 1361.785 28 38129.98
tot 52258.254
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Table 2 shows the composition of the flue gas, so the mass flow rate of the flue gas Mg is:
m.f = 52258.254 g = 52.258 kg/s

The specific heat capacity of flue gas Cp ¢ is adopted from Appendix 2 as , and that of water
Cp,w from Appendix 3 as . The mass flow rate of water p,, is derived through thermal

balance calculations:
m,f Cpf- (Tin,f - Tout, f) = mw ' Cpw- (Tout,w - Tin,w) (8)

where Tjj, ¢ is the flue gas inlet temperature (k), Ty 1 1s the flue gas outlet temperature (k),
m,w 15 the mass flow rate of water (kg/s), Toytw 15 the water inlet temperature (k), Tiqy 15

the water outlet temperature (k).
Mass flow rate of water |, ,y 1s:
Omw = 99.782 kg/s
The calculation formula for heat exchange capacity is:
Q= ms-Cpi (Tint— Toutr) )
So Q is:

Q =3348.693 kJ/s=3348.693 kW
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4 Design of heat pipe materials and parameters

The design of heat pipe components primarily involves the selection of working fluid,
envelope material, and fin configuration. The parametric design focuses on optimizing fin

geometry.

4.1 Working fluid selection

The selection of working fluids for heat pipes necessitates comprehensive consideration of
the following factors: chemical compatibility between the working fluid and envelope
materials to prevent corrosion, thermal stability of the working fluid, alignment of the heat
pipe's operational temperature range with the working fluid's phase-change characteristics,
and adequate thermal conductivity. Thermophysical properties of commonly employed

working fluids are provided in Table 3.

Table 3. Common working fluid for heat pipes

Working Medium Working Temperature / °C Recommended Pipe Material
Ammonia 60~100 Aluminum, Stainless Steel, Low
Carbon Steel
R-12 -40~100 Aluminum, Stainless Steel
R-134a -40~100 Copper, Stainless Steel
R-410a -50~60 Copper, Stainless Steel
Methanol 10~130 Copper, Carbon Steel
Acetone 0~120 Aluminum, Copper, Stainless
Steel
Water 30~250 Steel, Carbop Steel (with internal
chemical treatment)

The heat pipe operating temperature corresponds to the internal vapor temperature. Given
the heat transfer medium is water, the empirical coefficient a = 3 is applied. The

operational temperature at the flue gas inlet is calculated as:




19

Ty = @ low _ g5 75 (10)

1+a
where a is the empirical coefficient.

Flue gas outlet:

— Toutf+aTinw _ 85+3x75

Ty 1+a 1+3

=775 (11)

Water is selected as the working fluid based on its operational temperature range (30°C to
200°C), which aligns with the heat pipe's thermal requirements. Advantages such as low
cost, stable physical properties, environmental friendliness, and high latent heat capacity

make water a suitable choice for this application.

4.2 Envelope material selection

The envelope serves to isolate the working fluid from external environments while
maintaining vacuum conditions. Material selection requires chemical compatibility with
the working fluid (non-reactivity) and high thermal conductivity. Considering cost-
effectiveness, carbon steel is selected as the envelope material. To address chemical

incompatibility with water, the internal surfaces undergo chemical passivation treatment.

4.3 Heat exchanger orientation configuration

The HPHE is horizontally installed in the flue duct, with vertically oriented heat pipes
operating via gravity assistance. Internal baffles separate the evaporator (flue gas section)
and condenser (feedwater section), with gas-liquid flows perpendicular to the heat pipe
axis. This configuration offers advantages in simplified manufacturing, reduced costs, and

extended operational lifespan.

4.4 Inner diameter and wall thickness determination

Pipe diameter directly influences flow cross-sectional area and heat transfer surface area.

Larger diameters increase single-pipe heat transfer capacity (reducing required pipe
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quantity) and elevate operational limits. The design diameter must exceed critical

thresholds defined by two failure mechanisms: Sonic limit and entrainment limit.

At elevated temperatures, vapor velocity at the evaporator outlet may reach sonic
conditions, inducing flow choking. With Q = 5kW, the minimum inner diameter for sonic
limit avoidance is:

— Q  _
d=157 I 40mm (12)

where Qg is the heat transfer of a single heat pipe (kW), p_ is the liquid density (kg/m?),
py is the vapor density (kg/m?).

