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Gas-liquid dimpled plate heat exchanger (DPHE) is an effective tool for recovering waste heat from the exhaust
gases of heat recovery boilers. This study tested the pilot performance of three new DPHEs and used compu-
tational fluid dynamics (CFD) to analyze the internal flow and heat transfer mechanisms. 3rd DPHE achieved
superior convective heat transfer coefficients, reaching 135 W/ (m?K) at flue gas flow rate of 10,000 m*/h, with
latent heat accounting for 40 % of the total heat transfer. In contrast, the 2nd DPHE performed less efficiently due
to insufficient latent heat transfer, contributing only 25 %. Larger dimple spacing stabilized the flue gas flow,
reducing unstable vortices and the effective heat transfer area. As the flow rate increased, latent heat, sensible
heat, and pressure drop all increased linearly. Re-Nu and Re-f models fill the data gap for heat exchange with low-
temperature flue gases in the transitional flow regime. Simulation results show that the initial dimple at the inlet
is the main source of pressure loss, accounting for approximately 20 % of the total pressure drop. Adjusting the
dimple angle can rapidly reduce the pressure loss. The macroscopic heat transfer mechanism of 3rd DPHE in-
volves twisted dimples that promote uniform flow distribution on the waterside and enhance flue gas turbulence,
thereby improving the heat exchange process. Additionally, the cold-side flow field distribution uniformly ex-
pands the condensation area (45 % vs. 25 %), rather than altering the heat transfer mode. Reducing dimple
spacing and increasing the twist angle are the optimal solutions for enhancing heat transfer efficiency and
reducing pressure loss.

Nomenclature (continued)
U Overall heat transfer coefficient At,  Mean logarithmic temperature
Qr Flue gas exothermic power [kW] Re Reynolds number [W/(m%K)] difference [K]
t Inlet temperature [K] Nu Nussle number A Total effective heat transfer area T Temperatures of the different
t Outlet temperature [K] f Fanning friction factor [m?] phases in the computational cell
Cp Specific heat capacity [J/(kg-K)] D Characteristic length of inlet [m] [°C]
Q Condensation power [kW] h Heat transfer coefficient [W/ g gravitational acceleration [m/s?] T Shear stress between different
(m?>K)] phases in the computational cell
Molar mass of water AP Pressure loss of the DPHE in flue [kg-m/s]
gas [Pa] S The source of additional mass for ~ F The interfacial force between the
R Ideal gas constant L Flow distance in the DPHE [m] the interphase transformation different phases [kg/m?-s%]
J/(mol-K) [kg/m®s]
P Pressure [Pa] P Average density [kg/m°] Subscript
Y Volume fraction of water vapor u Flow rate of the medium [m/s] f subscript indicates the flue gas s subscript indicates the steel
1 Volumetric flow rate [m?/s] u Average dynamic viscosity of the vap  subscript indicates water vapor w subscript indicates water
flue gas [Pa-s] con  subscript indicates condensation
m Mass flow rate [kg/s] t The thickness of the plate [m]
Q Average heat transfer power A Thermal conductivity [W/(m-K)]

[kw]
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1. Introduction

Climate warming and the shortage of energy have become problems
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that must be seriously considered for the development of society, which
is the largest public crisis encountered by humanity [1]. Energy con-
servation, emission reduction, improving energy efficiency, and
reducing greenhouse gas emissions are the inevitable trends for future
national energy development [2]. Research on efficient and reliable heat
exchanger equipment effectively solves the above problems, and
developing compact heat exchangers is the optimization direction [3].
Plate heat exchanger (PHE) is a compact device composed of corrugated
plates arranged at specific inclination angles, creating fluid flow and
heat transfer pathways between the plates [4,5]. High and
low-temperature fluids traverse distinct flow paths, low-temperature
fluid is surrounded by high-temperature fluid on both sides with
double-side heating. Conversely, high-temperature fluid is surrounded
by low-temperature fluid with double-side cooling. Compared to tradi-
tional shell and tube heat exchangers, PHE can achieve a 3 to 5 times
increase in heat transfer coefficient, which reduces footprints and lowers
operating costs for the same heat transfer capacity. However, due to the
more complex internal flow structure compared to other heat ex-
changers, researchers worldwide are actively engaged in making im-
provements and continuously proposing new flow design structures [6].

PHEs can be categorized into three types, Plate-and-Frame PHEs,
Brazed PHEs (BPHE) and Welded PHEs. Regardless of their types and
forms, the core of the PHE is the corrugated plate pack [7]. Structural
parameters of the corrugate and twist angle of the internal structure
have significant impacts on the performance of PHEs. It is essential to
draw on the relevant basis from the existing literature and carry out
simulation or experimental verification to design novel PHE with
excellent performance. Currently, Chevron plate heat exchangers
(CPHEs) enjoy the highest market penetration, and extensive research
has been conducted on their flow and heat transfer processes. The
geometric analysis of CPHE mainly focuses on the V-shaped angle. Li
et al. [8] used numerical methods to investigate the effects of chevron
angles (p = 30°, 45°, 60°), corrugation heights (H = 3, 5, 7, 9 mm), and
pitch (P = 15, 20, 30, 45, 60 mm) on flow and heat transfer, and ob-
tained the optimal solution. Focke et al. [9] explored the trends of Nu
(Nussel number) and f (friction factor) based on the changes in corru-
gation angles, and found that different flow regimes occur on both sides
of 60°. Zimmerer et al. [10] used visualization to obtain mechanisms for
flow regime variation with the V-angle. The effect of V-angle and
expansion coefficient of the corrugated area on heat transfer and flow
resistance was also experimentally investigated by Muley et al. [11].
Contemporary scholars are deeply concerned with various factors such
as the form, angle, spacing, and area of corrugations, thereby providing
valuable design insights for new PHEs. The heat transfer properties of
special fluids such as nanofluids and supercritical CO2 within PHEs have
also been scrutinized. Zheng et al. [12] experimentally investigated the
performance of nanofluids in a PHE, where Fe3O4-water and CuO-water
nanofluids showed the best and worst heat transfer performance. Zen-
dehboudi et al. [13] investigated the heat transfer and pressure drop
performance of supercritical CO, in brazed PHEs and clarified the
thermal resistance on the COj side is the main factor affecting the total
heat transfer. Zhang et al. [14] proposed a novel waste heat recovery
device for high-temperature exhaust gases, featuring multiple insert
combinations in gradient recovery heat exchangers. This design ach-
ieves a 25 % improvement in efficiency and a lower pressure drop
compared to traditional spiral insert heat exchangers. Zhang et al. [15]
investigated heat transfer in a flue gas heat recovery unit using a
real-time measurement database and derived a dimensionless relational
equation to account for condensation energy. Although experimental
methods can accurately capture the thermo-hydraulics of PHEs, the
studies are constrained by platform construction and associated costs. In
addition, it is difficult for researchers to observe the fluid flow in the
entire field to get the mechanism behind the variation of heat exchanger
performance. With the progress of numerical simulation, computational
fluid dynamics (CFD) has become an instrumental tool that comple-
ments experimental methods. In recent years, many scholars have
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utilized CFD to research and develop new types of PHEs.

Single-phase laminar flow of highly viscous fluid inside a PHE was
simulated by Han et al. [16] and obtained pressure, temperature, and
velocity field distributions. Based on numerical calculations, Mahmood
et al. [17] discovered that secondary flows were generated at the
concave-convex unit. Khail et al. [18] investigated the heat transfer and
mass transfer performance of dimple formation with a hyperbolic
tangent function shape under single-phase flow conditions, and found
that longitudinal turbulence has a greater impact on heat transfer than
transverse turbulence. Duan et al. [19] developed a PHE suitable for
thermal recovery of oilfield wastewater. Simulation results showed that
the corrugation height significantly influences the average Nu and
pressure drop in the corrugated channels. Tran et al. [20] determined
the heat transfer capabilities of corrugated PHE within Re ranging from
700 to 8000. Under optimal combinations of wave amplitude, plate
spacing, plate thickness, plate length, and plate height, the maximum
heat transfer coefficient achieved was 150 W/(m?>-K).

