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Abstract— Leafy vegetables are an important vegetable crop that grows
easily under controlled conditions, such as in hydroponic. A plant's leaf
colours can be used to indicate stress levels due to its adaptability to
environmental changes. In this study, the samples were cultivated in the
backyard of the Life Science department in Pandit Ravishankar Shukla
University, Raipur, Chhattisgarh during January to April 2024. In this
study, fresh mature leaves of soil-cultivated plants and hydroponically
cultivated plants were taken for chlorophyll estimation. The sample was
tested using an acetone solution (80%) and the information from the
spectrum was calculated using the Arnon’s method. The levels of Chl. a
and Chl. b in soil-grown and hydroponically grown plants have been
found to differ. Hydroponic cultivated plants show a high amount of total
chlorophyll content as compared to soil-based plants and the reason
behind the high level of chlorophyll content ina hydroponic system is
controlled environmental conditions that mean precise control over
light, temperature, and nutrient availability and are highly specific from
species to species whereas, in a soil-based system, it is difficult to
maintain such condition.

. INTRODUCTION

The chlorophyll contents in leafy vegetables have a
considerable influence on their growth, as is commonly
recognized. Chlorophyll concentration can be used to
assess plant productivity and photosynthetic potential. The
rate of photosynthesis in the plant is determined by the
unit area of the
(Kozlowski et al. 1991), which is also shown by the

photosynthetic capacity per

chlorophyll concentration (Dickman & Kozlowski 1968).
When it comes to leafy vegetables, color is an important
component that influences consumer preferences and
the most
common pigment in green plants, has become increasingly

product quality assessment. Chlorophyll,

www.ijaers.com

important in the human diet. It serves as both a nutritious
food ingredient and a natural food colorant (Xue, L., &
Yang, L. 2009).

Chl. a and Chl. b are accessory pigments, and various
other types of chlorophyll are present in leafy vegetables.
The empirical formulas for Chl. a and Chl. b are

leaf CssH720sNsMg  and  CssH7OsNaMg,  respectively.
Typically, Chl. a appears blue-green, while Chl.b appears
yellow-green  (Witham & Devlin  1997). The

developmental stage of the photosynthetic system in plants
is also indicated by the chlorophyll a and b ratio. It plays a
crucial part in the formation and growth of leafy
vegetables. The amount of chlorophyll in leaf tissue is
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influenced by nutrient availability and stresses such as
drought, salinity, cold, heat, etc. However, nutrient
availability and various stresses such as drought, salinity,
cold, heat, etc. are factors that might also be responsible
for color variation in eight different species of leafy
vegetables. The present study was undertaken for a
comparative analysis of chlorophyll concentration in soil-
cultivated plants and hydroponic-cultivated plants in eight
different species. Raphanus sativus L. (Mooli bhaji),
Chorchorus olitorius L. (Chech bhaji), Lathyrus sativus L.
(Lakhdi bhaji), Carthamus tinctorius L. (Kusum bhaji),
Amaranthus tricolor L. (Lal bhaji), Mentha piperital L.
(Peppermint), Ipomea aquatica F. (Karmata bhaji), and
Trigonella foenum-graecum L. (Methi bhaji).

Literature reviewed and popularity of hydroponics is
increasing day by day. Hydroponics uses dissolved
nutrients in water, allowing plants to grow food closer to
consumers. It produces superior quality, is not seasonal,
and is environmentally friendly. Hydroponic systems,
including nutrient film techniques, wick systems, and
aeroponic systems, ensure plant production success.
Hydroponic farming uses water, nutrients, and pest control
to grow crops like lettuce, vegetables, herbs, and flowers.
It saves 70-90% water, yields three times more, and uses
60% less fertilizer than traditional methods. Proper control
is essential for environmental benefits.

1. MATERIALAND METHODS

Eight different species of leafy vegetables namely
Raphanus sativus L. (Mooli bhaji), Chorchorus olitorius L.
(Chech bhaji), Lathyrus sativus L. (Lakhdi bhaji),
Carthamus tinctorius L. (Kusum Bhaji), Amaranthus
tricolor L. (Lal bhaji),Mentha piperital L. (Peppermint),
Ipomea aquatica F. (Karmata bhaji), and Trigonella
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foenum-graecum L. (Methi bhaji) were selected for the
present study. The samples were cultivated in the backyard
of the Life Science department in Pandit Ravishankar
Shukla University, Raipur, Chhattisgarh (India) during
January to April the year 2023-2024. In this experiment,
fresh mature leaves of soil-cultivated plants and
hydroponically cultivated plants were taken for
chlorophyll estimation. One gram leaf from each species is
measured and grounded using a mortar and pestle after
being chopped into small bits. After that, 0.5 g of (MgCo3)
powder and 20 ml of 80% acetone were added, and the
mixture was carefully ground using the technique of
(Kamble et al. 2015). After that, the mixture was incubated
for three hours at 4°C. The mixture was centrifuged at
2500 rpm for 5 min and the supernatant was transferred to
a 100 ml volumetric flask the volume was made up to
100ml with the addition of 80% acetone and the solution
was used for chlorophyll estimation (Fig.1). The
absorbance of solutions was measured at 645 nm and 663
nm in SYSTRONICS Spectrophotometer 106 taking the
80% acetone solution as blank (Sadasivam & Manickam
1996).The reading was taken in a triplicate sample and the
average was considered for the calculation of chlorophyll
content. The chlorophyll a, b, and a + b (total chlorophyll)
contents were calculated by applying the following (Arnon
1949) formulae:-

12.7 (A663)—2.69 (A645)xV

Chlorophyll a ( mg /g tissue) =

1000xW
. _ 22.9(A645)—4.68 (A663)xV
Chlorophyll b (mg g-1 tissue) = 1000w
. _ 20.2 (A645)-8.02 (A663)xV
Total chlorophyll (mg g-1 tissue) = 1000%W

Where, A = absorbance at a specific wavelength
V = final volume of chlorophyll extract in 80% acetone

W = fresh weight of tissue extracted

1. RESULT AND DISSCUSION

Table 1. Chlorophyll concentration in eight different leafy vegetable species in soil.

S. 0.D. Reading Soil Cultivated Plants
No. Chl.a Chl.b Total Chl
Name of leafy vegetables 645 nm 663 nm (mg g?) (mg g?) (mg g?)
1 | Raphanus Sativus L. 0.443 £ 0.001 0.202 £ 0.001 0.137 0.919 1.056
2 | Chorchorus trilocularis L. 0.431 £ 0.0005 0.117 £0.003 0.0326 0.932 0.964
3 | Lathyrus sativus L. 0.212 £ 0.0005 | 0.134 +0.0015 0.113 0.422 0.535
4 | Carthamus tinctorius L. 0.379+0.0015 | 0.106 +0.0015 0.0326 0.818 0.850
5 | Amaranthus tricolor L. 0.256 £ 0.001 0.172 £ 0.0011 0.149 0.505 0.655
6 | Mentha arvensis 0.418 +£ 0.0005 | 0.109 + 0.0005 0.0259 0.906 0.931
7 Ipomea aquatica F. 0.053 + 0.0025 0.024 + 0.001 0.0162 0.110 0.126
8 | Trigonellafoenum- graecum L. 0.559 £ 0.001 0.140 £ 0.01 0.0274 1.21 1.241
www.ijaers.com Page | 2
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Table 2. Chlorophyll concentration in eight different leafy vegetable species in hydroponics.

International Journal of Advanced Engineering Research and Science, 11(9)-2024

S. 0O.D. Reading Hydroponic Cultivated Plants
No. Chl.a Chlb | Total Chl
Name of leafy vegetables o45nm 003 nm (mgg?l) | (mgg?) (mgg?)

1 Raphanus Sativus L. 0.558 + 0.002 0.138 + 0.003 0.0251 1.213 1.237
2 | Chorchorus trilocularis L. 0.773 £ 0.002 0.206 + 0.002 0.0536 1.673 1.726
3 Lathyrus sativus L. 0.297 +0.012 0.139 + 0.008 0.096 0.615 0.711
4 | Carthamus tinctorius L. 1.205 + 0.002 0.284 + 0.005 0.0365 2.626 2.661
5 | Amaranthus tricolor L. 0.613 £ 0.002 0.139 £ 0.001 0.0116 1.338 1.349
6 | Mentha arvensis 0.689 + 0.001 0.151 +0.002 0.006 1.507 1.512
7 | Ipomea aquatica F. 0.517 £ 0.002 0.120 £ 0.005 0.0133 1.127 1.140
8 | Trigonellafoenum-graecum L. 0.617 +0.003 0.195 + 0.001 0.0816 1.321 1.402

The study revealed that the chlorophyll Chl.(a + b) in soil-
cultivated plants ranges from 0.0162 to 0.149 mg g* and in
hydroponic-cultivated plants ranges from 0.006 to 0.096
mg g, and Chl. b in soil-cultivated plants ranges from
0.110 to 1.21 mg g* and in hydroponic-cultivated plants
ranges from 0.615 to 2.626 mg g. The total chlorophyll
Chl. (a + b) in soil-cultivated plants ranges from 0.126 to
1.241 mg g and in hydroponic-cultivated plants ranges
from 0.711 to 2.661 mg g* in eight leafy vegetable
species. From the above result, it is also seen that
Trigonella foenum-graecum L. has the highest
concentration of Chl. a and Chl.b. Ipomea aquatica F. has
the lowest concentration of Chl. a and Chl. b among the
eight species in soil-cultivated plants, whereas in
hydroponic-cultivated plants, Carthamus tinctorius L. has
the highest concentration of Chl. a and Chl. b. Lathyrus
sativus L.has the lowest concentration of Chl. a and Chl. b
among the eight species. The highest total chlorophyll
content in the soil-cultivated plant is shown by
Trigonella foenum-graecum L. (1.241 mg g*) whereas in
hydroponics, Carthamus tinctorius L. (2.661 mg g-17)
shows the highest total chlorophyll content and The lowest
total chlorophyll content in the soil-cultivated plant is
shown by Ipomea aquatica F (0.126 mg g) whereas in
hydroponics, Lathyrus sativus L. (0.711 mg g) shows the
lowest total chlorophyll content.

Raphanus sativus L.The total chlorophyll content in the
soil-based system is 1.056 mg g, whereas in a hydroponic
system, it is 1.237 mg g, which is 0.181 mg g* higher
than the soil-base system. The chlorophyll content in the
soil-based system is 0.137 mg g%, whereas in the
hydroponic system it is only 0.0251 mg g%, which is 0.111
mg g less than the soil-based system. The Chl. b content
in the soil-based system is 0.919 mg g, whereas in the

www.ijaers.com

hydroponic system, it is 1.213 mg g%, which is 0.294 mg
g%, higher than the soil-base system.

Chorchorus olitoriusL, The total chlorophyll content in
the soil-based system is 0.964 mg g?, whereas in a
hydroponic system, it is 1.726 mg g, which is 0.762 mg
g%, higher than the soil-base system. The Chl. a content in
the soil-based system is 0.0326 mg g, whereas in the
hydroponic system it is 0.0536 mg g, which is 0.021 mg
g* higher than the soil-based system. The Chl. b content in
the soil-based system is 0.932 mg g?, whereas in a
hydroponic system, it is 1.673 mg g, which is 0.741 mg
g* higher than the soil-base system.

Lathyrus sativum L, The total chlorophyll content in the
soil-based system is 0.535 mg g, whereas in a hydroponic
system, it is 0.711 mg g, which is 0.176 mg g higher
than the soil-base system. The Chl. a content in the soil-
based system is 0.13 mg g, whereas in the hydroponic
system it is only 0.096 mg g, which is 0.017 mg g* less
than the soil-based system. The Chl. b content in the soil-
based system is 0.442 mg g, whereas in a hydroponic
system, it is 0.615 mg g*, which is 0.173 mg g, higher
than the soil-base system.

Carthamus tinctorius L, The total chlorophyll content in
the soil-based system is 0.850 mg g, whereas in a
hydroponic system, it is 2.661 mg g, which is 1.811 mg
g, higher than the soil-base system. The Chl. a content in
the soil-based system is 0.0326 mg g, whereas in the
hydroponic system it is only 0.0365 mg g*, which is
0.0039 mg g* higher than the soil-based system. The Chl.
b content in the soil-based system is 0.818 mg g, whereas
in a hydroponic system, it is 2.626 mg g, which is 1.808
mg g%, higher than the soil-base system.

Amaranthus tricolor L, The total chlorophyll content in
the soil-based system is 0.655 mg g-1, whereas in a
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hydroponic system, it is 1.349 mg g%, which is 0.694 mg
g? higher than the soil-base system. The Chl. a content in
the soil-based system is 0.149 mg g*, whereas in the
hydroponic system it is only 0.0116 mg g?, which is
0.1374 mg g less than the soil-based system. The Chl. b
content in the soil-based system is 0.505 mg g, whereas
in a hydroponic system, it is 1.338 mg g*, which is 0.833

mg g%, higher than the soil-base system.