Increased vapor velocity under high thermal loads enhances vapor-liquid shear forces,
causing liquid entrainment that disrupts condensate return. The minimum inner diameter to

prevent entrainment is:

d= \/ 178% = 26mm (13)

mr(pr *25+py 0%) "2 [gr0-(pL—pW)]°
Where g is the gravitational acceleration (kg/s?), 0 is the surface tension (N/m).

The relationship among pipe length, single-pipe thermal power, and diameter is detailed in

Table 4.

Table 4. The relationship among the pipe length, power and pipe diameter

Lt (mm) Qo (kW) (mm)
500-1000 <1 16-25
1000-2000 <3 25-32
2000-3500 <7 32-60

Given the single heat pipe's thermal power capacity is typically below 7 kW, the
evaporator section length is determined as 2,000-3,500 mm. Considering thermal transfer

limitations, the inner diameter d; is specified as 45 mm.

The allowable pressure p, is derived from water-steel heat pipe standards (28.5 kgf/cm?).
Based on the evaporator temperature (145°C), the maximum allowable stress of the

envelope material is Opa=14 kgf/mm?2. The envelope thickness is calculated as:

_ pyv-d; _
s= 200050 1.83 mm (14)
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For safety reasons, take S = 3mm.
So the outer diameter of the tube is:

d, =d; +2s =51 mm (15)

4.5 Fin design

The flue gas side employs finned tubes to enhance heat transfer coefficients, while the
water side utilizes plain tubes to reduce flow resistance, minimize fouling, and facilitate

maintenance.

Fin materials commonly used in heat exchanger design include aluminum, copper, and
stainless steel. Aluminum fins exhibit superior thermal conductivity, corrosion resistance,
and cost-effectiveness, though their application is limited to low-pressure and moderate-
temperature environments due to material strength constraints. Copper fins demonstrate
excellent thermal performance and corrosion resistance but incur higher costs. Stainless
steel fins provide high-temperature durability and corrosion resistance but suffer from
lower thermal conductivity. Considering the operational temperature range and cost-

effectiveness of the designed HPHE, aluminum is selected as the optimal fin material.

Fin pitch critically influences fluid dynamic performance. Reduced fin pitch decreases the
minimum flow cross-sectional area, increasing air-side pressure drop. Additionally, fin
spacing must account for fluid cleanliness - dense fin arrangements (pitch <Smm) in gas-
fired boiler applications risk accelerated fouling from particulate contaminants. Therefore,
a standardized Smm fin pitch is adopted. Geometric specifications of the finned tubes are

detailed in Table 5.

Table 5.Parameters of the fins

Plain Tube Plain Tube . .

I Out Fin Outer Fin Fin Spaci Fin Heicht

nner outer Diameter Thickness 1 Spacing 1n Hielg Fin Material
Diameter Diameter Y/mm H/mm

/mm 0/mm
/mm /mm
45 51 91 1.5 5 20 Aluminum
fin

The specific parameter calculation of fin is carried out below.

The number of fins per meter in length:




_ 1000 __

The fin area per meter of heat pipe:

Atin = Npin - [2 3 (d = dg®) + 10 - 8] = 1.431 m?

The area of the smooth tube between the fins on each meter of the heat pipe:

A; = Ngp-Tt-dy - Y =0.123 m?
The area of the plain tube on each meter of heat pipe:
Ag=T-d,-1=0.16m?
Finning 3:

B = ArtAi =9713
Ao

(16)

(17)

(18)

(19)

(20)

22



23

5 Structural design of heat pipe heat exchanger

The structural design encompasses mass flux determination, length ratio optimization, and

tube bundle arrangement configuration.

5.1 Selection of inlet mass flux

Inlet mass flux directly impacts the convective heat transfer coefficient at the external pipe
surface. Elevated mass flux enhances turbulence intensity and heat transfer coefficients but
concurrently increases frictional pressure losses.

Flue gas side mass flux G; = 7 kg/(m? - s), water side velocity v, is 0.15 m/s, The
density of water (80°C) is found in Appendix 3, so the inlet mass flux on the feed water

side G, is:

Gy = pL -V = 145.77 kg/(m? - 5) (21)

5.2 Evaporator-condenser length ratio

The optimal length ratio is defined as the proportion between evaporator and condenser
sections that minimizes the total thermal resistance of the heat pipe. When the actual length
ratio matches this optimized value, the heat pipe achieves the minimum required heat

transfer area.