Tang et al. [21] studied the performance of a novel H-type finned
tube heat exchanger within the Re range of 6833-20500. The results
indicated that the optimal fin size combination at Re = 7000 corre-
sponds to Nu of approximately 40. Nguye et al. [22] proposed an
innovative PHE design with symmetric wing-shaped corrugations and
studied the effects of corrugation angle, spacing, reflector arrangement,
and small wing profiles on heat transfer performance. The results
showed that the corresponding Nu ranged from 60 to 100 for Re between
4600 and 8400. Han et al. [23] developed a novel heat exchanger uti-
lizing wing fins and established the dimensionless equation, showing
that when the flue gas side Re from 1300-1600, the corresponding Nu is
13. Feng et al. [24] proposed a novel H-type integrally formed spiral
finned tube heat exchanger for waste heat recovery. Additionally, the
relationship between Re and Nu was established through simulations,
with Nu ranging from 30 to 100 corresponding to Re between 5000 and
45000. All the results indicated that CFD is an excellent tool for studying
heat transfer and mass transfer mechanisms.

In recent years, researchers have continuously proposed other forms
of PHEs. Jiang et al. [25] designed capsule-PHE and used numerical
simulations to elucidate the influence of capsule geometry on heat
transfer performance. Their findings demonstrated that capsule-PHEs
show higher heat transfer coefficients and lower frictional pressure
drops in comparison with CPHEs. Fluid impingement and vortex gen-
eration play a crucial role in optimizing heat transfer performance. Xuan
et al. [26] introduced the Dimpled plate heat exchangers(DPHE), which
incorporate secondary flow and disrupt the boundary layer [27,28].
Dimples can be asymmetric and generate vortices to alleviate fouling.
DPHE combines the advantages of flexible flow section area and coun-
terflow, making it a research focus for novel low-temperature PHEs. The
dual carbon strategy has promoted the widespread application of gas
turbines. Consequently, how to efficiently recover waste heat from
combustion turbine exhaust has become a priority for heat supply in
northern China. Gas turbine exhaust often contains a large amount of
water vapor, and the condensation of the vapor in the heat exchanger is
a complex process [29]. Therefore, research and development of
gas-liquid PHEs containing condensing vapors is a trend in heat
exchanger research. Intensity of vapor condensation in PHEs depends on
different factors, including the geometry of the flow path, the heat
exchanger surface material and the thermophysical properties of the
condensed material [30,31]. Eldeeb et al. [32] discussed the utilization
of empirical equations to obtain heat transfer coefficients for vapor
condensation, but mainly for refrigerants. For vapor condensation, the
semi-empirical formulas proposed by Tovazhnyanski et al. [33] and
Thonon et al. [34] have excellent accuracy in predicting the heat
transfer coefficients but only take into account pure steam condensation
processes. Ambrosini et al. [35,36] studied the heat transfer character-
istics of steam and natural gas mixtures in heat exchangers using stag-
nation film and turbulent boundary layer theories. They suggested that
the correlation method can be used to calculate the convective heat
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Fig. 1. Three types of DPHE

Table 1
Detailed dimensions of the three DPHEs.
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sizes and specifications.

I; (mm) I, (mm)

& (mm) t (mm) 2p (mm) a (mm) b (mm) 9
1st DPHE 25 10 1 1.5 11 10.5 15 0
50 25 1 1 8 15 25 0
2nd DPHE
25 10 1 1.5 11 10.5 15 45°
3rd DPHE

transfer coefficient for single-phase flow. In addition, the pressure drop
of the two-phase flow of mixed steam and condensed liquid in the
microchannel is also significant. Kim et al. [37] employed experimental
methods to obtain pressure drop data for two-phase flow in micro-
channels, but no analogies can be drawn within other channels.
Kapustenko et al. [38] developed one-dimensional mathematical model
for portraying the pressure drop of air-steam in PHE with a relative
average error of only 11.4 %. In conclusion, the new PHE to recover
waste heat from flue gas-containing steam is a challenging and mean-
ingful research point.

A thermal power plant in northern China uses natural gas to realize
dual electricity and heat output. However, the high-temperature flue gas
emissions during operation hinder the maximization and deep

utilization of natural gas energy. Exhaust flue gas from the gas turbine
often contains a certain amount of water vapor. Heat transfer process
will generate certain amount of condensation by forming gas-liquid two-
phase flow, which constitutes the difficulty and focus of the current
development of the new PHE. In this study, three new DPHEs involving
condensation for industrial applications are proposed and the optimal
dimpling form is clarified based on the performance test with 10000 m®/
h flue gas on the pilot platform. The optimal dimple form and mecha-
nism are determined based on heat exchange and pressure loss tests in
the pilot platform, which have been proven to outperform other flue gas
waste heat recovery devices in the literature. Dimensionless relationship
equations of three DPHEs are derived and analyzed to provide the
theoretical basis for the subsequent modification. Additionally, the



X. Liu et al.

Table 2
Measurement uncertainty of each parameter in the system.

Measured Flow Temperature/K Pressure/ Differential
parameter rate/ MPa pressure/kPa
(m®/h)
Accuracy 1% +0.15 +0.15 1.6 % 25%
(tolerance
value)
Range 0-50 273-1273  273-1273  0-0.4 0-200
Location Cold Cold Hot Cold Hot

mechanism of heat exchanger performance enhancement was studied
based on CFD, and the main reasons affecting heat exchanger perfor-
mance were clarified, which provides the direction and ideas for
developing a new type and high-efficiency heat exchanger.

2. Experimental system and process
2.1. Basic parameters of three types of DPHEs

Three views and corresponding parameters of the three DPHEs are
presented in Fig. 1 and Table 1. In this study, the proposed DPHEs are
fabricated from single plates formed by mold stamping. Two plates are
brazed together to form the water-side flow channels. Finally, two sets of
plates are stacked to create the test module. Flow behavior of flue gas
and water is illustrated using the 2nd DPHE as an example. As shown in
Fig. 1 (e), the flue gas flows along the +Z direction, and sweeps across
the dimples for heat exchange, while the water flows downward along
the +X direction, with the flow directions of the gas and water being at
90°. 1st DPHE has cross-flow channels between the dimples to facilitate
the migration and aggregation of water. 3rd DPHE is of the same type as
the 1st DPHE. However, the dimple on one side of the plate is rotated 45°
towards the -X direction in the 3rd DPHE. Cooling water flows through
the cross-flow channels and dimples, while high-temperature flue gas
sweeps across the dimples in the gap. 2nd DPHE also has dimples but
lacks the cross-flow channels connecting the dimples. Water flows
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through the gaps between the two plates and aggregates in the dimples
as shown in Fig. 1 (f).

In comparison with the 1st and 3rd DPHEs, the 2nd DPHE has smaller
dimple pitch and flatter, larger dimple. The longitudinal spacing of the
dimples in the 1st DPHE is half that of the 2nd DPHE, and the dimple
height in the 1st DPHE is also greater than that in the 2nd DPHE. The
different dimple shapes lead to significantly different flue gas flow
patterns. The comparison of these two basic DPHEs provides insights
into how dimple height and spacing specifically affect heat transfer
performance.