Mentha piperital L, The total chlorophyll content in the
soil-based system is 0.931 mg g, whereas in a hydroponic

International Journal of Advanced Engineering Research and Science, 11(9)-2024

Trigonella foenum-graecum L, The total chlorophyll
content in the soil-based system is 1.241 mg g, whereas
in a hydroponic system, it is 1.402 mg g%, which is 0.161
mg g higher than the soil-base system. The Chl. a content
in the soil-based system is 0.0274 mg g, whereas in the
hydroponic system it is only 0.0133 mg g%, which is
0.0141 mg g less than the soil-based system. The Chl. b
content in the soil-based system is 1.21 mg g, whereas in
a hydroponic system, it is 1.321 mg g%, which is 0.111 mg
g! higher than the soil-base system.

system, it is 1.512 mg g, which is 0.581 mg g, higher

than the soil-base system. The Chl. a content in the soil-

(AVA CONCLUSION

based system is 0.0259 mg g, whereas in the hydroponic

system it is only 0.006 mg g%, which is 0.0199 mg g less
than the soil-based system. The Chl. b content in the soil-
based system is 0.906 mg g*, whereas in a hydroponic
system, it is 1.507 mg g, which is 0.601 mg g*, higher

than the soil-base system.

Ipomea aquatica F, The total chlorophyll content in the
soil-based system is 0.126 mg g, whereas in a hydroponic
system, it is 1.140 mg g, which is 1.014 mg g, higher
than the soil-base system. The Chl. a content in the soil-
based system is 0.0162 mg g, whereas in the hydroponic
system it is only 0.0133 mg g, which is 0.0029 mg g*
less than the soil-based system. The Chl. b content in the
soil-based system is 0.110 mg g, whereas in a hydroponic
system, it is 1.127 mg g, which is 1.017 mg g, higher

than the soil-base system.

The study provides reliable data on chlorophyll content for
a comparative analysis of soil and hydroponically
cultivated plants in eight different species of leafy
vegetables. The quantitative analysis of photosynthetic
pigments showed that hydroponically grown plants of all
eight species exhibit a stable and high total chlorophyll
content compared to soil-based plants. In terms of chlb,
hydroponically cultivated plants show higher chlb values
than those grown in soil. However, the amount of chla is
higher in soil-based plants for certain species such as
Raphanus sativus L., Lathyrus sativus L., Mentha piperita
L., and Ipomea aquatica F. This difference occurs due to
beneficial adaptations made by the plants. Furthermore,
the chlorophyll content can be used as an indicator of plant
health stress and nutritional deficiencies. These findings
may be helpful for further comparative studies in soil and
hydroponic cultivation.
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Graph 1. The variation of chlorophyll a content in soil-cultivated plants and hydroponic-cultivated plants
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Abstract— The wave amplitude function is a relational equation that
links wave amplitude with various water wave parameters, such as
wave number, wave angular frequency, and wave constant. This
function is derived by integrating the Kinematic Free Surface Boundary
Condition over time. The wave amplitude function incorporates
breaking characteristics, allowing for the extraction of breaking
parameters, including breaking wave height, breaking wave length, and
breaking water depth, as functions of the wave period. By combining
the Euler momentum conservation equation with the wave amplitude
function, a dispersion equation is obtained. This dispersion equation
elucidates the relationships between deep water wave height, deep
water wave length, and deep water depth in relation to the wave period.
The results obtained for both deep water wave height and breaking
wave height are consistent with previous research.

l. INTRODUCTION

and wave period is consistent with the research of Komar

Water waves are commonly characterized by two key
parameters: wave period and wave height. In the context of
short waves, these parameters exhibit a one-to-one
correspondence, meaning that a specific wave period is
directly associated with a corresponding wave height. This
correlation extends not only to deep water wave heights but
also to breaking wave heights.

In this research, the correlation between deep water wave
height and wave period, as well as between breaking wave
height and wave period, has been systematically analyzed.
The results are presented in the form of equations, tables,
and graphical representations.

The relationship identified between deep water wave height

and wave period aligns with the findings of Wiegel (1949,
1964), while the relationship between breaking wave height

www.ijaers.com

and Gaughan (1972).

These relationships are valuable for both practical
engineering applications and research purposes. Practically,
they enable quick estimation of deep water wave height and
breaking wave height based solely on the wave period. In
the research domain, the ongoing development of water
wave transformation models, including processes like
shoaling and breaking, necessitates reliable guidelines or
estimates regarding the relationship between breaking wave
height and wave period.

1. WEIGHTED TAYLOR SERIES AND
WEIGHTING COEFFICIENT

In this article, a specialized equation and parameters are
introduced that may not be widely recognized, namely the
weighted Taylor series and the associated weighting
coefficients.
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The weighted Taylor series is a modified form of the
traditional Taylor series, truncated to a first-order
approximation. In this formulation, the contributions of
higher-order terms are accounted for by incorporating
weighting coefficients into the first-order differential term.
Weighted Taylor series for function f(x, t),

df

flx+6x,t+6t) = f(x,t) +y., 6t f+yx Sx—x

Weighted Taylor series for function f(x, t),

d
f(x+6xz+6zt+8t)—f(xzt)+yt36ta]:

+V, 6x s + Vs 52%
The weighting coefficients y; ,, ¢ 3, ¥, and y, are assigned
base values of y,, = 2.0, ;3 = 3.0, y,, = 1.0 and y,=1.0.
There is no distinction between y, in the function
f(x,t) and y,in the function f(x, z, t). The adjusted values
of the weighting coefficients are functions of &, the
optimization coefficient, as detailed in Table 1. The method
for calculating these weighting coefficients is described in
Hutahaean (2023). For the purposes of this research, ¢ is set
to 0.01.
Table 1. Corrected weighting coefficients values.

£ Vt2 Vi3 Yx Vz
0.010 1.9998 | 3.00465 | 0.99879 | 1.01093
0.011 | 1.99975 | 3.00563 | 0.99854 | 1.01325
0.012 | 1.99971 | 3.00671 | 0.99826 1.0158
0.013 | 1.99966 | 3.00788 | 0.99795 | 1.01858
0.014 | 1.99960 | 3.00915 | 0.99763 | 1.02159
0.015 | 1.99954 | 3.01052 | 0.99727 | 1.02484
0.016 | 1.99948 | 3.01198 0.9969 | 1.02832
0.017 | 1.99941 | 3.01355 | 0.99649 | 1.03205
0.018 | 1.99934 | 3.01521 | 0.99607 | 1.03601
0.019 | 1.99926 | 3.01697 | 0.99561 | 1.04022
0.020 | 1.99918 | 3.01883 | 0.99514 | 1.04468

In this work, a Cartesian coordinate system is employed,
with x representing the horizontal axis and z denoting the
vertical axis.

1. RESEARCH ON WAVE AMPLITUDE
FUNCTION INTEGRATION RESULTS OF
ORDER O

Hutahaean (2024) integrated the Kinematic Free Surface
Boundary Condition with respect to time using three levels
of accuracy: Oth order, 2nd order, and 3rd order accuracy.
The Oth order accuracy implies that the differential of the

www.ijaers.com

International Journal of Advanced Engineering Research and Science, 11(9)-2024

water surface elevation is absent in the integration results,

represented as > T n(x,t) is the water surface elevation

function. The 2nd order accuracy includes the term — and
the 3rd order accuracy incorporates the term F'

The outcome of this integration is referred to as the wave
amplitude function, which relates several wave parameters:
wave amplitude A, wave number k, wave period T

(expressed through the wave angular frequency o = 27" and
the wave constant G.

In the initial phase of this research, the focus is on the wave
amplitude function derived from the Oth order accuracy
integration. This research examines various aspects of wave
parameters, including deep water wave height H,, deep
water wavelength, critical deep water wave steepness,
breaking wave height, breaking wavelength, and breaking
water depth. The wave amplitude function resulting from
the Oth order accuracy integration is as follows:

(tar\l/};_zeﬂ _ ’%4) ........ (1)

A wave amplltude
G : wave constant

A_

o angular frequency, o = 2?" T is wave period.
k: is wave number

Yt and y,: are weighting coefficients

6: deep water coefficient, where tanh 6 = 1.

The dispersion equation in deep water is derived from
Euler's momentum conservation equation, under the
assumption of negligible convective acceleration, and
utilizing the wave amplitude function (Hutahaean, 2024).
The resulting dispersion equation is as follows:

gA k2 — g tanh 67
2 ¥z

g gravitational acceleration and k wave number.

——k+Vi2Vez0:=0 ... 2)

3.1. The relationship between wave period and deep water
wave height

The relationship between wave period and deep water wave
height, deep water wavelength and critical deep water wave
steepness is formulated using (2).

The determinant value of (2) is,
2 2

g° tanh” 0n

==———— =2 gAV12¥130°

Yz

Given that the variable in the determinant equation is the
wave amplitude A, and the wave period remains constant,
there exists a maximum value of wave amplitude at which
the determinant equals zero.
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g?tanh? 6
Yz

Obtaining A,,qx»
A -9 tanh? 6

e Y2Yt2Yt30°
OrforH =2 A,
_ 2 gtanh®6rm

Y2Vt,2Yt30°

This equation represents the relationship between wave
height and wave period. For each wave period, there
corresponds a unique wave height. Thus, it can be stated that
for a given wave period, there is a specific wave height of:

-2 gAVt,th,302 =0

max

_ 2 gtanh? 6m
o~ YzYt,ZVt,3Uz
The index 0 on H indicates that the wave height refers to a
condition unaffected by the sea bottom, representing the
wave height in deep water.

When the determinant value is zero, the wave number in
deep water, which is the root of equation (2), is given by:

_ 2 tanhém

ko = Ho Yz

(4

_ mHoVYz
0= Gnhon ...()

Substituting H, from equations (4) and (5) with the value
obtained from equation (3) yields a direct relationship
between deep water wavelength and wave period.

The deep water depth h, can then be calculated using the
wave number conservation equation as detailed in
Hutahaean (2023):

k(h+§)=9n ... (6)
Where h is water depth. Therefore, deep water depth h, is,
_bm  H,
° " ky 4

The term "deep water" refers to the minimum water depth
at which waves remain unaffected by the seabed. Both
ko and H, are functions of the wave period, indicating that
hy is likewise dependent on the wave period.

The calculated values of deep water wave height H, deep
water wavelength L,, and minimum deep water depth h, are
presented in Table 2. The calculations were conducted using
6 = 1.928 and € = 0.01. It is noted that the impact of the
deep water coefficient 6 on the deep water wave height is
minimal and can therefore be disregarded. The selection of
6 = 1.94 is associated with the breaking water depth, which
will be explored in a subsequent section.
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Since H, represents the maximum wave height, the wave
steepness defined as ? can be referred to as the critical
0

. . . Hy -
wave steepness. The calculation results indicate that L—° is
0

. . . . H
consistent across all wave periods, yielding a value of L—° =
0

0.315. In comparison, the critical wave steepness reported
by Toffoli et al. (2010), which is % = 0.170 suggests that
0

the critical wave steepness derived in this research is
relatively high, although Toffoli et al. indicate that it can
reach up to 0.20.

Table 2. Deep water wave parameter.

T H, Lo ho H,
(sec) | (m) (m) (m) Ly

4 0.646 2.052 1.839 0.315
1.009 3.206 2.874 0.315
1.453 4,617 4,138 0.315
1.978 6.284 5.633 0.315
2.583 8.208 7.357 0.315
3.269 10.388 9.311 0.315
10 4,036 12.825 11.495 0.315
11 4.884 15.518 13.909 0.315
12 5.812 18.468 16.553 0.315
13 6.821 21.674 19.427 0.315
14 7.911 25.137 22.531 0.315
15 9.082 28.856 25.865 0.315
16 10.333 | 32.832 29.428 0.315
17 11.665 | 37.064 33.222 0.315
18 13.078 | 41.553 37.245 0.315

O O N| o] O

Wiegel (1949, 1964) formulated an equation to describe the
relationship between deep water wave height and wave
period as follows:,

gT?
e (7

The comparison with the Wiegel’s equation is presented in
Table 3 and illustrated in Figure 1, where the calculations
were performed using the parameters § = 1.928 and ¢ =
0.01.

As shown in both Table 3 and Figure 1, the difference
between the results is minimal, with a variance of only
0.131%. In Figure 1, the graphs representing H, and
Hy_wieg OVerlap.

HO—Wieg =
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Table 3. Comparison to Wiegel s Equation (1949,1964)

T HO HO—Wieg HO - HO—Wieg xl()()%
(sec) (m) (m) Ho_wieg

4 0.646 0.645 0.131
5 1.009 1.008 0.131
6 1.453 1.451 0.131
7 1.978 1.975 0.131
8 2.583 2.58 0.131
9 3.269 3.265 0.131
10 4,036 4,031 0.131
11 4.884 4,878 0.131
12 5.812 5.805 0.131
13 6.821 6.812 0.131
14 7.911 7.901 0.131
15 9.082 9.07 0.131
16 10.333 10.32 0.131
17 11.665 11.65 0.131
18 13.078 13.061 0.131

15

£

210

3

o -

T 5

(]

o

T o

4 9 14 19
T (sec)
——HO HO-Wieg

Fig.1: Comparison between Hy t0 Hy_yjeq

The purpose of this comparison is to demonstrate that
previous research findings exhibit similar characteristics to
those observed in this research. It is important to note that
this research does not aim to derive an equation that
replicates the wave height-wave period relationship
described by the Wiegel’s equation.