Table 6.Estimated heat transfer coefficient

Heat Transfer Coefficient from Outside to Inside

External Heat Transfer Characteristics (K, or Ky) (W/m?-°C)

Gas outside finned tube 40 x B
Water outside plain tube 2000 ~ 3000
Organic fluid outside plain tube 500 ~ 1000

The economic length ratio is calculated by the following formula and take K,, = 3000 W/
(m?- )and K =40-BW/(m?- ) from Table 6.
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Kw _
Leco = \/% =278 (22)

where K, is the convective heat transfer coefficient on the water side (W/m?-°C), K¢ is the

convective heat transfer coefficient on the flue gas side (W/m?-°C).

The length ratio of the heat pipe significantly impacts not only its economic performance
but also the internal working fluid temperature and pressure distribution. In typical design
practice, the length ratio of a heat pipe heat exchanger must first satisfy the safe length

ratio criterion. Set the maximum operational temperature [Ty] = 145

Safe length ratio:

_ Kw  [T=Touw _
[L] N Kf Tout,f_[TV] 148 (23)

The section lengths were determined based on practical heating process requirements:
evaporator section L at 3 m, condenser section L¢ at 1 m, and adiabatic section at 0.1 m.
The resulting actual length ratio of 3 remains below the safe length ratio threshold,

ensuring safe heat pipe operation.

The frontal area on the flue gas side is calculated as:

As = GLff = 7.465 m? (24)

Where A is the frontal area (m?), G is the mass flux (kg/m? - s).

The total number of fins on the finned tubes is determined by:

L
Nfin - Y_-l-fo =461 (25)
5.3 The selection of the arrangement of heat pipe tube bundles

Tube bundles may be arranged in either in-line or staggered configurations. Staggered
arrangements induce stronger fluid turbulence through enhanced flow disturbance
compared to in-line layouts, thereby improving convective heat transfer coefficients at the
expense of elevated pressure losses. Given the prevalence of staggered configurations in
engineering applications and their well-documented empirical performance data, this

design adopts a staggered arrangement.
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The pipe spacing in the direction of flue gas flow is St =120mm, the pipe spacing in the
direction of water flow is S, =108mm, and the thickness of the baffle is 4mm. Taking such
values can make the distances between three adjacent tubes form an equilateral triangle,

which is conducive to increasing the heat transfer coefficient.

The number of pipes in the first row on the flue gas facing side:

Nipe = = = 62 (26)

ST

Logarithmic Mean Temperature Difference (LMTD) Calculation:

AT = (Tin, = Tout, w)—(Tout, 7 Tin, w) =285 (27)

In Tin, f~Tout, w
Tout, f~Tin, w

Assuming an overall heat transfer coefficient Ko = 340 W/(m? - °C), the heat transfer area

is preliminarily estimated:

Q
Aesti = g7 = 345.58 m? (28)
Total number of heat pipes:
Aesti
Ntube, total — T[-do-th =719 (29)

Accounting for the staggered arrangement and incorporating a design margin, set the total

number of heat pipes is Nyype, total =744.

Number of rows of heat pipes:

_ 744

Nrows = 2 12 (30)

The actual number of selected heat pipe rows is 12, and the total number of actual heat

pipes is Nype totat = 738. The arrangement of the heat pipes is 62/61/62.
The actual heat transfer area is:
Aact =T do ’ I-f ) Ntube, total — 354.73 m? (31)

Heat transfer rate of each heat pipe:

Qo = —2— = 4538 kW (32)

Ntube, total
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Each row of heat pipes is designated as an independent flow channel, dividing the water

side into 12 passes. The flow area per pass is calculated as:
A, =1x (s, —4)=0.104 m?
Actual mass flux of water

Gw = ;"—'WW = 959.44 kg/(m? - s)

(33)

(34)
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6 Heat transfer calculations for heat pipes

The critical objectives encompass the determination of the overall heat transfer coefficient,
flue gas side pressure drop, and tube wall temperature.