2.2. Measurement uncertainty of test media and parameters

The media on both sides of the heat transfer surface is flue gas and
water, with flue gas on the hot side and water on the cold side.
Parameter measurement uncertainty was shown in Table 2. All tem-
perature data were collected in real-time by Agilent (Agilent 34970A),
and the data were collected once every 6 s and transferred to the com-
puter for recording. An electromagnetic flow meter collected the flow
rate in real time, and RS485 was used to communicate with the com-
puter. The inlet and outlet pressure on cold side were displayed by
shockproof pressure gauges and collected by manual readings. In a
specific set of experimental conditions, the water-side pressure was
determined by averaging three readings. Measuring holes were punc-
tured at the center of both the front and back sides of the flue gas. The
four measuring holes in this section were interconnected in parallel
through copper tubing to measure the flue gas pressure. The pressure
drop before and after the experimental section was measured using a
rubber hose connected to the Testo 435 multifunction meter. The vapor
fraction content of the flue gas was measured by using an HMS545P
portable water meter in flue gas with an instrumental measurement
uncertainty of +2 %. Flue gas flow rate was obtained using the Testo
435 multifunction meter.

- z Sl Ml
: i
spoiler  grill plate Inlet Flud Outlet Flue
N 7 i Ln" ﬂ - 7 e
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Fig. 2. Flow diagram of the experimental system.
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Table 3
Parameter statistics for test cases.
Variable unit Case 1 Case 2 Case 3 Case 4
Inlet flow rate of flue gas ~ m®/ 9600 8100 13000 6800
h
Inlet temperature of flue K 348.00 348.00 348.00 348.00
gas
Water content in flue gas  g/kg 48 48 48 48
Inlet flow rate of cold m®/ 22.00 22.00 22.00 22.00
water h

2.3. Experimental system and procedure

The schematic diagram of the experimental system is shown in Fig. 2
and the whole experiment is carried out in a hot air duct, including a flue
gas system, parameter measurement system and tap water system. Fig. 2
gives a field photo of the horizontal flue and the test module with the
specific form of dimples inside the heat exchanger. The relevant in-
struments and corresponding operational procedures were also clarified.
OIL BURNER(BT 75LR, min: 35 kg/h, 415 kW; max: 75 kg/h, 889 kW)
produces hot flue gas by burning oil, and inducer fan(1450 rpm and 45
kW) brings the flue gas into the DPHEs for heat exchange with the cold
medium. Finally, the exchanged flue gas is discharged into the envi-
ronment through the chimney. All pipelines were covered with a certain
thickness of insulation cotton to reduce heat loss. Measurement system
includes Agilent 34970A, Testo 435 multifunction meter, and HMS545P
portable water meter. Remaining instruments are flow meters and
thermometers. All parameters that should be measured during the
experiment are the inlet and outlet flue gas (cold water) temperature,
flue gas (cold water) flow rate, pressure drop, and water vapor content
before and after the experimental section. The average temperature is
taken as the inlet and outlet flue gas temperatures which are measured
by 12 thermometers as shown in Fig. 2, reducing the measurement error.
Specific experimental steps are as follows.

(1) Activate the soft water processor and steam boiler to generate
steam;

(2) Start the induced draft fan and oil burner to produce flue gas;

(3) Adjust the inlet flue gas flow and the oil supply pressure of the oil
burner to regulate the inlet flue gas temperature, until it ap-
proaches the target value for the test condition;

(4) Open the steam valve and continuously adjust it to approach the
target value;

(5) Re-adjust the oil supply pressure to maintain the inlet flue gas
flow, temperature, and steam concentration at the target values,
then begin the experiment;

(6) Record the Agilent time when the three variables align with the
target values to obtain 26 temperature points and the water flow
rate. Simultaneously, the flue gas flow, pressure drop and the
inlet water vapor concentration were measured (averaged over
40 s to measure fluctuations);

(7) Repeat each experimental condition six times to minimize errors
in subsequent data processing.

In this study, three DPHEs were evaluated on the pilot platform and
the specific experimental conditions are outlined in Table 3 below. Cases
1, 2, and 3 were conducted for 2nd and 3rd DPHEs, while 1st DPHE was
tested for cases 1, 2, and 4. The only variation was the flue gas flow rate,
while vapor content and flue gas temperature were maintained constant.
The flow and heat transfer performance of different DPHEs are evalu-
ated by varying the flue gas velocity, enabling a comparison of the
DPHEs.
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3. Data processing process
3.1. Basic data processing

Heat-transferred power was used to describe the heat exchanger
performance, flue gas exothermic power Q is calculated using Eq. (1),
my is flue gas mass flow rate, kg/s; t;' is inlet flue gas temperature, K; t;' is
outlet flue temperature, K; ¢, is the specific heat of flue gas at constant
pressure, J/(kg-K). Q; is water vapor condensation power of flue gas,
calculated by determining the volume fraction of water vapor before and
after the heat exchange process as shown in Eq. (2). M and R are the
molar mass of water and the ideal gas constant, respectively. Py, is the
partial pressure of water vapor, Y is the measured volume fraction of
water vapor and V is the volumetric flow rate of the flue gas, m®/s.

Q=Q+Q=my(t—t)cp +Q M
2MP, Y V 2MP, Y
Qi ="Titeon AH= AH( L ‘3 )
Rty +t)  R(t'+¢)
Qw =m, (tw, - tw/)(:p,w (3)

Eq. (3) was used to calculate the power absorption of water, m,, is the
mass flow rate of water, kg/s; t,/ is inlet water temperature, K; t,’ is
outlet water temperature, K; c,,, is specific heat of water at constant
pressure, J/(kg-K). The average heat transfer power Q, was calculated
using Eq. (4); U is the total heat transfer coefficient, W/ (m?K); A is total
effective heat transfer area, m%; At,, is the mean logarithmic temperature
difference of countercurrent arrangement, K; U of the DPHE can be
obtained by combining Egs. (4)-(7).

Q=(Q+Qu)/2 (4
Q =UAAt, (5)
) /2
U= % (6)
pp= =)~ -8 @)
ni
bt

3.2. Deep data processing

Re, Nu and f are essential indicators for evaluating the performance
of novel DPHESs, and the calculation equations are as shown in Eq. (8),
where D indicates the characteristic length of the inlet is obtained by the
basic calculation of 4 times the flow area divided by the perimeter of the
flow area, m; 1 indicates the thermal conductivity, W/(m-K); h indicates
the heat transfer coefficient, W/ (m2~K); AP indicates the pressure loss of
the flue gas passing through the DPHE, Pa; L indicates the flow distance
in the DPHE, m; p indicates the average density in the DPHE, kg/m3; u
indicates the flow rate, m/s; p indicates the average kinetic viscosity
flowing through the DPHE, Pa-s.

:Dh 2DAP Re — pDu

Nu="" f= =
u/lf Lpu? u

®

hy in the above equation is calculated by Eq. (9), wherein t denotes the
thickness of the DPHE, m; As; denotes the thermal conductivity of the
DPHE, W/(m-K); hy, is the convective heat transfer coefficient of the
waterside, W/(m?-K); wherein hy, is an unknown quantity, and the Nu of
waterside is obtained by Eq. (10) [39]. In summary, the heat transfer
coefficient hs on the flue gas side can be obtained through U, h,, and ¢,
which leads to a series of dimensionless numbers.
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Table 4
Uncertainty of indirect parameters.