3.1. Relationship between wave period and breaking wave
height

The relationship between breaking wave height and deep
water wave height can be described using the principle of
energy relationship. The wave energy equation, as
formulated by Dean (1991), for one wavelength is given by:
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E = czpg H%L

cg energy coefficient, based on linear wave theory (Dean
(1991)), ¢ = % p water mass density.

The results of the shoaling-breaking research using a
numerical model with the wave amplitude function of order
0 indicate a loss of wave energy as the wave travels from
deep water to the breaking point. Therefore, the relationship
between the wave energy at the breaking point and the wave
energy in deep water is expressed as follows:

E, = 0.776E,
HZL, = 0.776H2L,

Substitute (5)

Tz
HZL, = 0.776H3 t;hyeﬂ n(8)

To determine L, the wave amplitude function equation (1)
is used, which includes the breaking characteristic given by:
tanh O kA _

VY2 2
Using the index b for breaking, thus,
kyA, tanh6m

2 TV,

Given that k;, = i—” dan H = 2 A, the relation is:
b

Hp _ 2tanhfm
P ....(9)
Or,

_ Hymvfy,

b~ 2tanh 67

Substituting into (8)

H,m T
H? iy, 0.776H3 V¥

2tanh Or tanh 67

1
H, = H, 1.5523

Substituting H, from (3)
1
_ 2 gtanh®@m 1.5523
b VzVt,2Yt,30 z

The final equation establishes a direct relationship between
the breaking wave height and the wave period.

To determine the breaking water depth, the wave number
conservation equation (6) is employed at the breaking point.
This calculation utilizes the breaking wave height as a key
parameter.

_bm H,

Pk, 4
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In the subsequent section, the results of the calculations for
the breaking parameters are presented, utilizing the
calculation parameters & =0.01 and 6 = 1.928. The
selection of 8 = 1.928 is intended to achieve a value of

:—: = 0.78, which is a widely accepted criterion established

by McCowan (1894). Decreasing the value of 8 increases
:—: whereas increasing 6 reduces Z—: However, the effect of

6 on both Hyand H,, is minimal, and it can be considered
negligible. The value of? can be calculated using equation
b

(9), yielding a constant value of 0.633.
Table 4. Breaking parameter calculation results.

T H, H, Ly hy H,
(sec) | (m) (m) (m) (m) hy,

4 0.646 | 0.748 | 1.188 | 0.958 | 0.78
1.009 | 1.168 | 1.856 | 1.497 | 0.78
1453 | 1682 | 2673 | 2.156 | 0.78
1.978 | 229 | 3.638 | 2935 | 0.78
2583 | 2991 | 4752 | 3.833 | 0.78
3.269 | 3.785 | 6.014 | 4.851 | 0.78
10 | 4036 | 4673 | 7.424 | 5989 | 0.78
11 | 4884 | 5655 | 8983 | 7.246 | 0.78
12 | 5812 | 6.729 | 10.691 | 8.624 | 0.78
13 | 6.821 | 7.898 | 12.547 | 10.121 | 0.78
14 | 7911 | 916 | 14552 | 11.738 | 0.78
15 | 9.082 | 10.515 | 16.705 | 13.475 | 0.78
16 | 10.333 | 11.963 | 19.006 | 15.331 | 0.78
17 | 11.665 | 13.506 | 21.456 | 17.308 | 0.78
18 | 13.078 | 15.141 | 24.055 | 19.404 | 0.78

O 00| N| o o

Subsequently, a comparative analysis was performed using
the breaking wave height equation proposed by Komar and
Gaughan (1972), which is given by:

Hy_xe = 0.39 g/s(T,H2)/s ...(10)

The results of this comparison are detailed in Table (5) and
illustrated in Figure (2). The analysis reveals a consistent
relative difference of 1.047%.
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Table 5. Comparison with the Breaking Wave Height
Equation from Komar and Gaughan

T H, H, Hp—ke 8
(sec) (m) (m) (m) (%)
0646 | 0748 | 0756 | 1.047
1.009 | 1168 | 1.181| 1.047
1.453 | 1682 17| 1.047
1.978 229 | 2314 1.047
2583 | 2991 | 3.023| 1.047
3269 | 3.785| 3.825| 1.047
10| 4036 | 4673| 4723 1.047
11| 4884| 5655| 5714 1.047
12| 5812| 6729 6.801| 1.047
13| 6.821| 7.898| 7.981| 1.047
14 7911 9.16 | 9.256 | 1.047
15| 9082 10515 10626 | 1.047
16 | 10.333| 11.963| 1209 | 1.047
17 | 11.665| 13506 | 13.649 | 1.047
18| 13.078 | 15141 | 15301 | 1.047

©| 0| Nl o o &

Note : § = Z6=b=KG , 100 o

Hp-kG

20

15

£ 10
T

5

0

4 9 14 19
T (sec)
—HO0 Hb Hb-KG

Fig.2: The comparison of breaking wave heights.

This research employs a zero-order wave amplitude
function to derive simplified relationships between the
wave period and various parameters: deep water wave
height H,, deep water wavelength L,, deep water depth h,,

. . H, .
and the wave steepness criterion L—° It also establishes
0

relationships with breaking wave height H,, breaking
wavelength L, breaking water depth H,, and breaking

Hp
Wave steepness .
b
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Comparisons with deep water wave height estimates from
Wiegel and breaking wave height calculations from Komar
and Gaughan reveal that the results of this research are
consistent with, or closely approximate, those of previous
research.

V. RESEARCH ON WAVE AMPLITUDE
FUNCTION RESULT OF 3RD ORDER
INTEGRATION
The wave amplitude function, derived from integrating the
Kinematic Free Surface Boundary Condition with third-
order accuracy (Hutahaean, 2024), is given by:
2Gkcosh 0w

A :Tt,zakA (11)
_ tanh 0w ( 3 3) KA
ST, 2y, 2
k?A? 1 1\ k343
tanh 6w + (—2 - —)
2 yx\/ﬁ z Yz 8

The dispersion equation of third order is expressed as

1 1\43 tanh 0w A? 1 3
(L)% o+ (-3 ai

Y2 v, 8 W 2z 2
tanh 6 o’
oYt o e e (12)
VY2 9

4.1. The calculation of deep water wave height H,,.

Equation (12) exhibits a characteristic where there is a
maximum wave amplitude value, A4,,,, beyond which any
further increase in amplitude results in a wave number value
that becomes zero or negative. This suggests that Equation
(12) has a discontinuity at A, -

To determine A,,,., calculations are performed iteratively,
starting from a small wave amplitude value and
incrementally increasing it by a small amount. In this
research, an increment of 0.0001 is used until A,,q,. is
obtained.

Given that the equation is a fourth-degree polynomial, the
Newton-Raphson method is employed for the iterative
calculation. To initiate the iteration, the equation is
simplified by assuming that k2 and k* are negligibly small,
reducing the problem to a second-degree polynomial, which
is expressed as follows:
(i B E) Ak + tanh O o _ Yes¥es o? “o
2y, 2 VY2 g
In this equation, there are two values of k for each wave
amplitude A and positive value is selected. Consequently,
the calculation process involves two stages for each wave

www.ijaers.com

International Journal of Advanced Engineering Research and Science, 11(9)-2024

amplitude value. Initially, the wave number k is
approximated using a simplified equation, which provides
an estimated value of k. Following this approximation, the
Newton-Raphson method is employed to refine the value of
k by applying it to the complete dispersion equation. This
two-stage approach enhances the accuracy of the calculated
wave number k for the given wave amplitude A.

The calculation results using 6 = 1.3395, € = 0.01 are
presented in Table (6).

Table 6. Results of Wave Parameter Calculations in Deep

Water.
T H, Lo ho H,
(sec) | (m) (m) (m) Ly

4 0.68 2.735 1.661 0.249
1.063 4.262 2.588 0.249
1.53 6.129 3.721 0.25
2.083 8.291 5.03 0.251
2.721 10.85 6.584 0.251
3.443 13.746 | 8.342 0.25
10 4.251 16.935 | 10.275 | 0.251
11 5.144 2046 | 12412 | 0.251
12 6.122 | 24.326 | 14.756 | 0.252
13 7.184 | 28.538 | 17.31 0.252
14 8.332 | 33.088 | 20.069 | 0.252
15 9.565 | 37.941 | 23.01 0.252
16 10.883 | 43.246 | 26.232 | 0.252
17 12.287 | 48.746 | 29.564 | 0.252
18 13.775 | 54.682 | 33.166 | 0.252

O©| 0| N o o1

The values of H, and L, calculated using the third-order
dispersion equation are larger than those obtained from the
zeroth-order dispersion equation. Additionally, the critical

H . .
wave steepness L—° is smaller for the third-order results,
0

averaging 0.250, compared to the zeroth-order result of

? = 0.315. Thus, the critical wave steepness derived from
0

the third-order calculation is closer to the criteria proposed
by Toffoli et al. (2010), which range from ? =0.17-0.2.
0

However, it is important to note that this research does not
aim to match the critical wave steepness criteria set by
Toffoli et al.

Page | 12


http://www.ijaers.com/

Hutahaean

Table 7. The Comparison between Hy and Hy_yyje -

T H Ho_wi Hy — Hy_,;
° 9| o omwied 10094
(sec) (m) (m) Ho_wieg

4 0.68 0.645 5.431
5 1.063 1.008 5.441
6 1.53 1.451 5.445
7 2.083 1.975 5.457
8 2.721 2.58 5.454
9 3.443 3.265 5.453
10 4,251 4.031 5.456
11 5.144 4,878 5.458
12 6.122 5.805 5.459
13 7.184 6.812 5.459
14 8.332 7.901 5.462
15 9.565 9.07 5.463
16 10.883 10.32 5.464
17 12.287 11.65 5.466
18 13.775 13.061 5.469

15

£

2 10

=

o

T 5

3

o

I

0
4 9 14 19
T (sec)
——Ho HO-Wieg

Fig.3: The Comparison between Hy and Hy_yyeq

Next, the wave height H, is compared with the deep water
wave height Hy_y;., from Wiegel, as presented in Table 7
and Figure 3. The average difference between H, and
Hy_wieq is 5.45%, whereas the difference using the zeroth-
order dispersion equation is only 0.131%. It is important to
note that this research does not aim to replicate Wiegel’s
(1949, 1964) deep water wave height results precisely. The
comparison serves to demonstrate that the findings are in
general agreement with existing research.
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4.2. Calculation of breaking parameters H,, L, and h,,

The calculation of breaking parameters is performed using
the breaking characteristics outlined in Equation (11):

tanhen_l_( 3 3>kA 242 canh 6
S ————tanhOn
VY2 2y, 2 2z
1 1) k343
+(y_§_z) ~=0 (13)

This equation is a third-degree polynomial, which
precludes the formulation of a simple equation for breaking
wave steepness. However, the equation allows for the
calculation of the kA value under breaking conditions. For

example:

kpAdp =«

Therefore,

Hy, «

L, =

Or,

L, =" (14)

The calculation process is carried out in stages. In the first
stage, a second-degree polynomial approximation is applied
by neglecting the term containing k343 in equation (13),
under the assumption that this term is negligible.

252
tanhmr =0

tanh O ( 3 3

t (=3 )kd - ———
VY2 2y, 2 2/vV¥2

This equation has two roots, with the smallest kA value
being selected. Using this initial result, further calculations
are performed with equation (13) using the Newton-
Raphson iteration method.

The results of the shoaling-breaking research using a
numerical model with the wave amplitude function of order
3 indicate a loss of wave energy as the wave travels from
deep water to the breaking point. Therefore, the relationship
between the wave energy at the breaking point and the wave
energy in deep water is expressed as follows:

E, = 0.8E,
Once the a value is determined, the breaking wave height
Hb is calculated using the energy conservation equation:
HZL, = 0.8 H3L,

Substituting Ly,

With the obtained H, value, L, can be calculated using
equation (14), and the breaking water depth is determined

with the wave number conservation equation:
or H,

Pk, 4
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Table (8) presents the results of the breaking parameter
calculations. These calculations were performed with € =

0.01 dan @ = 1.3395. This value of 8 vyields % =0.781,
b
which differs from the zero-order calculation, which
requires 8 = 1.928 to achieve % = 0.78. The calculated
b

breaking wave steepness is % = 0.438, which is smaller
b

than the zero-order breaking wave steepness of ? = 0.633.
b

Table 8. Results of Calculation of Breaking Parameters
with Wave Amplitude Function Accuracy of Order 3

T H, L, hy H, H,
(sec) | (m) (m) (m) Ly hy

4 068 | 0.762 | 0.976 | 0.438 | 0.781
1.063 | 119 | 1524 | 0.438 | 0.781
153 | 1.713 | 2193 | 0.438 | 0.781
2.083 | 2327 | 2979 | 0.438 | 0.781
2721 | 3.041 | 3.894 | 0.438 | 0.781
3443 | 385 | 493 | 0438 | 0.781
10 | 4251 | 475 | 6.082 | 0.438 | 0.781
11 | 5144 | 5744 | 7.356 | 0.438 | 0.781
12 | 6122 | 6.834 | 8751 | 0.438 | 0.781
13 | 7.184 | 8.019 | 10.269 | 0.438 | 0.781
14 | 8332 | 9.298 | 11.906 | 0.438 | 0.781
15 | 9565 | 10.67 | 13.664 | 0.438 | 0.781
16 | 10.883 | 12.149 | 15558 | 0.438 | 0.781
17 | 12.287 | 13.709 | 17.555 | 0.438 | 0.781
18 | 13.775 | 15.374 | 19.687 | 0.438 | 0.781

©| O N| o o

Next, the breaking wave height is compared with the
breaking wave height from the Komar-Gaughan equation
(10). The results of this comparison are detailed in Table (9)
and illustrated in Figure (4). The average difference
between the two measurements is 3.5%, with H,
consistently smaller than Hy, _g.