6.1 Convective heat transfer coefficient on flue gas side

Midpoint temperature of the flue gas side:

Tomid =3 (Ting + Tourr) = 115°C (35)
Midpoint temperature on the water side:

Tuw.mid =3 (Tinw + Touw) = 79°C (36)

The ratio of the narrowest cross-sectional area of the airflow to the windward area is:

srl—(2) L—2N-o-H
- St-L¢

= 0.498 37)

Calculation of the mass flux of flue gas at the narrowest cross-section:

Gt max = % = 14.056 kg/(m? - 5) (38)

Relevant parameters for flue gas at the reference temperature of 100°C are obtained from
Appendix 2, while those for water at 80°C are sourced from Appendix 3, based on the
median operating temperature.

Convective heat transfer coefficient based on plain tubes on the flue gas side:

o’¢ = 0.1378 - (2—:) : (%)O-718 Pry/® - (£)07% = 94,501 W/(m? - °C) (39)

where [ is the dynamic viscosity (kg/m-s), Pr is the prandtl number.

Fin efficiency:

= (2%); = 22244 m~1 40
m= (22y: = 22244m (40)
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Figure 3. Fin efficiency diagram (Fang & Wang, 2015)

The fin efficiency Ny, = 0.95 is obtained from Figure 3, and the convective heat transfer
coefficient of the finned tubes is determined as:

o = G’f : B * Néin = 871994 W/(m2 . OC) (41)
6.2 Convective heat transfer coefficient on the water side

The ratio of the narrowest cross-sectional area on the water side to the windward area is:

_ ST'Lf_(Z'dTO)'Lf

St-Lf

=051 (42)

The mass flux at the narrowest cross-section on the water side:

Gumax = %W = 1881.255 kg/(m? - s) (43)

The heat release coefficient of the water-side plain tube

o, = 0.33 - (2—“:) : (W)O-6 - Pro3 = 7083.68 W/(m? - °C) (44)
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6.3 The overall heat transfer coefficient

The thermal conductivity of steel pipes is A = 45 W/m? - °C. The thermal resistance of the

pipe wall is:

Ruail = 52+ I (52) = 7.093 x 107 m? - °C/W (45)

Suppose the thermal resistance of dirt is Rgjyy = 0.001 m? - °C/W, The calculation formula
for the overall heat transfer coefficient is:

do
2:A

don L . 1 L _
'In(d_i)'ﬁ"'_'_f"'Rdirt) ! (46)

1 d do
=(—+—"- — ) 4+
0=( In(3) =

of  2:A
So gis:

o = 350.382 W/m? - °C

Heat transfer area:

- _Q _ 2
A= KoiT 335.343 m (47)

The actual heat transfer area A, = 354.73m2 calculated above is greater than 335.343 m?,
so it meets the design requirements.

6.4 Pressure drop

The flow resistance on the flue gas side is:

f=1893. (do'iff,maX)—o.sle _ (Z_Z)—o.sm _ (2_1)0.515 — 0337 (48)

Calculation of pressure drop:

. 2
Ap = f % = 85.731 mmH,0 = 841.22 Pa (49)

The general pressure drop on the flue gas side is approximately within 1000 Pa. Therefore,

the pressure drop of the heat exchanger designed in this paper is reasonable.
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6.5 Pipe wall temperature

When the temperature of the pipe wall drops too low to below the dew point of water, the
water vapor in the flue gas will condense into liquid water. During this process, water will
absorb elements such as sulfur to form corrosive water. Such water will corrode the wall of
the heat pipe. The calculation of the pipe wall temperature is based on the outer wall
temperature of the smooth pipe of the last row of pipes on the flue gas outlet side. The
calculation formula is:

Twal = Toutt — —2— = 74.17 °C (50)

OfT-dg-Ls

The temperature of this pipe wall is higher than the dew point of water (50°C), so dew

point corrosion will not occur. Therefore, the design is reasonable.
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7 Conclusions

This paper provides a detailed introduction to heat pipes and related heat exchangers, and
designs the heat pipe heat exchanger based on a 116MW gas boiler. This paper provides
the entire design process for the design issues of related gas-liquid heat pipe heat
exchangers, which can serve as a reference for other related projects. The relevant design
parameters are shown in Appendix 1, and the engineering drawings of the heat pipes and

heat exchangers can be found in Appendix 4.