Experimental parameters Maximum uncertainty (%)

Qs 2.20 %
Q 2.00 %
Q 1.74 %
U 1.98 %
Re 1.00 %
Nu 2.42 %
360
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Fig. 3. Energy balance validation of hot side (flue gas) and cold side
(water side).
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3.3. Uncertainty analysis

Many quantities often cannot be measured directly in scientific ex-
periments and production practice, requiring indirect measurement
methods. Q,U, Re and Nu cannot be measured directly and must be
obtained by measuring elements, flow rate, temperature and other fac-
tors. Indirectly measured quantity N is obtained from the directly
measured quantities x y through the functional relation N = f (x, y, ...).
Since there are errors in the direct measurement devices, there must be
uncertainties in the indirect measurement elements as well. Considering
the statistical nature of the uncertainty synthesis, the "square and root"
synthesis is generally used to estimate the standard uncertainty of in-
direct measurements. If the indirect measurement N is the sum or dif-
ference function of the direct measurements x, y, and z, it is more
convenient to use Eq. (11) to calculate AN; if the indirect measurement N
is the product or quotient function of the direct measurements x, y, z, the
relative uncertainty of AN/N was calculated first and then calculated AN
through the relative uncertainty. This study calculates Q, U, Re and Nu
from the directly measured elements, and specific uncertainty formulas
are given in Egs. (13) and (14). Results of uncertainty calculations for
each experimental parameter are shown in Table 4. In addition, typical
calculation procedures and corresponding program codes for Nu and Re
can be found in Supporting Material S1. The uncertainties for both Re
and Nu are not greater than 3 % respectively due to the use of mercury
and higher precision electronic thermometers.
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4. Results and discussion
4.1. Comparison of basic working conditions of three DPHEs

Fig. 3 shows that the error between the flue gas side and water side of
the heat exchanger is approximately 5 %, which meets ANSI/ASHRAE
33 Standards. The accuracy of the system was ensured, and the experi-
mental data were calibrated subsequently. Case 1 serves as the basic
condition for comparing the variation trends of critical parameters for
the three DPHEs. As can be seen from Fig. 4 (a), four comparison pa-
rameters were selected, which are Q;, Q;, Q;, and U. First, Qs of the three
DPHESs are not significantly different, which of the 3rd DPHE is the
largest, followed by 2nd DPHE and 1st DPHE. The Q; of 1st and 3rd
DPHE is significantly higher than that of 2nd DPHE (about 1.5 times of
2nd DPHE), indicating that the latent heat transfer mechanism of 1st
DPHE and 3rd DPHE was inconsistent with that of 2nd DPHE. Internal
flow channel structure of 1st and 3rd DPHE can significantly promote
the condensation and heat release of water vapor in flue gas. When
comparing Q; of the three heat exchangers, the 3rd DPHE has the highest
heat transfer power, about 240 kW, followed by the 2nd and 1st DPHE.
The difference in heat transfer capacity of different heat exchangers is
mainly caused by the significant difference in Q;, which also indicates
the main research direction of developing new DPHE. Larger dimple
spacing results in more stable flue gas flow, reducing unstable eddies
and the Coanda effect, thereby lowering the overall heat transfer per-
formance. Moreover, longer dimple spacing reduces the water-flue gas
heat exchange area, thus weakening the heat transfer performance.
However, although turbulence enhances heat transfer, it also increases
pressure loss, leading to high-pressure losses in subsequent heat recov-
ery devices, causing the gas turbine to operate abnormally. Moreover,
the 3rd DPHE has the highest U under the same condition, about 125 W/
(m2K). Although the Q; of 1st DPHE is higher than that of 2nd DPHE, the
U of the two is almost the same 100 W/ (m2~K), mainly because the heat
transfer area of 2nd DPHE is smaller than that of 1st DPHE. Neverthe-
less, the experimental results of the three DPHESs are significantly higher
than the convective heat transfer coefficient of other DPHESs proposed by
Lin et al., about 25~70 W/(rnz-K) [40]. This indicates that the three
DPHE:s proposed in this work have better performance, especially the
3rd DPHE, which will be discussed in detail below.

Fig. 4 (b) (c) (d) shows the changing trend of heat transfer parame-
ters concerning the flow rate. Although 1st DPHE and 3rd DPHE belong
to the same plate type, their characteristics exhibit significant differ-
ences. As shown in Fig. 4(b) and (d), the U of the two DPHEs shows
different trends as the flow rate changes and the U of the 1st DPHE plate
increases rapidly with the flow rate increase. Conversely, the U of the
3rd DPHE tends to stabilize with an increase in flow rate. This phe-
nomenon is primarily attributed to the significant alteration of the flow
field caused by torsional dimple, as evidenced by the substantial dif-
ference in pressure loss. High flow rates corresponding to larger U values
indicate that the maximum flue gas handling capacity of 3rd DPHE



X. Liu et al.
250 1250
1st PHE =
2nd PHE
200 + 3rd PHE 7 1200
=5
1501 . {150 &
2 | &
< S
Q <
100 100 S
b
50 ?iigf 150
o
0 —— n T kg 0
Os ol Ot U
(a) Comparison of three DPHEs
340 125_ X -300
320 Qs (kW) 120l E
300 4—— QI (kW) - z 280
QW) T2 260
. s
240 ] .-
220 - [0
2200 ] & 220
=180 4 N
Q160 <t 200
140
120 L 180
100 51
804 [ — 160
60
404 - 140

8000 9000 10000 11000 12000 13000
Flow rate (m*/h)

(c) 2" DPHE

International Journal of Thermal Sciences 211 (2025) 109716

—— QI (kW)
—=—ONLW) 120
2207 |[—*— Qs (kW) & 500
e 2. =
200 __:__g},(“{,/(m ) wls —*
(Pa) | T oo
) == 100 | %t i Lo
160 L7 g
B i £
90 <
5140- ; —F &t 350
= / 2 ///4 <
QJ120— L 2z
= + 300
100 - i - o
2 . 4 r
804 &
60
60 : . . . ; : 200
6500 7000 7500 8000 8500 9000 9500
Flow rate (m*/h)
(b) 1 DPHE
<
3y r 360
= L340
5 F320
L300
- 280
~1260
|
&l 240
SF 220
F200
L 180
F 160
F140
120

T T T T T T
8000 9000 10000 11000 12000 13000

Flow rate (m>/h)

(d) 3 DPHE

Fig. 4. Comparison of basic working conditions of three DPHEs and the variation trend of each PHE parameter with flue gas flow rate.

P ®m  1st PHE Equation Nu=CxRe"m
105 :
e 2nd PHE € 0.75+0.33
1007 4 3rd PHE m 0.58+0.05 A
95 TFitted equation Re2 = 0.88 4
90 1st PHE
851 2nd PHE
80 3rd PHE
s 754
= 70
651 /
60 - u
55 Equation Nu=CxRe”m | Equation Nu=CxRe“m
50 se C 1.95£1.10 C 0.0160.01
45 1 m 0.43+0.07 m o 1.0420.098
40 R"2 0.88 R72 0.88

2000 2400 2800 3200 3600 4000 4400 48C
Re

(a) The relation of Re-Nu

0.80
] Equation = f=BxRe”h Equation f=BxRe"h
0.75 4 B 46.01+£26.61 B 0.34+0.099
] h -0.54+0.07 h 0.083+0.035
0.70 - ) 0.77 R"2 0.87
0.65 1 = Equation  f=BxRe”h
1 B 78.77+69.44
~0.60+ h -0.610.11
1 R”2 0.73

0.554 =
4 ® 2nd PHE
0.50 A 3rd PHE

|[Fitting Equation
Ist PHE
0.45 1 2nd PHE

1——3rd PHE A
0.4() - —

2000 2500 3000 3500 4000 4500 50C

Re

(b) The relation of Re-f
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exceeds that of 1st DPHE, which is already at a bottleneck near the test
conditions. Besides differing trend variations, the U of the two DPHEs
also exhibit notable differences. At the same flow rate, U is approxi-
mately 90 W/(mZ-K) for 1st DPHE and about 108 W/(mZ-K) for 3rd