Table 9. Comparison between H, and the breaking height

Komar-Gaughan Hj, _gg.

T H, H, | Hy_xc 8
(sec) | (m) (m) (m) (%
4 068 | 0762| 0787 | 3.214
5| 1.063 119 | 1.231| 3301
6 153 | 1713 | 1772 | 3342
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7 2.083 2.327 2.412 3.541

8 2.721 3.041 3.15 3.48

9 3.443 3.85 3.987 3.446
10 4.251 4.75 4.923 3.513
11 5.144 5.744 5.956 3.562
12 6.122 6.834 7.089 3.592
13 7.184 8.019 8.319 3.604
14 8.332 9.298 9.649 3.637
15 9.565 10.67 | 11.076 3.667
16 | 10.883 | 12.149 | 12.603 3.595
17 | 12.287 | 13.709 | 14.227 3.644
18 | 13.775 | 15.374 | 15.951 3.617

Note : § = Z6=b=KG , 1 00g4
Hp_k¢

20
15
E 10
T
5
0
4 9 14 19
T (sec)
—HO0 Hb Hb-KG

Fig.4: The comparison between H, and Hj,_g.

The research on breaking wave height, utilizing a third-
order wave amplitude function, yielded results that differ
from the breaking wave height values provided by Komar
and Gaughan, with an average difference of 3.5%. Given
this relatively small discrepancy, the relationship between
breaking wave height and wave period can be effectively
applied using either of the two methods.

V. CONCLUSIONS

The analysis concludes that the relationship between deep
water wave height and wave period shows qualitative
consistency across the three methods examined: the zero-
order wave amplitude function, the third-order
approximation, and the Wiegel’s method. Despite this
similarity in quality, the quantitative results suggest that one
of these methods should be chosen for practical
applications.
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Between the zero-order and third-order approximations, the
third-order method is preferred for its superior accuracy in
representing critical deep water wave steepness, aligning
more closely with other research findings.

For breaking wave height, the zero-order approximation,
third-order method, and Komar-Gaughan approach are
qualitatively equivalent. However, the selection of a method
should be based on quantitative considerations.

In terms of breaking wave steepness, the third-order
approximation provides more accurate results than the zero-
order method.

For practical and engineering applications, the zero-order
wave amplitude function is recommended due to its
simplicity and ease of implementation.

The wave energy equation utilized in this study is based on
a sinusoidal wave profile. However, given that the wave
profile at larger wave heights tends to be cnoidal or solitary,
it is essential to develop a wave energy equation tailored to
these wave profiles.
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Abstract— With the increasing power density of electronic equipment,
heat dissipation technology has become the key to ensure the stable
operation of equipment. Because of its unique structural design, the
Tesla valve heat sink shows great potential in the heat dissipation of
high-power electronic devices. However, the traditional heat transfer
model prediction method has the problems of complex calculation and
low efficiency. The purpose of this study is to explore a method of heat
transfer model prediction based on training neural network to
improve the accuracy and efficiency of heat transfer efficiency
prediction of Tesla valve heat sink. The heat transfer data of Tesla
valve heat sink under different structures were collected by numerical
simulation. The data were then used to train a feed forward neural
network. Through a lot of training and verification, the neural network
model shows good generalization ability and can accurately predict
the heat transfer efficiency under unknown conditions. In this study,
the effects of network structure, training algorithm and optimization
strategy on model performance are discussed, and an improved
network architecture is proposed to improve the accuracy of
prediction. Finally, the advantages of the proposed method in
computational efficiency and prediction accuracy are verified by
comparison with traditional methods.

l. INTRODUCTION

In the rapid development of electronic technology, the
performance leap of high-power density electronic devices
is closely related to the improvement of heat dissipation
efficiency [1]. With the miniaturization and high frequency
of integrated circuits and the continuous rise of computing
speed, the heat generated inside electronic devices has
increased sharply, and the heat dissipation problem has
become one of the key factors restricting its performance
bottleneck. With its unique geometric structure and
excellent heat transfer performance, the Tesla valve heat
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sink is considered as one of the new generation of efficient
heat dissipation solutions [2].

The Tesla valve, through a carefully designed
asymmetric flow channel structure, enables the fluid to
flow efficiently in a specific direction, while being
significantly hindered in the opposite direction. This
feature not only improves the heat dissipation efficiency,
but also reduces energy consumption, providing a strong
guarantee for the efficient and stable operation of
electronic equipment. Domestic and foreign scholars
continue to deepen the research of Tesla valve, from the
basic flow characteristics analysis to the complex heat
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transfer performance optimization, each progress indicates
its broad application prospects in the future heat
dissipation technology.

At present, the research of Tesla valve has covered
multiple dimensions. The study of Thompson et al. [3]
revealed the effects of valve spacing, series and Reynolds
number on the performance of multistage Tesla valves,
providing a theoretical basis for design optimization [3].
S.F. de Vries et al. verified the feasibility of the new Tesla
valve in enhancing heat transfer through innovative design,
combined with steady-state two-phase flow experiment
and laminar single-phase simulation, and further promoted
the application of Tesla valve in high-efficiency heat
dissipation systems such as heat pipes [4]. Based on the
Fluent simulation platform, Ren Pu studied the fluid flow
characteristics of the Tesla valve during reverse navigation,
and also analyzed the causes of cavitation in the Tesla
valve and the influence of the cavitation model on the fluid
flow [9]. In recent years, artificial intelligence technology
and neural network technology have provided new
possibilities to solve this problem.

In the early 1990s, the personal computer (PC) era was
represented by the Intel 80486 microprocessor (486 era),
the CPU power consumption is relatively low, such as the
maximum power consumption of Intel 486DX4 processor
reached 5W, the heat dissipation demand is not high, the
design of the radiator is usually more simple, generally
using the passive heat dissipation of static heat sink, or
equipped with a small fan to achieve active heat
dissipation. With the increase of CPU frequency, such as
the introduction of Intel Pentium series, power
consumption and heat began to increase, and power
consumption was also greatly increased to 11.2w, and the
radiator began to be equipped with a fan, forming the
prototype of an air-cooled radiator. In the Pentium Il and
IV era, the power consumption and heat output of the CPU
increased sharply, and the volume of the radiator increased
accordingly, and copper base, plug copper and copper-
aluminum combined fin radiator appeared to improve the
heat dissipation efficiency.

However, the complex structure of Tesla valve makes
its flow and heat transfer mechanism difficult to be fully
explained by traditional theories, especially under complex
conditions such as high flow rate and multiphase flow, its
performance prediction and optimization face many
difficulties. In addition, existing prediction models often
rely on large amounts of experimental data, which are
expensive to compute and difficult to respond quickly to
design changes.

To solve these problems, artificial intelligence
technology and neural network technology are introduced
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in this study. Because of its powerful nonlinear mapping
ability and self-learning ability, neural network can
construct accurate prediction model. The prediction
method of heat transfer mode of Tesla valve heat sink
based on training neural network is the concrete practice of
this idea. We aim to explore a method for predicting heat
transfer mode of Tesla valve heat sink based on training
neural network, in order to improve the accuracy and
computational efficiency of prediction [5][6][7][8].

In this paper, CFD numerical simulation technology is
first used to build a variety of Tesla valve models, and
simulation analysis is carried out under the same working
conditions, and detailed heat transfer data including inlet
and outlet pressure difference, Nussel number, and
geometric structure parameters are collected. These data
will serve as the "nourishment™ for neural network training
and provide a solid foundation for model construction.

A feedforward neural network is then designed and
trained, which realizes complex mapping of the heat
transfer performance of the Tesla valve through the
connection and activation of multiple layers of neurons. In
the training process, the network structure is optimized and
the hyperparameters are adjusted to improve the prediction
accuracy and generalization ability of the model. At the
same time, the influence of two key parameters, the length
of the flow channel section and the Angle of the valve, on
the heat transfer performance is studied, and a new way to
optimize the structure of the Tesla valve is explored by
adjusting these parameters.

This study is expected to establish a set of neural
network-based heat transfer performance prediction model
of Tesla valve heat sink, which can accurately and
efficiently predict heat transfer performance of different
structures of Tesla valves, and provide strong support for
the design and optimization of heat sink.

As an important cooling element in electronic products,
the development history of electronic heat sink closely
follows the evolution of electronic technology. With the
improvement of the performance of electronic products,
heat dissipation technology is also constantly improving
and innovating [10].

The research significance of this paper comes from the
use of CFD numerical simulation to collect heat transfer
data of different Tesla valve models under the same
working conditions, including inlet and outlet pressure
difference, Nussel number, geometric structure parameters,
etc. Then design and train a feedforward neural network,
establish a training model, and adjust the grid structure.
The influence of two parameters, the length of the flow
channel section and the Angle of the valve, on the heat
transfer performance of the Tesla valve was studied, and
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the optimization algorithm was finally able to improve the

generalization ability and prediction accuracy of the model.

The prediction model was used to predict the heat transfer
performance of different structures and optimize the
structure of the Tesla valve [11][12].

1. TESLA VALVE MODEL ESTABLISHMENT
AND CFD PRE-TREATMENT

Since Tesla valves are mostly used in electronic
products, the size of the design in this paper will be
determined according to the size of electronic products.
CAD is used to establish a two-dimensional geometric
model, and 3D is generated by the built-in modeling tool
in ANSYS2022. Then Mesh in ANSYS2022 is used to
divide the model and name the boundary.

2.1 Initial selection of the Tesla valve geometry model

The average length of the Tesla valve designed in this
paper is 100mm. As shown in Figure 1, the width of the
flow channel section is fixed at 3mm, the length is D, and
the valve Angle is a. These two geometric parameters
change within the specified range, while the remaining
parameters remain unchanged. Each Tesla valve is a one-
stage, and this paper designs a two-stage Tesla valve. The
fluid in the channel is water, and its physical properties
change with temperature. Wall material is copper.
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Fig. 1: Sample size of Tesla valve/mm

Tesla valve in the counter current process will appear
some unique fluid mechanics phenomena, these
phenomena are the result of its unique geometric structure
and the physical characteristics of the fluid. Some key
hydrodynamic phenomena such as increased flow rate,
decreased pressure, cavitation effect, eddy current
formation, fluid separation, enhanced heat exchange, flow
asymmetry, turbulent transition, hydrodynamic instability,
and energy dissipation may occur during the counter
current process of the Tesla valve.

The speed of the upstream inlet and the upstream inlet is
0.05m/s, and the rest remain unchanged. The exit domain
is set as the exit boundary. The fluid can effectively avoid
the wing-like barrier and flow from the right to the left
unimpeded, and the effect of acceleration is obtained due

www.ijaers.com

International Journal of Advanced Engineering Research and Science, 11(9)-2024

to the flow pressure, and the speed has been accelerating in
the main channel, the speed is close to 0.1m/s; When fluid
flows in reverse, it encounters a wing-like barrier.
Whenever fluid passes through one of these channels, it
flows into a wing-like barrier due to inertia. The shock of
back flow and the sudden increase in pressure can prevent
the fluid from moving forward, making it difficult to pass
through the valve. The more wing-shaped obstacles, the
more resistance the fluid is subjected to in the reverse flow,
which creates the one-way flow characteristics of the Tesla
valve.

A monitoring point is provided at the reverse flow inlet
through road, near the oblique channel, to monitor the
speed and pressure at the point.

1. NEURAL NETWORK

Artificial neural network (ANN) or analog neural
network (SNN). These networks consist of interconnected
neurons, divided into input layers, one or more hidden
layers, and output layers, where neurons perform
mathematical operations on input data and pass the results
to the next layer, allowing the network to learn complex
patterns and relationships in the data. Each node in the
neural network receives input processing and passes the
output to the next node[13] [14] [15].

Import Fluent simulation data results into the MATLAB
workspace. The four data of upstream Nuf, counter-current
Nur, relative performance evaluation standard RPEC and
Di are imported into the work area as labels, and the output
form is a numerical matrix, denoted as "T". The length of
the section of the flow channel and the Angle of the valve
are imported into the work area as features, and the output
form is a numerical matrix, denoted as "X"; Set several
sets of parameters as shown in Table 1, and import them
into the work area as prediction objects. The output form is
a numerical matrix, which is denoted as "YC".

Table.1: Predicted parameters

F-orer.‘ﬂst..ing group I The .Ign‘nﬂl of the flow Va!\;'e.An_ziar'."
channel section/mm
Forecasting | 3 33
Forecasting 2 5 44
Forecasting 3 iy 55
Forecasting 4 T 33
Forecasting 5 5 55
Forecasting 6 3 44

There are 9 samples in total. The 9 samples are divided
into three parts: 70% training set, 15% verification set and
15% test set. In other words, 7 samples are taken as
training set, 1 sample as verification set and 1 sample as
test set. Using the least square method, it occupies a large
memory, takes the least time, and can be automatically
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stopped. The results include Neural Network part,
Algorithms part, Progress part and Plot part.