The gas-liquid heat pipe heat exchanger designed in this study employs water as the
working fluid and chemically passivated carbon steel as the envelope material, configured
as a gravity-assisted system. This design demonstrates cost-effectiveness, structural
simplicity, and extended service life, while effectively recovering flue gas waste heat to
preheat feedwater. In the context of increasing global emphasis on energy utilization
efficiency, the proposed HPHE configuration aligns with contemporary industrial

requirements for sustainable thermal energy management.
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Appendix 1. Heat pipe heat exchanger design parameter table

Project Unit Parameter
Flue gas inlet temperature °C 145
Flue gas outlet temperature °C 85
Feedwater inlet temperature °C 75
Feedwater outlet temperature °C 83
Fin material aluminum
Fin outer diameter mm 91
Fin gap mm 5
Fin thickness mm 1.5
Number of fins per heat pipe 461
Heat pipe working fluid water
Heat pipe material Carbon steel (chemically treated)
Heat pipe specification mm 51*3
Heat pipe length mm 4100
Heat pipe arrangement staggered pattevl;ril;lclisv ;r;dd:irzltil and 62 on the
Heat pipe spacing mm The horizontal spacing is 120 and the vertical

spacing is 108

Number of heat pipes

738




Appendix 2. The thermophysical properties of flue gas

Density Specific Therma.ll. T.hern.ia.l DYnam.ic Kinecmati Prandtl
Temperatur (ke/m Heat cp | Conductivit | Diffusivit | Viscosit Viscosity | Numbe
e (°C) 5| (/kgeC | yAx102 | yaxio® |ygocof | 0o T
) (W/m-°C) (m2/s) | (kg/m-s) 2/s)

0 1.295 1.042 2.28 16.9 15.8 12.2 0.72
100 0.95 1.068 3.13 30.8 204 21.54 0.69
200 0.748 1.097 4.01 48.9 24.5 32.8 0.67
300 0.617 1.122 4.84 69.9 28.2 45.81 0.65
400 0.525 1.151 5.7 94.3 31.7 60.38 0.64
500 0.457 1.185 6.56 121.1 34.8 76 0.63
600 0.405 1.214 7.42 150.9 37.9 93.61 0.62
700 0.363 1.239 8.27 183.8 40.7 1121 0.61
800 0.33 1.264 9.15 219.7 43.4 131.5 0.6
900 0.301 1.29 10 258 45.9 152.4 0.59
1000 0.275 1.306 10.9 303.4 48.4 174.3 0.58
1100 0.257 1.323 11.75 345.5 51 197 0.57
1200 0.24 1.34 12.62 392.4 53 221 0.56




Appendix 3. The thermophysical properties of saturated water

Densit | Specific Thermal Dyncaml Kin.e mat Prandt surfac
Temperatu y Heat Conductivi | Viscosit Visclﬁsi ty 1 telfsio
re (°C) (kg/m*® | (kJ/kg: ty Ax10> | y px10°¢ V10 Numbe n
) °C) (W/m-°C) (kg/)m-s (m?/s) r Pr (N/m)
0 999.9 4212 57.1 1788 1.789 13.67 | 756.4
10 999.7 4.191 57.4 1306 1.306 9.52 741.6
20 998.2 4.183 59 1004 1.006 7.02 726.9
30 995.7 4.174 61.8 801.5 0.805 5.42 712.2
40 992.2 4.174 63.5 653.3 0.659 431 696.5
50 988.1 4.179 64.8 549.4 0.556 3.57 676.9
60 983.2 4.179 66.6 469.9 0.478 3.11 662.2
70 977.8 4.195 68.2 406 0.415 2.55 643.5
80 971.8 4.195 67.4 355.1 0.365 2.21 625.9
90 965.3 4.208 66.3 306.4 0.325 1.95 607.2
100 958.4 4.22 68.3 282.5 0.295 1.75 588.6
110 951 4.233 68 259 0.272 1.6 569.0
120 943.1 4.25 68.3 237.4 0.252 1.47 548.4
130 934.8 4.266 68.6 217.8 0.233 1.36 528.8
140 926.1 4.287 68.7 201.1 0.217 1.26 507.2
150 917 4313 68.4 186.4 0.203 1.17 486.6
160 907.4 4.346 68.3 173.6 0.191 1.1 466.0
170 897.3 4.38 67.4 162.8 0.181 1.05 443.4
180 886.9 4417 67.1 150 0.173 1 422.8
190 876 4.459 67 136.4 0.158 0.93 400.2
200 863 4.505 66.2 130.5 0.153 0.91 376.7




Appendix 4. Engineering drawings of heat pipes and heat exchangers
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