DPHE, indicating a significant disparity. Of course, the exact reason
needs to be further clarified with the help of transparent DPHE or CFD,
which were discussed in the following chapter. In addition, Qs, Q;, and Q;
all increase continuously with the change in flow rate, as shown in
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Table 5
Results of previous studies for comparison.
Heat Heat Nu-Re or h-Re Comparison References
exchange exchanger point
medium configuration
Hot air- Airfoil finsheat ~ Nu:11-15 Re = 2100 Reference
cold exchanger Re:800~2100 Nu =15 [23]
water
Oil-gas- PHE Nu:60-150 Re = 4500 Reference
water Re:3000~12000 Nu =80 [19]
three-
phase
fluid
Flue gas- Condensing Nu:10-33 Re = 2172 Reference
water flue-gas heat Re:696~2172 Nu = 33 On- [15]
recovery unit site
Hot air- Air-foil Nu:70-120 Re = 4500 Reference
cold corrugated Re:4500~8500 Nu =70 [22]
medium PHE

Fig. 4. However, there must be a fixed value of Q, which will not change
with an increasing flow rate to maximum processing capacity. The
trends in critical parameters can reflect the differences in heat exchange
modes to a certain extent. The U value of 2nd DPHE gradually tends to
be gentle with the flow rate change, indicating that the 2nd and 3rd
DPHE may have the same flow and heat transfer processes. Turbulence
enables 3rd DPHE to have the best heat exchange capabilities, although
it may have higher pressure losses. By examining the pressure losses, it is
evident that the 3rd and 2nd DPHE have the most minor pressure losses,
about 160 Pa, while 1st DPHE has the highest, approximately 350 Pa.
Therefore, an appropriate structure can achieve the dual benefits of
enhanced heat exchange and reduced pressure loss. Moreover, the
pressure loss, Q;, Qs, Q;, and flue gas flow rate all showed a linear trend
within 6000~13000 m>/h within the three DPHEs, providing a partic-
ular direction for predicting other gas-liquid DPHE performance pa-
rameters of the same type. Significant differences in pressure and
temperature distributions cause a more extensive distribution of
condensate within 3rd DPHE, and the resulting film flow of condensate
also alters the heat transfer process, leading to an excellent performance.
In summary, the 3rd DPHE possesses the strongest heat exchange ca-
pacity and the lowest pressure loss, which requires an appropriate
structure to generate turbulence conducive to heat exchange.

400
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4.2. Overadll performance evaluation of DPHEs

Based on previous studies [23,41-43], the criterion of the Nu to Re
for DPHE can be expressed in the form of Eq. (15) and Fig. 5(a). In
general, for the heated fluid n = 0.4 and the cooled fluid n = 0.3, urand
uy, are the fluid dynamic viscosity corresponding to fluid temperature
and wall temperature. Establishing a heat exchange model for novel
DPHE requires obtaining C and m from a large amount of experimental
data. A dimensionless relation for the flow heat transfer on the flue gas
side is derived as follows. Temperature of flue gas decreased from 348 to
303 K based on the tested data. Therefore, the average temperature of
325 K is taken as the characteristic temperature. According to the
mathematical model fitted by former scholars, the Pr of flue gas at this
characteristic temperature is 0.74, and the (uz/u,)"0.14 is 1.02. On this
basis, determine C and m for the three DPHEs according to the fitting
results. As shown in Eq. (16), the C of 1st DPHE is 1.95, and m is 0.4276;
the C and m of 2nd DPHE are 0.016 and 1.038, respectively. The C and m
of the 3rd DPHE were 0.75 and 0.5825, respectively. It can be seen that
1st and 3rd DPHE have similar C and m, while 2nd DPHE has a
completely different C and m, which proves that different foundation
plate types determine the C and m of the fitting formula. m reflects the
heat transfer performance of the heat exchanger, and the larger m cor-
responds to the better heat transfer capacity. 3rd DPHE has the best heat
transfer performance when Re is 4400 corresponding to Nu of 100.
Table 5 gives the studies on flue gas recovery and some new DPHEs in
the last three years. For comparison, Re = 2100 and 4500 are used as
comparison points. Since the minimum Re of 3rd DPHE is 2400, but
based on the trend change, it can be inferred that the Nu is about 65 at
Re = 2100. Comparisons of literature [15,19,22,2.3] fully prove that the
3rd DPHE proposed in this work has more excellent heat transfer
performance.

In addition to heat transfer performance, pressure loss is a crucial
indicator of DPHE. The resistance encountered by the fluid in the flow
process mainly includes friction and local resistance. The focus of the
DPHE resistance experiment in this paper is to obtain the influence of
different geometric designs on the resistance, mainly considering fric-
tion resistance. Fanning friction factor (f) is used to evaluate the fluid
flow performance, and the lower value indicates better fluid flow per-
formance. The form of Fanning friction factor criterion equation was
summarized by previous scholars as shown in Eq. (15). Dimensionless
correlations of the resistance of the three DPHEs were obtained by fitting
analysis in Eq. (17). f decreases with an increase in flue gas flow rate for
both 2nd and 3rd DPHE in Fig. 5(b). Although the pressure drop of the
fluid increases with increasing flow rate, the average velocity of the fluid
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130 R
A
2120 “ -
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= 1101
% A‘ﬁ'
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Fig. 6. Re-Q; dimensionless relationship of three DPHEs and the comparison dimensionless relationship of Re-U.
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Fig. 7. Grid meshing and boundary conditions of 1st and 3rd DPHE.

increases significantly at the same time, resulting in a gradual decrease
in f. Change in the f of both 2nd and 3rd indicates that the fluid flow
performance increases with the increase of the fluid mass flow rate, but
the enhancement effect decreases gradually. f of 1st DPHE remains
almost constant with increasing flow rate, indicating that the fluid flow
performance does not improve with increasing flow rate. In the transi-
tion region (2000 < Re < 4000), the flow state gradually shifts from
laminar to turbulent, and the fluid behavior becomes unstable, charac-
terized by both laminar features and turbulent disturbances. This results
in more complex variations in the friction factor, which cannot be
described by a simple formula. The design of 1st DPHE may lead to more
pronounced flow irregularities or transitional phenomena. Fluid
behavior becomes unstable, exhibiting both laminar characteristics and
turbulent disturbances. As a result, the variation in the friction factor
becomes more complex. The author believes 1st DPHE performs the
worst due to higher pressure losses and poorer heat exchange. Overall,
the dimensionless correlations of heat transfer and pressure loss of three
novel gas-liquid DPHEs are obtained, which have a theoretical guiding
significance for condensation-involving DPHE.

0.14
Nu=CRe™ Pr" (g) f=BRe" (15)

w

Fig. 6 (b), the U increases with the rise in flue gas flow rate, consistent
with the conclusions of Zhou et al. [44]. Although the U of 2nd DPHE is
smaller than that of 3rd DPHE, the Q; of the two DPHEs is close because
the heat transfer area of 2nd DPHE is larger than that of 3rd DPHE.
Given a smaller U and heat transfer area, 1st DPHE has the minimum Q,.
Additionally, there is a slight flat stage in the later stage, indicating that
the U of the three DPHESs shows a linear trend within the range of design
conditions. As the flow rate increases, the U of the 3rd DPHE can reach
about 150W/ (mz-K), followed by the 2nd and 1st DPHE. To sum up, the
3rd DPHE has the best heat transfer and pressure loss performance based
on comparing U, Q; and f. Considering the 3rd DPHE is a modification of
1st DPHE, the next focus is to analyze the heat transfer mechanism of 3rd
DPHE and provide direction for subsequent optimization of DPHE.