Save the trained neural network model, use the training
model to predict the previously designed prediction
parameters, and get the result "Y". The results are
summarized in Table 4.

Iv. INTERPRETATION OF RESULT
4.1 Fluent Simulation result analysis

Table 2 Simulated result

Experinrental | Downsir-eam pressure | Couerc-urett pressire | Dowistr- | Cowsere- | Di | RPEC
o drop A PfPa drop & PrPa iwren Nur
Testl 20.56 2237 LOBS | 100z |
Test2 21.69 1068 1m3 |
Test 24.46 | to4r | Loos |
lesid 14.59 1038 LO1s
Teatd Ih.I_L 6 | I.U!sh 1 I.G_:l |
Testh 1833 | 3 | 1069 | 1026 |
Test? 12.87 14.09 G| Loss | Loog
Testh 1434 | 1576 | 2638 | 1099 | 102 |
Test? 1642 1757 18893 | 1.07 1028
Table 3 Forecast summary
. - P | - .
Forecasting group | Fair current Nufl | Adverse current Nur | Di | RPEC |
Forccasting | | 1965961 | 202.6147 | LO8S8 | 1.0038 |
Forecasting 2 188.0456 | 1983291 10925 | 10245
Forecasting3 | 1831189 | 191.6469 | L0669 | 1.0249
Forccasting 4 246.1588 | 10942 | 1.0098 |
Forccasting 5| | > | 1.0734 | 1.0235
Forecasting 6 176.9233 | 183,1591 LO717 | L0075

Upflow Nu and counter flow Nur vary as the valve
Angle increases. When the valve Angle is small, the Nu
value is higher and the heat transfer effect is better. This
may be because the smaller valve Angle helps the fluid
form more vortex and turbulence inside the Tesla valve,
which enhances heat transfer. However, as the valve Angle
increases, the Nu value decreases, which may be due to the
energy loss caused by the increase in the fluid flow path.
The pressure drop data show that the down-flow pressure
drop APf and the counter-flow pressure drop APr decrease
as the valve Angle increases. This may be because the
larger valve Angle helps the fluid flow through the valve
more smoothly, reducing the resistance of the fluid.
However, too low a valve Angle can result in too large a
pressure drop, which can affect the overall performance of
the Tesla valve. RPEC is used as a comparison of the
overall performance of the Tesla valve in reverse flow and
forward flow, and the closer the value is to 1, the better the
performance. The RPEC value does not monotonically
increase with increasing cross section length, which
indicates that the design of the Tesla valve needs to find a
balance between heat transfer efficiency and fluid flow
resistance. The Di parameter is used as a measure of single
flow, and its value reflects the resistance of the valve to
counter current. As shown in Table 3, Di values are lower
in some test groups, which may mean that these Tesla
valve designs are more effective at preventing backflow.
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The length of the cross section also affects the
performance of the Tesla valve. Increasing the cross
section length helps to increase the Nu value and thus the
heat transfer performance, but it may also lead to an
increase in pressure drop. This shows that when designing
the Tesla valve, it is necessary to consider the heat transfer
efficiency and the resistance of the fluid flow to achieve
the optimal design. In summary, the valve Angle of the
Tesla valve and the cross section length of the flow
channel have a significant impact on its heat transfer
performance. Smaller valve Angle is beneficial to increase
Nu value, but may lead to increased pressure drop. The
larger cross section length helps to improve the heat
transfer performance, but may be unfavorable to the single
conduction. Therefore, the design of the Tesla valve needs
to consider multiple factors, by optimizing the valve Angle
and cross section length to balance the heat transfer
efficiency and fluid flow resistance to achieve the best heat
dissipation results. In addition, the difference between the
predicted results of the neural network model and the
simulated data suggests that the model may require more
training data or a more complex network structure to
improve the prediction accuracy. Future research could
further explore the optimal combination of these
parameters and optimize the design of the Tesla valve
through experimental validation.

The parts of Tesla valve where heat transfer is enhanced
generally appear in the parts where turbulence is
intensified, cavitation phenomenon is significant and eddy
current is generated, and the speed of these parts will be
significantly different from other parts. Now, the influence
of valve Angle and flow channel section length on the heat
transfer performance of Tesla valve is analyzed
respectively.

Testl, test2, test3, the cross section length of the flow
channel of the three experimental groups is 3mm, and their
valve angles are 30°, 45°, and 60° respectively. According
to the simulation results, Nu at 30° is the highest among
the three groups, indicating the best heat transfer effect.

The fluid of the curve and the fluid of the straight
passage have impact interaction at the junction, resulting
in three low flow rate areas, the pressure drops sharply, the
speed increases, resulting in cavitation phenomenon, and
then enters the low flow rate area, the pressure increases,
and the cavitation bubble disappears. As the valve Angle
increases, the Angle of fluid interaction between the bend
and the straight passage decreases, and the cavitation effect
weakens. As can be seen from the figure, the cavitation
region of test2 and test3 is smaller than that of testl, and
the cavitation phenomenon can enhance the effect of heat
transfer, so the Nu of testl is the largest among the three.
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The heat transfer performance of the Tesla valve is
closely related to the flow state of the internal fluid. Under
counter current conditions, the flow of fluid inside the
valve is impeded, and this obstruction causes the fluid to
separate in some parts of the valve, forming a flow
separation zone. These separation zones can lead to local
stagnation of the fluid, which affects heat transfer
efficiency. However, this flow separation also increases
the contact time between the fluid and the valve wall,
helping to improve heat exchange efficiency. Especially
when the flow separation zone is accompanied by the
formation of eddy currents, this situation will cause the
fluid to further enhance the heat exchange effect with the
wall, because the eddy currents can promote the heat
mixing and transfer inside the fluid. With the increase of
cross section length, Nu value increases and heat transfer
performance is enhanced. At the same time, turbulent flow
occurs in a larger flow channel, and the probability of eddy
current increases. These unstable flows are also
responsible for enhanced heat transfer.

The larger the cross section length of the flow channel,
the fluid will gradually become obstructed under the
condition of forward flow. More and more fluid will enter
the curved channel due to inertia, showing the effect of
obstructing fluid flow similar to that under the counter
current condition, indicating that the increase in the cross
section length will increase the probability of fluid
entering the curved channel at the intersection of the
straight channel and the curved channel. This is not good
for optimizing the single pilot connectivity of the Tesla
valve.

Changes in the cross section length of the flow channel
also affect the heat transfer performance and cavitation
phenomenon of the Tesla valve. Increasing the cross
section length can increase the heat transfer area and thus
improve the heat transfer efficiency. However, excessive
cross section lengths may lead to increased impediments to
fluid flow, reducing the occurrence of turbulence and eddy
currents, and thus reducing heat transfer efficiency.
Therefore, the design of Tesla valves requires a balance
between heat transfer efficiency and fluid flow resistance.

Equivalent points are set at the entrance, exit, middle
interchange and bend of the Tesla valve of testl and test5,
respectively, to monitor the speed and pressure changes in
the channel under the condition of forward flow and
reverse flow. The specific location is shown in Table 1.
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Fig. 2 Set equivalent points

The equivalent points Pointl and Point2 at the middle
interchange are used to monitor the velocity difference
when the fluid cavitation occurs here in the case of counter
current. Subjectively, it is believed that these two points
will produce a large velocity difference in the case of
counter current, while in the case of forward flow, it will
not produce a large velocity difference. The equivalent
point Point3 at the entrance is used to monitor the speed at
the outlet when the Tesla valve is upstream and the speed
and pressure change when the valve is upstream. The
equivalent point Point4 is set in the first bend under the
counter-current condition to monitor the velocity and
pressure change trend of the fluid in the bend under the
counter-current condition. The equivalent points Point5
and Point6 are set at the position near the exit of the
second bend in the case of counter current, where a
temporary cavitation phenomenon may occur. Point6 is set
at the core of this low-speed area, and Point5 is located at
the high-speed area of the exit of the bend.

flow-time [s]

Fig. 3 testl Reverse flow velocity variation diagram
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As shown in Table 2, under the counter current
condition of test1, the speed difference between Pointl and
Piont2 is the largest, which is consistent with the initial
hypothesis. It can be seen from the figure that the speed of
Piont2 is close to stable after 1.5s, maintaining at 0.01m/s,
while the speed of Point2 is finally maintained at 0.1m/s.
The difference between the two is nearly 10 times, and the
huge speed difference creates the possibility of cavitation.

Similarly, there is a large speed difference between
Point5 and Point6, and the speed of Point4 does not
change much. It only takes about 0.5s from the beginning
to the final stabilization, which is similar to the
stabilization time of Pointl, Point5 and Point3. Both
Point6 and Point2 are detection points located in the low-
speed region. It can be seen that there is a fluctuation in
the velocity within 0.025s, which is due to the sudden
increase of the fluid velocity in the flow channel, resulting
in the fluid velocity in these two low-speed regions being
affected until the flow becomes stable. The speed slows
down.

Area-Weighted
Average
of

pressure
[Pa]

0.7500 1.0000 12500 15000 1

flow-time [s]

Fig. 4 testl Reverse flow pressure variation diagram

As can be seen from Fig. 4, the pressure of the Tesla
valve system is basically stable after 0.5s, Point3 is the
monitoring point at the entrance, and the pressure is the
largest. After the fluid enters the bend, the pressure of
Pointl and Point2 is close, and the pressure of Point2 is
slightly smaller, and the pressure in the cavitation core
area is smaller than the surrounding pressure. The pressure
of Point5 and Point6 is basically the same, and they are
both the monitoring points at the counter current outlet.
The pressure of these two points is the smallest or perhaps
the difference is very small, which is not easy to see in the
figure, and also indicates that the cavitation phenomenon
here is not obvious. The counter current velocity pressure
is basically stable after 0.75s, the flow of the fluid is
basically unchanged, the vortex and cavitation phenomena
exist at the same time, due to Angle reasons, the
acceleration of the speed at the fluid junction is obvious,
and the speed of the bend is basically the same as the inlet
speed.
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Fig. 5 testl downstream velocity variation diagram
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Fig. 6 testl Up-flow pressure variation diagram

In the case of downflow, as shown in Figure 9, the
speed of all monitoring points (except Point4) increases
relative to the counterflow. As the monitoring point of the
curve, the speed of Point4 is even lower relative to the
counterflow, maintaining at about 0.02m/s after
stabilization. It can be seen that in the downflow, the fluid
does not flow into the curve as much as the counterflow.
Point5 and Point6 as inlet monitoring points along the flow,
the speed increases obviously. Pointl and Point2 are the
monitoring points in the middle of the Tesla valve, and the
speed increase is not large in the forward flow, at this time,
most of the fluid flows in the straight channel, and the
fluid in the bend is less, and the acceleration effect at the
intersection is relatively small.

As can be seen from Figure 9, the pressure of similar
monitoring points is very close, and the system begins to
stabilize at 0.5s, which is much faster than the counter
current situation. Only within 0.1s at the beginning, the
pressure changes greatly, and the pressure is proportional
to the distance from the upstream inlet. The highest
pressure is close to 30Pa, and the maximum pressure after
stability is about 15Pa. The minimum value is around 4Pa.
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Fig. 7 testl Particle trajectories at interchanges of
counter current

0 30000 40000 5.0000 £0000
flow-time [s]

Fig. 8 test5 Reverse flow velocity variation diagram

As can be seen from Figure 8, the complexity of its
speed change is much higher than that of testl, but there
are still some similarities. For example, the speed
difference between Pointl and Point2 is still very large,
and the speed difference between Point5 and Point6 is
slightly larger than that of testl. The speed of Point5 began
to exceed the speed of Pointl after 1.5s, which was very
close to the two. However, Point6, which was also in the
low-speed area, did not slow down to O like Pointl and
remained stable at about 0.028m/s. Combined with the
speed cloud map, In theory, there should also be a zero-
speed region in the low-speed region of Point6 like the
middle interchange, which should be because the location
of the point is not accurate. If it is really in the core of the
low-speed region, the speed should be close to 0 after
stability. The increase of the valve Angle and the increase
of the flow channel section is beneficial to the stability of
the flow of the Tesla valve.

As can be seen from Figure 9, the maximum pressure
reaches 25Pa and is about 13Pa after stability. Compared
with testl, which has a maximum value of close to 30Pa
and a maximum value of 15Pa after stability, test5 has a
lower system pressure, which indicates that test5 has a
better system stability than test1.
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Fig. 9 test5 Reverse flow pressure variation diagram

Point3 is the inlet monitoring point in the case of

counter current, the pressure is the highest, the pressure
drops after the fluid enters the bend, and finally maintains
around 12.5Pa. The pressure difference between Pointl
and Point2 is about 2.5Pa, the pressure of Point5 and
Point6 is very close to that of the surrounding area, and the
pressure in the cavitation core area is smaller than that in
the surrounding area. In the case of counter flow, the
pressure at the end of the Tesla valve, Point5 and Point6,
has decayed to a very low value. Therefore, there is no
significant pressure difference between Point5 and Point6,
so the probability of cavitation is very low, or the
cavitation phenomenon is small and not obvious.
The stabilizing time of the overall pressure is about 1s,
which is a little slower than the 0.75s of testl. The
increasing of the valve Angle and the size of the channel
section may have adverse effects on the stabilizing time.

Fig. 13 test5 Particle trajectories at interchanges of
counter current

Figure 10 shows that in the case of down flow, the
speed of Point4 is the lowest, which is less than 0.02m/s
after stability, indicating that in the case of down flow,
only a small part of the fluid entering from the entrance
flows into the bend, and most of it flows in the straight.
Compared with the counter current situation, the speed of
Point2 and Point6 both increased in the forward flow, and
the speed of Point2 and Point3 was basically the same after
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stabilization. Before 0.5s, Pointl and Point6 had a
fluctuating stage, which first increased and then decreased.
In the case of forward flow, the position of Pointl was
close to the wall of the straight channel. When the fluid
passed through the forward flow, it would impact the wall,
and the speed increased for a short time, and then the
speed decreased. Point6 is located at the upstream entrance,
close to the side wall of the first bend. When the fluid
flows through here, a small part of the fluid will enter the
bend, resulting in speed attenuation. The speed attenuation
of Point6 is larger than that of Point1. At the same position,
the Point6 of testl does not decay, but rises steadily and
finally becomes stable. The position of Point6 is not
affected by the Angle of the valve, indicating that the
increase of the channel section will hinder the co-flow of
the Tesla valve, resulting in the non-smooth co-flow.

International Journal of Advanced Engineering Research and Science, 11(9)-2024

The overall pressure of the system becomes stable after
0.5s, which is consistent with the situation of testl
downstream, and the pressure decreases in a step pattern
with the distance of the velocity inlet.

4.2 Simulation verification of prediction results

Fig. 12 Prediction group 1 counter current temperature
cloud map

flow-time [s]

Fig. 10 test5 Up-flow velocity variation diagram

Area-Weighted 130000 ]| \

Average e
of
pressure 102000
[Pa]

,,,,,,,

0000 0500 140 15000 200D 25000
flow-time [s)

Fig. 11 Downstream pressure variation diagram

Figure 11 shows that the maximum pressure value of
test5 is about 27Pa under the condition of downstream
flow, and the final stable pressure is about 12Pa, with an
intermediate fluctuation of about 15Pa. The minimum
value appears at Point3. In the case of down-flow, Point3
is to monitor the pressure at the down-flow outlet, and its
value is about 0.4Pa.

The pressure of Point5 and Point6, Pointl and Point2
are completely the same, and the changing trend is the
same, indicating that there is no cavitation or vortex
phenomenon in the straight channel under the condition of
down flow.
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Fig. 13 Prediction group 1 countercurrent velocity cloud

map

Fig. 14 Prediction group 5 counter current temperature
cloud map

Fig. 15 Forecast group 5 counter current velocity cloud
map
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Fig. 16 Forecast group 5 velocity change at counter
current outlet

Table 4 Simulation prediction parameter

Forecasting | Downsiream Countercurrent | Downstream Countercurren (i | RP

group pressure drop | pressure drop (Nuf L Nur EC
| APf'Pa APr/Pa

YC1 18.24 19.79 383.87 399.32 11 1

YC3 16.57 18.04 27228 289.17 1.1] 1

The results obtained from the training of the neural
network were verified. Two sets of data, YC1 and YCS5,
were selected for simulation verification, and the
simulation results of the two sets of predicted data were
obtained.

From the velocity and temperature cloud images, their
flow conditions and temperature distribution are similar to
the previous simulation results.

Combined with the above data, it can be seen that there
are still some differences between the simulation data and
the training results, and the simulation results are generally
greater than the training results, indicating that the training
model of the neural network is not as accurate as it is
displayed, which may be due to too little training data or
inappropriate hidden layers. Or the numerical solution
method adopted by Fluent software, such as the finite
volume method, is not suitable for discretization and
numerical integration, and these steps will introduce
certain errors. The selection and setting of numerical
methods (such as grid resolution, time step, etc.) directly
affect the accuracy of the simulation.

V. CONCLUSION

This research focuses on developing a trained neural
network based prediction method to improve the
prediction accuracy of the heat transfer mode of the Tesla
valve heat sink. The unique design of the Tesla valve heat
sink shows its advantages, but the traditional research
methods face the problems of complicated calculation,
time-consuming and inefficient. By comparing with
traditional prediction methods, this study verifies the
advantages of the proposed method in terms of calculation
efficiency and prediction accuracy, and provides a new
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possibility for the prediction of heat transfer mode of Tesla
valve heat sink.

The results of two Fluent simulations show that the

percentage difference of counter current Nu in YC1 is
49.26%, while that in YC5 is 40.93%. This indicates that
the difference between the predicted value of YC1 and the
simulated value of Fluent is slightly larger than that of
YCS5. The percentage difference of the Di parameter for
YCL1 is about 7.29%, while the percentage difference of
the Di parameter for YCS5 is about 1.43%.
This shows that on the Di parameter, the difference
between the predicted value of YC5 and the simulated
value of Fluent is smaller than that of YC1. The
percentage difference of the RPEC parameters for YC1 is
about 7.49%, while the percentage difference of the RPEC
parameters for YCS5 is about 0.82%. This shows that the
difference between the predicted value of YC5 and the
simulated value of Fluent is smaller than that of YC1 on
the RPEC parameters.

The accuracy of the neural network training model
under the known framework is sufficient, and its R value is
very close to 1. However, in this study on the heat transfer
of Tesla valve, the influence of valve Angle and cross
section length on the heat transfer performance of Tesla
valve is not a simple linear relationship. There are too few
training data, and the differentiation of training data is not
fine enough. The activation function or loss function used
by the neural network is not suitable, which can lead to
inaccurate prediction results. The flow and heat transfer
process inside a Tesla valve can involve a variety of
complex objects.
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Abstract— Afro-Womanism emerges as a critical framework that
bridges the gap between traditional feminist thought and the lived
experiences of Black women. By centering race, gender, and culture,
Afro-Womanism provides a unique lens through which to explore both
historical and contemporary gender issues. This article examines the
evolution of gender consciousness through an Afro-Womanist lens,
emphasizing the influence of societal norms on women of African
descent. Through case studies from the 18" Century to the modern era,
the article highlights how Afro-Womanism enables a more holistic
understanding of gender dynamics across different cultural and socio-
political contexts.

I. INTRODUCTION

Afro-Womanism, a term

traditional boundaries.

At its core, Afro-Womanism emphasizes community,
family, and the cultural heritage of African women,
distinguishing itself from the often-individualistic focus of

introduced by Clenora
Hudson-Weems in the late 20th century, offers a critical
framework for centering the experiences of Black women
within feminist discourse. Unlike mainstream feminism,
which has often been critiqued for its focus on the struggles
of white, middle-class women, Afro-Womanism recognizes
the inextricable links between race, class, and gender in the
lives of Black women (Hudson-Weems, 1993). It rejects the
notion that the fight for gender equality can be fully
understood without addressing the racial and economic
factors that uniquely affect Black women. This approach
not only broadens feminist theory but also challenges its

importance of collective liberation over individual rights.
By integrating intersectionality, a concept developed by
Kimberlé Crenshaw (1989), Afro-Womanism recognizes
the multiple layers of oppression that Black women face,
particularly the ways in which societal norms intersect to
shape their gendered experiences differently from white
women.

In this article we explore the development of gender
consciousness through the lens of Afro-Womanism,
analyzing both historical and contemporary gender issues.
By examining the societal norms that construct and impose
gender roles, the article seeks to provide a nuanced
understanding of how these roles affect Black women
specifically. Through key Afro-Womanist principles and
case studies, it will demonstrate how this framework
enables a deeper exploration of gender dynamics, offering
fresh insights into the ongoing discourse on gender equality.

Western feminist movements (Hudson-Weems, 1993). The
inclusion of these elements provides a more holistic
approach to addressing gender issues, highlighting the
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1. THEORETICAL FOUNDATIONS OF AFRO-
WOMANISM

Afro-Womanism represents a critical theoretical
framework that redefines feminist discourse by centering
the experiences and struggles of Black women. Developed
by Clenora Hudson-Weems in the late 20th century, Afro-
Womanism builds on several key theoretical foundations
that distinguish it from other feminist frameworks. This
section explores the theoretical underpinnings of Afro-
Womanism, highlighting its unique contributions to
understanding gender dynamics through the intersections of
race, class, and gender.

Intersectionality and Race

A central tenet of Afro-Womanism is its integration of
intersectionality, a concept pioneered by Kimberlé
Crenshaw to elucidate how overlapping identities—such as
race, gender, and class—interact to produce unique forms
of oppression and privilege (Crenshaw, 1989). This
framework is pivotal in understanding the multifaceted
experiences of Black women, who navigate a complex
matrix of racial and gendered discrimination. Afro-
Womanism builds on this concept by highlighting how the
intersection of these dimensions shapes the lived
experiences of Black women in ways that cannot be fully
comprehended through a singular focus on either race or
gender alone (Crenshaw, 1991).

Crenshaw's work demonstrates that traditional feminist
frameworks, which often emphasize gender in isolation,
tend to overlook how race complicates and exacerbates
gender-based oppression. For instance, Black women
experience racial and gender discrimination simultaneously,
which leads to compounded forms of oppression not
addressed by mainstream feminist approaches (Crenshaw,
1989). This intersectional perspective reveals that Black
women face unique challenges, such as racial stereotyping
and gendered violence, which are not fully captured by
analyses that consider race and gender separately.

Afro-Womanism incorporates intersectionality to
advocate for a more nuanced analysis of these intersecting
oppressions. By considering how race, gender, and class
interact, Afro-Womanism calls for a feminist discourse that
acknowledges and addresses these complexities. This
approach not only provides a more comprehensive
understanding of Black women’s experiences but also
challenges traditional feminist narratives that often exclude
or marginalize these perspectives (Hudson-Weems, 1993).
In doing so, Afro-Womanism pushes for a more inclusive
and equitable feminist agenda that recognizes and responds
to the intersecting forms of discrimination faced by Black
women.
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Critique of Mainstream Feminism

Afro-Womanism offers a critical analysis of mainstream
feminist movements, highlighting their historical and
ongoing limitations in addressing the experiences of women
of color. Traditional feminist frameworks have often been
criticized for their narrow focus on the struggles of white,
middle-class women, thus marginalizing or ignoring the
intersecting oppressions faced by women of color. This
critique is evident in the works of early feminist figures such
as Mary Wollstonecraft, whose seminal text, A Vindication
of the Rights of Woman (1792), primarily addressed the
rights and concerns of white, middle-class women, leaving
out the compounded oppressions experienced by Black
women and other women of color (Wollstonecraft, 1792).

Afro-Womanism, developed by Clenora Hudson-
Weems, directly confronts this oversight by advocating for
a more inclusive feminist discourse that recognizes and
addresses the unique challenges faced by Black women
(Hudson-Weems, 1993). This framework asserts that
mainstream feminism’s focus on gender as a singular axis
of oppression is insufficient for understanding the
complexities of Black women’s experiences. Instead, Afro-
Womanism calls for an analysis that integrates race, class,
and gender to fully comprehend and address the
multidimensional nature of Black women’s struggles.

For example, mainstream feminist movements have
frequently overlooked how systemic racism and economic
disenfranchisement intersect with gender to exacerbate the
oppression faced by Black women. This oversight has
resulted in feminist strategies and policies that do not
adequately address or alleviate the specific barriers faced by
women of color (Collins, 2000). Afro-Womanism
challenges traditional feminist narratives by emphasizing
the need for a broader, more inclusive approach to gender
justice that considers these intersecting oppressions. By
advocating for this expanded perspective, Afro-Womanism
seeks to ensure that all women’s voices are heard and that
their diverse experiences are recognized and addressed
within feminist discourse.

Emphasis on Community and Spirituality

A crucial theoretical foundation of Afro-Womanism is
its emphasis on the significance of family, community, and
spirituality in the lives of Black women. This focus
contrasts sharply with the individualistic tendencies of
Western feminism, which often prioritizes personal
achievement, autonomy, and self-reliance (Hooks, 1981).
Afro-Womanism, on the other hand, acknowledges that
Black women’s experiences and identities are deeply
intertwined with their communal and familial contexts. This
framework asserts that understanding and addressing
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gender issues requires an appreciation of these relational
and collective aspects of Black women's lives.

In Afro-Womanism, family and community are not just
social structures but vital sources of support, identity, and
empowerment. This perspective highlights how communal
bonds and spiritual practices are integral to Black women’s
resilience and well-being. For example, Afro-Womanism
recognizes the role of extended family networks and
community support systems in providing emotional and
practical assistance, which can be crucial in navigating and
resisting oppression (Collins, 2000). The communal aspect
of Afro-Womanism also reflects a broader -cultural
emphasis on collective responsibility and mutual aid,
contrasting with the often-solitary pursuit of personal goals
in Western feminist thought.

Additionally, Afro-Womanism incorporates spirituality
as a central component of empowerment and identity.
Spiritual practices and beliefs often provide Black women
with strength, purpose, and a sense of belonging that
transcends individual challenges (Hudson-Weems, 1993).
This approach underscores the importance of integrating
spiritual and communal dimensions into discussions of
gender justice, thereby offering a more holistic view of
empowerment that acknowledges the interconnectedness of
individuals within their communities.