4.3. Modeling and simulation verification of 1st DPHE and 3rd DPHE

Comparisons of critical indicators confirmed that the heat transfer
and pressure loss performance of the 3rd DPHE has been significantly
improved by twisting one side of the dimples to 45°. Understanding the
fundamental mechanisms is the basis for optimizing the internal struc-
ture of DPHES. Therefore, 1st and 3rd DPHESs are modeled and meshed in
this study to identify synergistic enhancement mechanisms through the
results of CFD. Fig. 7 displays the three-dimensional models and mesh
diagrams of the 1st and 3rd DPHEs, respectively. Since the shapes of the
left and right plates of 1st DPHE are identical, this work only completed

0.14
Nu(igpury = 1.95Re*#%76 pro3 <%) {3000 < Re < 5000,0.73 < Pr<0.74,1.0 < ,lj_f < 1.1}
w w
ﬂ 0.14 ’u
Nu(ongprr) = 0.016Re™ %% Pr03 (—f) {2000 < Re < 4000,0.73 < Pr < 0.74,1.0 < L < 1.1} (16)
w w

Nu(zgprr) = 0.75Re”% Pro3 (’if

w

Faswrm) = 0.34Re®%3{3000 < Re < 5000}
Fionarrr) = 78.77Re "1 {2000 < Re < 4000} an
Fiaraprry = 46.01Re ***{2000 < Re < 5000}

Fig. 6 (a) shows the variation trend of Q; with Re increased for three
DPHEs, which shows an approximately linear trend with the increasing
Re. The increase in flue gas flow rate enhances the heat dissipation ca-
pacity. At the same time, the shorter residence time of the flue gas in the
DPHE increases the temperature difference for heat exchange with cold
water, leading to improved heat transfer performance. Combined with

0.14
) {2000<Re<5000,0473<Pr<0.74,1.0<”—f< 1.1}

w

the modeling of half of the internal flow channel structure and set some
of the wall surfaces as symmetrical boundaries to reduce the computa-
tional workload. Due to the asymmetry between the left and right sides
of the plates in 3rd DPHE, it was necessary to complete the modeling of
the entire internal flow channel structure. Mathematical and physical
boundary conditions of the internal flow channel structures of 1st and
3rd DPHE are shown in Fig. 7. Numerical calculations have been per-
formed in this paper using Ansys Fluent 2022R1 according to several
scholars. Specific control equations are referencing to Duan et al. [19]
being given below, Eq. (18)-(29). In the governing equations, u and T
denote the vector velocities and temperatures of the different phases in
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100 Table 6
IStPHE Simulation condition table.
Working DPHE Waterside flow Flue gas side Waterside full
— 3rdPHE condition (kg/s) flow (m/s) state
= Case 1 1st 0.12 4.05 Sufficient
ei DPHE
8* Case 2 1st 0.12 5.2 Sufficient
,E DPHE
© Case 3 Ist 0.0033 4.05 Insufficient
5 DPHE
A Case 4 Ist 0.0033 5.2 Insufficient
= DPHE
A Case 5 3rd 0.12 4.05 Sufficient
—a DPHE
== Case 6 3rd 0.12 5.2 Sufficient
DPHE
Case 7 3rd 0.0033 4.05 Insufficient
é & 3 DPHE
Case 8 3rd 0.0033 5.2 Insufficient
DPHE

Fig. 9. Pressure loss caused by each dimple of 1st and 3rd DPHE.
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Fig. 11. Volume fraction distribution of condensate water of case 7 [3rd DPHE:(a)(b)(c)] and case 3 [1st DPHE:(d)(e)].
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Fig. 12. Velocity distribution of case 7 [3rd DPHE:(a)(b)(c)] and case 3 [1st DPHE:(d)(e)].

the computational cell, respectively, C, is the specific heat of the
different phases in the computational cell, 4 is the effective thermal
conductivity, g is the gravitational acceleration, 7 is the shear stress, P
denotes the pressure, and S denotes the source of additional mass for the
interphase transformation. In the flue gas-steam-water momentum
equation, F denotes the interfacial force between the different phases. In
the flue gas-steam-water energy equation, g denotes the heat source
transferred between the different phases. The most classical k-e equation
was chosen for the turbulence model and will not be repeated here.
Continuity equation for the flue gas phase:

d(a,
) 5 (o) ~0 as)

Momentum equation for the flue gas phase:

d(agpru

% +V- (afpfufuf) = — lZfVP + aprg +V- (afo) -+ Ff (19)
The energy equation for the flue gas phase:

0(pecpsT]

% + V- (agpsuseosTy) =V - (ks VTy) + (‘U) (20)

Continuity equation for the vapor phase:

12

0(Ayapp
% +V- (avappvapuvap) = Svap—con (21)
Momentum equation for the vapor phase:
0 MyapPygy
WJF V- (@vapPyapWapWvap) = — Uvap VP + CapPygp 8+ V - (vapTvap)
+ Fvap
(22)
The energy equation for the vapor phase:
0(PyapCpvap I
W"‘ V. (aVavaapuVﬂPCP-V”PTV“P) =V (aVﬂPAVﬂpVTvap) + (qwlp>
(23)
Continuity equation for the condensate phase:
o(a,
% +V. (aconpconucon) = Scon—vap (24)
Momentum equation for the condensate phase:
0 ( QAconp, conucon ) _
T"‘ v N (acanp conucanucon) - aconvp + Qconp, m,.g+ v ° (aconTcon)
+ FCOTI

(25)
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Fig. 13. Temperature distribution of case 7[3rd DPHE:(a)(b)(c)] and case 3 [1st DPHE:(d)(e)].

The energy equation for the condensate phase:

d Cp.con T
Wﬁ’ V- (aconpwnuconcpAconTcon) =V- (acon;lconVTcon) + (qcon)
(26)
Interfacial heat transfer
Ryap_£Q; Tygp — T,
Quop = vap falf.V:vEp vap f) 27)
Geon = hcon—falf,con (Tcon — Tf) (28)

Qcon

13

qs = < — Qyap — qcon) (29)

Velocity and pressure fields are solved based on momentum and
Poisson; (2) The velocity field is corrected to satisfy the continuity
equation based on the pressure field, and the corrected velocity field
needs to be re-started in the first step of the cycle if it still does not satisfy
the continuity equation; (3) After the loop iterations converge, Tablethe
energy, turbulence, and component transport equations are solved
within the SIMPLE algorithm. “Velocity” and “mass inlet” boundary
conditions were used for flue gas (hot side) and water (cold side), which
is mainly because flue gas velocity and water mass flow rate were
measured during the test. The outlet boundary conditions for the hot and
cold sides were set as “outflow”. The upper and lower surfaces of the
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Fig. 14. Volume fraction distribution of condensate water of case 5 [3rd DPHE:(a)(b)(c)] and case 1 [1st DPHE:(d)(e)].