By challenging the Western feminist focus on
individualism and self-reliance, Afro-Womanism advocates
for a more inclusive and supportive approach to gender
justice. It recognizes that the well-being and empowerment
of Black women are deeply connected to their familial,
communal, and spiritual lives, and that addressing gender
issues requires a comprehensive understanding of these
relational aspects.

Historical Context and Legacy

Afro-Womanism draws deeply from the historical
context of Black women’s struggles and resilience to
provide a comprehensive understanding of contemporary
gender dynamics. This framework examines how historical
systems of oppression, such as slavery and colonialism,
have influenced and shaped the experiences of Black
women over time. By acknowledging the historical roots of
current issues, Afro-Womanism offers valuable insights
into the continuity and evolution of Black women’s
experiences of oppression and resistance.

Enslaved Black women, for example, faced a dual
burden of racial and gendered exploitation. Their labor, both
in agricultural fields and domestic spheres, was essential to
the economy of slavery. This exploitation was not merely
an economic strategy but also a form of gendered violence
specifically targeting Black women (Davis, 1983).
Furthermore, their reproductive capacities were exploited to
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increase the enslaved population, adding another layer of
oppression that intersected with both race and gender. This
historical context reveals how deeply embedded forms of
discrimination have shaped the lived realities of Black
women, laying the groundwork for  ongoing
marginalization.

Understanding these historical dimensions is crucial for
addressing contemporary gender issues. Afro-Womanism
situates current struggles within a broader historical
framework, highlighting how historical injustices continue
to affect Black women today. This perspective underscores
that contemporary gender issues are not isolated phenomena
but are deeply intertwined with historical processes of
oppression and resistance.

By incorporating concepts such as intersectionality,
critiquing mainstream feminist approaches, emphasizing
the importance of community and spirituality, and
contextualizing contemporary issues within historical
frameworks, Afro-Womanism provides a nuanced and
inclusive perspective on gender justice. This comprehensive
approach not only enriches feminist discourse but also
advocates for a more equitable and holistic framework for
addressing the diverse experiences of Black women
(Hudson-Weems, 1993; Collins, 2000).

In doing so, Afro-Womanism ensures that the
complexities of Black women’s experiences are
acknowledged and addressed, promoting a more inclusive
and informed understanding of gender dynamics.

I11.  HISTORICAL GENDER ISSUES: AN AFRO-
WOMANIST PERSPECTIVE

This chapter delves into historical gender issues through
the lens of Afro-Womanism, a framework that integrates
race, class, and gender to offer a comprehensive
understanding of Black women’s experiences. Traditional
feminist narratives often overlook the intersectional nature
of oppression that affects Black women, focusing primarily
on the struggles of white, middle-class women. In contrast,
Afro-Womanism recognizes how colonial histories, racial
dynamics, and socio-economic conditions uniquely shape
the roles and rights of Black women (Collins, 2000). The
exploration begins with the 18th century, a period marked
by rigid patriarchal norms and Eurocentric ideals that
profoundly influenced women’s social positions and legal
rights. While feminist thinkers such as Mary Wollstonecraft
advanced arguments for women’s rights, their analyses
frequently neglected the compounded effects of race and
class, leaving Black women’s experiences largely
unaddressed (Davis, 1983). Afro-Womanism fills this gap
by examining how enslaved Black women faced dual
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oppressions of gender and race, and how these intersecting
factors were integral to their lived realities.

Moving into the post-emancipation era, the chapter
highlights how societal norms continued to exploit Black
women’s race and gender to sustain their subjugation.
Despite their significant contributions to social movements,
Black women were marginalized both within mainstream
feminist circles and Black liberation movements. Through
figures like Sojourner Truth and Harriet Tubman, this
chapter illustrates how Afro-Womanism reveals the
nuanced ways in which Black women navigated and
challenged these dual oppressions, advocating for a more
inclusive and intersectional approach to gender equality
(Collins, 2000). By applying an Afro-Womanist
perspective, this chapter seeks to illuminate the complex
historical landscape of gender issues and underscore the
importance of recognizing the intersectional dimensions of
oppression in feminist discourse.

The 18th Century and Early Gender Consciousness

In the 18th century, societal norms were heavily
influenced by patriarchal and Eurocentric ideals, which
profoundly shaped women’s roles and rights. These norms
established and reinforced rigid gender hierarchies,
perpetuating the belief that women were inherently inferior
to men. The prevailing patriarchal ideology dictated that
women’s primary roles were confined to domestic duties
and submission, thereby limiting their opportunities for
education,  political involvement, and economic
independence. Feminist pioneers such as Mary
Wollstonecraft emerged as crucial voices challenging these
oppressive structures. In her seminal work, A Vindication
of the Rights of Woman (1792), Wollstonecraft advocated
for women’s education and argued for the fundamental
equality of the sexes (Wollstonecraft, 1792). Her critiques
of gender inequality were pioneering for their time, yet they
predominantly focused on the experiences and rights of
white, middle-class women, largely overlooking the
compounded effects of race and class (Crenshaw, 1989).

Wollstonecraft’s feminist arguments, while
groundbreaking, failed to address the specific challenges
faced by Black women, particularly those who were
enslaved or colonized. Her work reflected the broader
limitations of early feminist thought, which often
marginalized the experiences of women of color. This
omission left a significant gap in feminist discourse, as it
did not consider how the intersections of race, gender, and
class uniquely shaped Black women’s experiences
(Crenshaw, 1989). Afro-Womanism, as articulated by
scholars like Clenora Hudson-Weems, addresses this gap by
examining how race, class, and colonization uniquely
shaped the experiences of Black women during this period
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(Hudson-Weems, 1993). Unlike mainstream feminist
approaches, Afro-Womanism integrates an understanding
of the complex interplay between these factors, offering a
more nuanced perspective on historical gender issues.

For instance, enslaved Black women in the Americas
experienced dual oppression—both racial and gender-
based. Their labor was critical to the economic system of
slavery, with their contributions exploited in both
agricultural and domestic spheres. They were subjected to
severe working conditions, and their reproductive capacities
were exploited to sustain and expand the enslaved
population (Davis, 1983). This exploitation was not only a
component of economic strategy but also a tool of gendered
violence specifically targeting Black women. The dual
oppression of Black women as both enslaved individuals
and gendered beings underscores the necessity of an Afro-
Womanist perspective. This framework illuminates how
intersecting systems of race, gender, and class functioned
within oppressive institutions like slavery, highlighting the
limitations of early feminist movements in addressing the
full spectrum of women'’s struggles (Collins, 2000).

Afro-Womanism in the Post-Emancipation Era

In the post-emancipation era, Black women continued to
face systemic exploitation rooted in both race and gender,
despite the significant political shift represented by the
abolition of slavery. The end of legal slavery did not
translate into immediate or comprehensive liberation for
Black women. Instead, they remained marginalized within
both mainstream feminist movements and Black liberation
movements that emerged in the wake of emancipation. This
period was characterized by a continued reinforcement of
racial and gendered hierarchies, which were maintained
through various societal norms and institutional practices
(Collins, 2000).

Within the mainstream feminist movement, Black
women were often sidelined. White feminist groups, while
advocating for women’s rights, primarily focused on issues
pertinent to white, middle-class women and frequently
excluded the experiences and needs of Black women
(Collins, 2000). This exclusion was evident in the limited
attention given to how race intersected with gender to
compound the oppression faced by Black women. As a
result, the feminist agenda of the time failed to address the
unique struggles faced by Black women, reflecting a
broader pattern of racial exclusion within feminist
discourse. Similarly, in the Black liberation movements,
male leadership often overshadowed the contributions of
women. While these movements were crucial in fighting
racial oppression, they frequently failed to address gender
inequality within their ranks. Women’s roles and
contributions were undervalued, and their voices were
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marginalized in the struggle for racial justice (Collins,
2000).

The Afro-Womanist perspective offers a critical lens for
understanding how Black women navigated these dual
oppressions. Afro-Womanism emphasizes the intersection
of race and gender, providing a nuanced analysis of Black
women’s roles and contributions during this period. This
framework reveals that Black women were not merely
passive recipients of oppression but were actively engaged
in shaping their own destinies and advocating for broader
social change (Hudson-Weems, 1993). Afro-Womanism
highlights the ways in which Black women asserted their
agency, both within and outside of the formal political
movements of the time.

Notable figures such as Sojourner Truth and Harriet
Tubman exemplify the critical roles that Black women
played in challenging and reshaping narratives around
freedom and rights. Sojourner Truth’s famous “Ain’t I a
Woman?” speech, delivered at the Women’s Rights
Convention in 1851, was a powerful indictment of both
racial and gender-based discrimination. In her speech, Truth
argued for the inclusion of Black women in the broader
women’s rights movement, challenging the prevailing
assumptions about race and gender (Truth, 1851). Harriet
Tubman, renowned for her role in the Underground
Railroad, continued her activism post-emancipation by
advocating for women’s suffrage and civil rights. Tubman’s
post-war efforts demonstrated her commitment to both
racial and gender justice, further highlighting the
intersectional nature of her activism (Collins, 2000). These
contributions underscore the importance of incorporating
Afro-Womanist perspectives into historical analyses,
enabling scholars to fully appreciate the complexity of
Black women’s struggles and achievements in the post-
emancipation era.

IV. CONTEMPORARY GENDER ISSUES: AFRO-
WOMANISM AND INTERSECTIONALITY

This chapter addresses contemporary gender issues through
the frameworks of Afro-Womanism and intersectionality,
offering a critical examination of how these perspectives
illuminate the complex experiences of Black women in
modern contexts. While historical analyses have
underscored the intersections of race and gender that shape
Black women's experiences, contemporary issues require an
equally nuanced approach. In today's society, Black women
continue to encounter multifaceted forms of oppression that
cannot be fully understood through a singular lens.

Afro-Womanism, with its focus on the intersections of race,
gender, and class, provides a valuable perspective for
analyzing current gender dynamics. This framework
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challenges both mainstream feminist and traditional
liberation narratives by emphasizing the unique challenges
Black women face and advocating for the centralization of
their experiences in discussions of gender equality. By
integrating an understanding of how systemic inequalities
and societal structures impact Black women, Afro-
Womanism reveals their ongoing struggles and resilience in
contemporary settings.

Intersectionality, a concept developed by Kimberlé
Crenshaw, complements Afro-Womanism by highlighting
how overlapping identities—such as race, gender, sexuality,
and class—interact to produce unique forms of
discrimination and privilege (Crenshaw, 1989). This
approach is crucial for addressing the complexities of
contemporary gender issues, as it underscores the
limitations of analyzing oppression through isolated
categories. Intersectionality provides a comprehensive
understanding of how multiple systems of power and
discrimination intersect, shaping Black women's lived
experiences in diverse ways.

By examining contemporary issues through these
frameworks, this chapter aims to deepen the understanding
of the challenges and opportunities facing Black women
today. It explores how  Afro-Womanism and
intersectionality contribute to broader discussions of gender
justice and social change, underscoring the importance of
inclusive and intersectional approaches in addressing
ongoing gender inequalities.

Modern Gender Consciousness

In contemporary gender discussions, Afro-Womanism
offers an essential framework for analyzing the societal
norms impacting Black women, offering insights often
overlooked in mainstream feminist and civil rights
narratives. Modern societal expectations continue to
position Black women in roles emphasizing caregiving,
community leadership, and nurturing, reflecting historical
stereotypes rooted in slavery. The archetype of the "strong
Black woman," for instance, both praises and burdens Black
women, expecting resilience in the face of adversity while
overlooking their struggles and needs (Hooks, 1981).

These societal pressures push Black women into managing
both professional and personal responsibilities while
contending with the compounded challenges of racial and
gender discrimination. For example, Black women often
experience a "double jeopardy" of discrimination—where
their racial identity and gender are sources of systemic
disadvantage. This intersectional oppression manifests in
various ways, including disparities in income, healthcare,
and educational opportunities, exacerbated by societal
expectations that undervalue or ignore their contributions
and struggles (Crenshaw, 1989).
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Afro-Womanism highlights the contemporary invisibility of
Black women within both feminist and civil rights
narratives. While mainstream feminist discourse has
traditionally centered on the experiences of white, middle-
class women, and civil rights movements have focused on
racial justice from a predominantly male perspective, Afro-
Womanism underscores the necessity of including Black
women's voices and experiences in these conversations
(Hudson-Weems, 1993). This framework advocates for a
more inclusive approach that recognizes the unique
challenges Black women face and addresses their needs
comprehensively.

Afro-Womanism also emphasizes the significance of
family, spirituality, and community in Black women's lives,
contrasting sharply with the often-individualistic focus of
Western feminism. Western feminist approaches frequently
prioritize individual achievement and autonomy,
overlooking the collective and communal aspects of Black
women's lives. In contrast, Afro-Womanism values the
interconnectedness of family and community, recognizing
that Black women's well-being and agency are deeply tied
to their roles within these social structures (Collins, 2000).
This emphasis on community and collective support
challenges the notion of self-reliance prevalent in Western
feminist thought and advocates for a more holistic
understanding of empowerment, including communal and
familial dimensions.