computational domain are “symmetric” boundary conditions to reduce
the computational effort. The rest of the surfaces are set as wall condi-
tions with momentum and heat boundary conditions “no slip” and
“system coupling”. The mathematical forms of the continuity, mo-
mentum, and energy boundary conditions for the flue gas inlet, water
inlet, outlet, heat exchanger wall, and symmetry plane are as show in Eq.
(30)-(34). Each equation is divided into three parts, with the boundary
conditions for continuity, momentum, and energy equations presented
from left to right.
Flue gas inlet: Velocity Inlet

u=uy T=T;, (30)
Water inlet: Mass Inlet
pu-ﬁ=rh,u=%ﬁ,T=Tm 3D
Outlet: Outflow
wi=0%7_ (32)
on
Heat exchanger wall: Wall
JoT
=0,—=0 33
u "on (33)
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Symmetry plane: Symmetric

u'ﬁ:O,a—T:O

on G4

Pressure loss of the internal dimple of the DPHE is used as test var-
iable for mesh independence. It can be seen from Fig. 8 (a)(b) that the
pressure loss of the 1st DPHE is stabilized at 11.5 Pa when the number of
grids is 8 million, and the pressure loss of the 3rd DPHE is stabilized at
6.3 Pa when the grid is 14 million. Therefore, 8 million grids and 14
million grids are finally selected for numerical calculations to save
computational resources. This study conducted simulations for 1st and
3rd DPHE under case 1 to ensure the accuracy of the CFD calculations,
with the pressure distribution cloud diagrams shown in Fig. 8. In the
experiments, the 1st and the 3rd DPHE were divided into 4 flow sections,
each containing 8 rows of dimples. This study only simulated one section
that includes 8 rows of dimples to save computational resources. It can
be observed from Fig. 8 (c)(d) that the row of dimples at the inlet has the
highest pressure loss, while the subsequent dimples experience less
pressure loss, which is an issue worth noting. Furthermore, it can be
hypothesized that modifying only the dimples at the inlet could reduce
the pressure loss of the heat exchanger. It is necessary to get the average
pressure loss of each internal dimple to obtain the pressure loss of the
whole DPHE. As shown in Fig. 9, the pressure loss of each dimple inside
the 1st DPHE is 11.6 Pa and the inlet dimple is 84 Pa. Pressure loss of
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Fig. 15. Flow field distribution of case 5 [3rd DPHE:(a)(b)(c)] and case 1 [1st DPHE:(d)(e)].

each dimple of the 3rd DPHE is 6.3 Pa and the inlet dimple is 48 Pa.
Simulated DPHE pressure loss can be obtained by multiplying the in-
ternal 31 dimples and adding a dimple pressure loss at the inlet, which of
the 1st DPHE is 443.6 Pa and the experimental value is 447 Pa with
relative error is less than 1 %. Simulation value of the 3rd DPHE is 243.3
Pa and the experimental value is 220 Pa, with a relative error is 10 %.
Both sets of comparative results fully prove the accuracy of the nu-
merical simulation. Subsequently, this study simulates the thermal-fluid
behavior under eight cases for both DPHEs, as shown in Table 6. Flue gas
inlet temperature was 333 K and the cold water inlet was 300 K.

4.4. Analysis and comparison of simulation results of 1st DPHE and 3rd
DPHE

It is evident that Q; accounts for 30-50 % of Q; from the above
experimental data, and the primary source of the gap between the 1st
and 3rd DPHE is Q;. Therefore, the phase change process of vapor must
be considered in CFD calculation. In this work, the User-Defined Func-
tion (UDF) is implanted into Fluent to complete calculations and
monitoring of vapor condensation. Specific realization steps are as fol-
lows: (1) Obtain the calculation domain number of the main phase flue
gas and traverse each grid unit to obtain the temperature and pressure;
(2) Based on the model of Lee et al. [45], the specific parameter in Eq.
(35) was used to determine whether the grid unit is condensed and the
condensation amount; (3) Condensation mass and energy are transferred
to the secondary phase (water). Complex flow channel structure within
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the DPHE can result in significant differences in flow and heat transfer
parameters, even in small spatial proximities. Therefore, multiple lo-
cations need to be selected for cloud analysis. Fig. 10 shows two and
three cross-sections were selected in 1st and 3rd DPHE to investigate the
flow, temperature, and condensate distribution field, respectively.
Fig. 11 shows the condensate volume fraction of 1st and 3rd DPHE and
finds some dimples that are not filled with water due to the small flow
rate on the waterside. Condensate primarily accumulates around the
twisted dimples and flue gas inlets. In addition, the condensate distri-
bution of 1st DPHE is less than that of 3rd DPHE. Dimple torsion can
make the waterside flow more uniform, and most of the dimples contain
water under the same flow rate by comparing (c) and (e), which provides
a larger cooling surface area. Similarly, Fig. 12 compares the flow field
distribution of the two DPHEs; the flue gas velocity of the 3rd DPHE is
lower at the same flow rate. As can be seen from (b) and (e), flue gas
velocity is about 13~15 m/s in the middle region within the 1st DPHE
and is about 12~14 m/s within the 3rd DPHE, which also provides
favorable conditions for the full heat exchange between the flue gas and
water. Uniform flow on the waterside and sufficient internal heat
transfer time are the main reasons for the enhanced effect caused by the
torsion of the dimple angle.

(T.mt - Tvap)
Tsar

Tsat)

(Tcon -

TSﬂt (35)

Svap—con = T(lvapﬂmp Scon—vap =TQconf con

Temperature field of the 3rd DPHE is lower than that of the 1st
DPHE, which shows comparisons in Fig. 13. Taking the docking place of



X. Liu et al.

(a) 1/2 height of the torsional bubble

CoordinateX (m)

-8.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 é2n

International Journal of Thermal Sciences 211 (2025) 109716

(f) Localized bubble flow lines

<

0.1

(b) two sets pf bubble docking

(m)

(=1
(=]
=2

CoordinateY
= $
<
b 3

-QJAOG -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

CoordinateX (m)

0.12

5 310 315 320 325 330

o
[=
>3

(m)

b
=

CoordinateY
fom
=)
=

Y

near

< B S ety "
0 0.03 0.06 0.09
CoordinateX (m)

0.06 22003
bubbles

0.1

<
(=1
=)

Y (m)
&

0.04

=0.
L
o
<
=
=
=0.
=3
=]
S}

20.04-0.02 0 002 0.04 0.06 0.08 0.1
CoordinateX (m)

.06

0.12

0.1

peratu

m
8

o
=
=

CoordinateY
[=)
o
S

906

-0.03 0 0.03 0.06
CoordinateX (m)

0.09 0.12

(c) 1/2 height of non-torsional bubble

(e) 1/2 height of non-torsional bubble

Fig. 16. Temperature field distribution of case 5 [3rd DPHE:(a)(b)(c)] and case 1 [1st DPHE:(d)(e)].

the two sets of dimples as an example, there is still a high-temperature
region of 330 K in the 1st DPHE after the high-temperature flue gas
flows through 8 sets of dimples. However, the high-temperature flue gas
flows through 4 sets of dimples and drops to below 325 K in the 3rd
DPHE. In addition, by comparing the black box lines in Fig. 13 (c)(e), the
flue gas temperature drop near the dimples is more obvious in 1st DPHE
but is not significant enough compared to the 3rd DPHE in the center
area. This phenomenon confirms that the corrugations in 1st DPHE
cannot generate significant turbulence, thus failing to facilitate heat
exchange between the flue gas around the dimples and the cold medium.
Three sets of horizontally oriented dimples have different water content,
resulting in a significant temperature difference between the flue gas
after heat exchange shown in Fig. 13(a). When the water quantity is
sufficient, the flue gas temperature can be reduced from 330 K to 310 K,
a decrease of 20 K; when the water quantity is insufficient, the flue gas
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temperature decreases from 330 K to 315 K, a decrease of 15 K. Based on
the black arrows in Fig. 13(a)(c), it is evident that the cold water tem-
perature increases from 300 K to 320 K for a 45° twisted dimple and
from 300 K to 315 K for a non-twisted dimple. Fig. 13(e) demonstrates
the cold water temperature at the dimple increasing from 300 K to 315
K, which is consistent with the non-twisted dimple in Fig. 13(a).

Flow heat transfer in the state of insufficient flow was analyzed
above, and the enhanced mechanism of the 3rd DPHE was clarified.
Subsequently, the distribution of condensed water, flow rate and tem-
perature field of 3rd and 1st DPHE are analyzed when the waterside flow
is sufficient. The amount of condensate water in the 3rd DPHE is
increased obviously by comparing Figs. 14 and 11. Area of condensate
water is close to the backside, which is different from the insufficient
flow on the waterside. This phenomenon is due to the fact that all
dimples are filled with water, and the flue gas temperature gradually
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decreases as the flow deepens, resulting in more condensed water in the
backside. By comparing the flow field shown in Fig. 15(b)(e), the torsion
of 3rd PHE causes the flue gas velocity to decrease significantly in the
center area of the channel, about 2 m/s, which will lead to more suffi-
cient heat transfer of flue gas. In addition, the flow in the black box, as
shown in Fig. 15(b), is more unstable and the low-flow region near the
dimples is smaller compared to that in Fig. 15(e).

As shown in Fig. 16, the temperature field distribution of 3rd DPHE is
lower than that of 1st DPHE. Taking the two sets of dimple docking as an
example, the temperature can be reduced to 325 K through 2 dimples
from the inlet of 3rd DPHE. Meanwhile, the temperature was reduced to
325K in the 1st DPHE through 4-5 dimples from the entrance. However,
flue gas temperature drops around the 1st DPHE dimple are more sig-
nificant than the 3rd DPHE based on comparing the black boxes in
Fig. 16(b)(d), which is consistent with the above study. The difference in
heat transfer between the central area of the flue gas and near the
dimples is due to the twisting of the dimples in the flow channel of the
3rd DPHE, which expands the spatial dimensions of turbulence with
achieving a larger heat transfer surface area as shown in Fig. 16(f).
Larger turbulence transfers the cold to the intermediate region, resulting
in a greater reduction in the central area but less near the dimples.
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Therefore, the twisting dimples first cause changes in the internal flow
field distribution within the flue gas, resulting in sufficient heat transfer
between the flue gas and the water side. Subsequently, the temperature
field of the flue gas undergoes significant changes, ultimately leading to
a significant increase in the amount of condensate water within the plate
and enhancing the heat transfer capacity from both sensible and latent
heat perspectives.

4.5. Analysis of improved lifting mechanism

In the above chapter, the macroscopic principle that the heat transfer
performance of 3rd DPHE is better than that of 1st DPHE is clarified in
terms of the flow velocity, condensate distribution, and temperature
field distribution. Furthermore, the proportion of internal condensate
grids and the total condensate volume of the two DPHEs were statisti-
cally analyzed to explain the mechanism of heat transfer performance
improvement from a microscopic perspective. Fig. 17 shows the varia-
tion trend of the total number of grids and the volume of condensate
with iteration steps in case 7. Two parameters are in a stable state of
dynamic fluctuation in the later period. Therefore, the eight groups of
cases in Table 2 are set up with 2000 iteration steps, and the average
value of the next 500 iteration steps is taken as the comparison data.
Fig. 18(a) is the proportion of the total grid of condensation water in
cases 3,4,7 and 8, and Fig. 18(b) is the proportion of the grid of
condensation water in cases 1,2,5 and 6. When the waterside is filled
with cold water, the proportion of condensed water grids in DPHE
(20-50 %) is much higher than waterside is not filled (4-14 %), which is
consistent with the above cloud diagram. Proportion of condensed water
grids in the low flow rate conditions of 1st and 3rd DPHE is twice that of
the high flow rate conditions, indicating that the flow rate has an
important influence on the distribution of condensed water and the
proportion of latent heat of the two DPHEs. The proportion of conden-
sation water grid in the 3rd DPHE is always higher than that in the 1st
DPHE, especially at a low flue gas flow rate. Condensate water distri-
bution of 3rd DPHE is wide, and the condensation area in DPHE is more
extensive after twisting the dimple.

A more detailed analysis of the overall condensate volume also re-
veals that the total amount of condensate in the 3rd DPHE consistently
exceeds that in 1st DPHE. It is worth noting that the increase in
condensate volume requires two conditions: (1)the wide distribution of
condensate or the increase of water film thickness, which corresponds to
two different heat transfer mechanisms; (2)the wide distribution of
condensed water indicates the structure changes the internal flow field
and temperature field. Increasing water film thickness indicates that the
heat transfer mode is film or bead, corresponding to two methods to
enhance the heat transfer efficiency. As shown in Fig. 19, the changing
trend of the condensate volume shows a high degree of agreement with
number of condensate grids in Fig. 18, indicating that the wide distri-
bution of condensate is the main reason why the condensate volume is
higher than that of the 1st DPHE. It is further explained that the torsional
dimple only changes the flow field distribution and does not change the
heat transfer mechanism. In addition, there is no significant difference in
the amount of condensation water between the two DPHEs under high-
flow rate conditions, demonstrating the modified plate exchanger may
have a more significant heat exchange advantage only in dealing with
low-flow flue gas. The internal mechanism of the torsional dimple to
enhance heat transfer was analyzed macroscopically by cloud diagram,
and the main ways to enhance heat transfer were clarified based on the
data. However, some problems remain to be solved, such as determining
the most suitable angle for twisting the dimple, the optimal height, and
the optimal dimple spacing. In the later stage, the dimple parameters of
the optimal DPHE can be numerically calculated to achieve the dual
improvement of pressure loss and heat transfer performance according
to the established CFD model.
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5. Conclusion

Gas-liquid DPHE is an effective instrument for recovering low-grade
waste heat from flue gas, but the complex flow channel structure and
condensation phenomenon make the development of new high-
efficiency gas-liquid DPHE extremely difficult. In this work, three
different types of DPHEs were tested on a pilot-scale experimental
platform, and the performance of the DPHE was evaluated in terms of
sensible and latent heat transfer capacity, flow pressure loss, and flow
heat transfer coefficient. In addition, the flow and heat transfer state
inside the two types of DPHEs were numerically simulated by CFD to
clarify the heat transfer mechanism of this type of DPHE. Results show
that (1) 3rd DPHE has optimal performance with total convective heat
transfer coefficients up to 125 W/(m2~K) at the tested flow rates. The
lack of latent heat is the main reason for the poor performance of 2nd
DPHE, where the latent heat, sensible heat, and pressure loss increase
linearly with the flue gas flow rate; (2) Re-Nu and Re-f correlations for
different types of DPHEs (with Re between 2000 and 5000) were ob-
tained by fitting the experimental data, which fills the gap in flow heat
transfer data for this type of DPHE; (3) Numerical simulations have
determined that the first dimple at the inlet is the main source of pres-
sure loss, accounting for about 20 % of the total pressure loss. Therefore,
the pressure loss can be rapidly reduced by changing the form of the first
dimple; (4) Macroscopic heat transfer mechanism of the modified DPHE
(3rd DPHE) is clarified: the twisted dimple leads to a more uniform
distribution of the water-side flow and expands the turbulence of flue
gas, resulting in a full heat transfer. Afterward, the temperature field of
flue gas drops significantly, which ultimately leads to a significant in-
crease in the amount of condensate and enhances the heat transfer ca-
pacity from both sensible and latent heat levels; (5) Filling the cold side
with water increases the flue gas side condensate distribution area by
nearly one time (45 % vs 25 %) compared to unfilled water. Ability of
the torsional dimple to increase latent heat transfer is primarily due to a
broader condensable area rather than a change in heat transfer mode.
Reducing the dimple spacing and adding a torsion angle is the optimal
solution for increasing heat transfer efficiency and reducing pressure
loss.
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