Additionally, Afro-Womanism critiques the narrow scope
of Western feminist frameworks by addressing how
systemic inequalities and societal norms shape Black
women's experiences. It calls for a broader understanding of
gender justice that incorporates the intersectional realities of
race, class, and gender. This perspective is vital for
addressing the ongoing challenges faced by Black women
and ensuring that their needs and contributions are
recognized within broader gender and social justice
movements (Crenshaw, 1989; Hudson-Weems, 1993).

Afro-Womanism and the #MeToo Movement

The #MeToo movement, which has brought issues of sexual
harassment and gender-based violence to the forefront, has
faced criticism for centering predominantly on white
women’s experiences. While the movement has succeeded
in highlighting the widespread problems of harassment and
assault, Black women's experiences within this context are
often overshadowed or marginalized. Afro-Womanism
offers a crucial critique of this mainstream feminist focus,
arguing that the movement has insufficiently addressed the
intersecting impacts of sexism and racism that uniquely
affect Black women.

Afro-Womanism, a framework developed to center Black
women's experiences by integrating race, gender, and class,
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provides valuable insights into the limitations of the
#MeToo movement. Kimberlé Crenshaw's concept of
intersectionality is pivotal, as it highlights how Black
women experience compounded forms of discrimination
that mainstream feminist discourse frequently overlooks
(Crenshaw, 1991). Intersectionality emphasizes that issues
of sexism and racism are interconnected, shaping the unique
challenges Black women face. Black women are
disproportionately targeted for sexual violence, yet their
experiences are inadequately represented in discussions
dominated by narratives from white women (Crenshaw,
1991).

Crenshaw argues that legal and social frameworks
addressing sexual harassment and violence often fail to
account for the compounded effects of race and gender,
resulting in interventions that are less effective for Black
women. These barriers, including racial stereotypes and
systemic discrimination, perpetuate the marginalization of
Black women's voices in mainstream feminist and #MeToo
discussions (Crenshaw, 1991).

Furthermore, Patricia Hill Collins’ concept of "Black
Feminist Thought" reinforces the importance of considering
the intersection of race and gender in feminist discourse.
Collins argues that Black women’s experiences are
marginalized in feminist discussions because mainstream
feminist frameworks have historically centered on the
experiences of white, middle-class women (Collins, 2000).
This historical exclusion has led to a limited understanding
of the diverse experiences of women and hindered the
development of more inclusive and effective feminist
strategies.

Afro-Womanism critiques the mainstream #MeToo
movement for its insufficient attention to these
intersectional issues. It advocates for a more inclusive
feminist movement that prioritizes marginalized groups’
experiences, ensuring that all women's voices are
represented and heard (Hudson-Weems, 1993). This
approach calls for a shift from a singular, white-centered
narrative to one embracing the diversity of women's
experiences and challenges.

In conclusion, while the #MeToo movement has made
significant strides in raising awareness about sexual
harassment and violence, it has faced criticism for failing to
fully address the intersectional realities of Black women's
experiences. Afro-Womanism offers a critical perspective,
highlighting the need for a more inclusive feminist
discourse that centers the voices and experiences of
marginalized groups. By incorporating insights from
intersectional theorists such as Crenshaw, Collins, and
others, the movement can better address the compounded
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forms of discrimination faced by Black women and work
toward a more equitable feminist agenda.

V. CONCLUSION

Afro-Womanism, developed by Clenora Hudson-
Weems in the late 20th century, offers a comprehensive
framework for analyzing gender consciousness through the
intersections of race, class, and gender (Hudson-Weems,
1993). This approach addresses the shortcomings of
mainstream feminist theories, which have historically
prioritized the experiences of white, middle-class women
while often neglecting the unique challenges faced by
women of color. By focusing on the specific experiences of
Black women, Afro-Womanism provides a more nuanced
and inclusive understanding of gender issues, emphasizing
the interconnected nature of various forms of oppression.

Central to Afro-Womanism is the recognition that race,
class, and gender cannot be considered in isolation when
examining the oppression of Black women. This framework
critiques traditional feminist approaches that may prioritize
gender issues without fully acknowledging the compounded
impact of race and class. The concept of intersectionality is
vital in Afro-Womanism, as it allows for a more
comprehensive understanding of how societal norms and
structures uniquely affect Black women, distinguishing
their experiences from those of their white counterparts
(Collins, 2000).

Afro-Womanism also critiques the historical oversight
in feminist movements, where the focus on the rights of
white, middle-class women often ignored the compounded
oppressions of Black women. Figures like Mary
Wollstonecraft, while pivotal in advocating for women's
rights, did not account for the experiences of women of
color, who faced both racial and gender-based
discrimination (Wollstonecraft, 1792). Afro-Womanism
pushes for a more inclusive historical and contemporary
feminist discourse, highlighting the importance of
community, family, and spirituality in the lives of Black
women and calling for a broader understanding of gender
justice (Hooks, 1981).
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I. INTRODUCTION representing a year-on-year growth of 14%. Among this,
At the 75th session of the United Nations General solar power generation capacity was approximately 740

Assembly, the Chinese government pledged to enhance million kilowatts, up 49.8% year-on-year, while wind
nationally determined contributions by adopting more power generation capacity was around 470 million
robust policies and measures to strive for peaking carbon kilowatts, up 19.8% year-on-year. From January to July
dioxide emissions before 2030 and achieving carbon 2024, thermal power generation capacity totaled 14,106.1
neutrality before 2060. This policy aims to tackle global billion kilowatts, a year-on-year increase of 3.5%. By the

climate change, reduce greenhouse gas emissions, promote end of July 2024, thermal power's cumulative installed
green development, and protect the ecological capacity accounted for 45.46% of the nation's total

environment. Nowadays, energy issues have become a installed power generation capacity. The installed power
focal point of societal attention, and the proposal of the generation capacity continues to grow, with wind and solar
"dual carbon" goals poses a challenge to the expansion of power exhibiting particularly strong momentum. However,
traditional energy sources. The latest data shows that by despite the rapid development of renewable energy, given
the end of July 2024, China's total installed power the current energy structure and actual demand, thermal

generation capacity reached 31.0 billion kilowatts, power generation cannot be abruptly abandoned or
significantly reduced in the short term. For some time to
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come, thermal power will continue to play a crucial role in
electricity supply, with its stable output capacity and
mature technological system being indispensable for
ensuring national energy security and stable economic
operation.[1]

As a crucial pillar of thermal power generation, boilers
are not only the starting point of energy and power
conversion but also the core process of converting the
chemical energy of fuel into internal energy. During
combustion in the boiler, the fuel within the furnace
releases a significant amount of heat. This heat is
transferred to the water-cooled walls through radiation and
convection, thereby facilitating the evaporation of water
into steam.[2] During the operation of the boiler, heat
continuously accumulates and transfers within the furnace.
At this point, to achieve further energy conversion and
utilization, evaporator tubes, a crucial component, are
needed to convert water into steam. Evaporator tubes play
a vital role in the boiler system, acting like an energy
transmission channel that converts the heat generated by
the boiler into powerful steam, providing continuous
power support for subsequent power generation processes
or other industrial applications.

The production of qualified steam by evaporator tubes
is influenced by various factors, including working
temperature, properties of the liquid working medium,
flow rate and temperature of the supplied liquid, ambient
humidity, stability of the heat source, internal structure of
the heat tubes and liquid circulation status, external
environmental temperature and pressure, as well as the
design and manufacture of the evaporator tubes.[3]
Additionally, evaporator tubes find extensive applications
in numerous modern industrial sectors. For instance, in the
paper industry, evaporators are used to concentrate pulp
during the paper production process and to dry paper with
steam, thereby producing high-quality paper products. In
wastewater treatment, facilities such as urban wastewater
treatment plants utilize evaporators to evaporate and
recover water from wastewater, achieving the goals of
water conservation and reducing wastewater discharge. In
seawater desalination, evaporators are employed to
evaporate seawater, removing salts and impurities to
obtain usable freshwater.[4] In the solar energy sector,
water is heated and converted into steam to generate
electricity or achieve water cycle heating. With the
development needs of modern industry, the performance of
evaporators is continuously being improved to better meet
the demands of various sectors.

Currently, it is observed that evaporation tubes
experience heat transfer deterioration when subjected to
excessive or insufficient heating. When the tube wall is
heated with a constant heat flux, as the heat flux increases,
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according to heat transfer theory, there exists a critical heat
flux density for constant heat flux heating. At this point,
the boiling states experienced by the water inside the tube
include subcooled boiling and nucleate boiling. When the
heat flux density on the tube wall exceeds the critical heat
flux density, the boiling of the water inside transitions to
film boiling. At this stage, due to the increased presence of
gas near the tube wall, heat transfer becomes less efficient
than in the previous stage, causing the wall temperature to
rise rapidly. If boiling continues, when it reaches the mist
stage, the adhering water film is evaporated, and the
excessive gas once again leads to heat transfer
deterioration.[5] On the other hand, insufficient heating
issues caused by various factors such as combustion or
structure are also relatively common. These issues are
mainly manifested as heat discrepancies between the
water-cooled walls or among the evaporator tube bundles.
In particular, evaporator tubes that are less heated may
experience circulation stagnation, free water levels, and
reverse circulation.[6] For many riser tubes in the boiler's
evaporation water cycle, the heat they receive is not
entirely uniform but rather uneven. When uneven heating
occurs, the amount of steam generated and the temperature
within the tubes due to heating also become uneven,
leading to uneven pressure distribution and subsequently
uneven flow velocities within the tubes. When this uneven
heating reaches a certain level, circulation stagnation or
even reverse flow phenomena may occur, and for
horizontally placed tubes, steam-water stratification may
arise.[7]

Currently, research on fluid flow in pipes has become a
hot topic, encompassing aspects such as fluid flow patterns
and heat transfer conditions. However, most studies focus
on the flow and heat transfer of fluids in horizontal pipes,
while research on vertical pipes is relatively scarce,
especially regarding heat transfer in vertical pipes under
uniform heating boundary conditions. Typically, analyses
of fluid heat transfer in vertical pipes are predominantly
based on single-phase fluid studies, whereas research on
multiphase fluids mostly remains confined to horizontal
pipes.[8] For instance, the flow of refrigerant working
medium in air conditioning evaporators and the
condensation process of refrigerant vapor in horizontal
heat exchange tubes in condensers are relevant examples.
The reverse flow caused by uneven heating of evaporator
tubes poses significant obstacles to the normal operation of
the boiler's water cycle and its daily work. In practice, this
issue has been addressed through actual experimentation,
but there is still limited research exploring this problem
from a simulation perspective.

The research approach in this paper starts with real-
world problems, integrating knowledge from heat transfer,
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fluid mechanics, and boiler principles. Utilizing the Fluent
module in ANSY'S 2022 R1 for simulations, it will explore
the vapor-liquid two-phase fluid flow patterns in
evaporator tubes experiencing insufficient heating and the
development of descending flows. Additionally, the
relationship between heat flux density and thermal
conductivity will be considered.

I1.  INTRODUCTION TO THE MAIN MODELS

The evaporation tubes, steam drum, downcomers,
headers, and connecting pipes in the boiler evaporation
equipment were selected for modeling. The model was
simplified primarily with reference to the relevant chapters
on natural water circulation in textbooks on power plant
boiler principles, in order to highlight the key research
objects. Simplified models were created for the evaporator
tube bundles, steam drum, downcomers, and headers. For
example, only the pipe models were depicted for the
evaporator tube bundles, which were assumed to be of the
plain tube type, and most of the other structures and
internal steam-water separation structures in the steam
drum were omitted. The following figure provides a rough
conceptual illustration of the geometric modeling:

£ Drum steam outlet
Evaporation tube

Water supply

A

Drum

Drop Tubc/

Connection box
Cc-"""‘-

Fig.1: Roughness diagram of geometric modeling

I11.  SIMULATION OF WORKING FLUID FLOW IN
A UNIFORMLY HEATED EVAPORATOR
TUBE

3.1 Simulation of normal evaporation in a uniformly
heated evaporator

Before further investigating the abnormal conditions
of the evaporator tubes, the normal evaporation water
cycle was first simulated. A single tube was selected for
the simulation, with the middle section cross-section
observed to examine the flow patterns inside the tube.
Additionally, this study falls under the category of
unsteady-state research. For multiphase flow, the Mixture
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model was chosen in this study based on the fluid
properties of boiling heat transfer within the tube.

The uniformly heated evaporator tube circulation
system was considered as an open system with mass and
energy exchanges with the outside environment. The mass
inlet was the water supplied by the feedwater pump, which
was delivered to the lower inlet of the steam drum. The
corresponding inlet in the model was set as a mass flow
inlet with a mass flow rate of 300 kg/m3. Since the water
from the feedwater pump passes through the deaerator and
economizer, it has a higher temperature, and the mass flow
inlet temperature was set at 50°C. The mass flow outlet
was the steam discharged from the upper outlet of the
steam drum. The steam discharged from the steam drum
needs to pass through the superheater and reheater to meet
specified requirements before entering the turbine.
Therefore, a pressure outlet was set at the outlet surface of
the steam drum in the model. The pressure outlet boundary
condition defined the static pressure at the outlet boundary
of the flow field. The static pressure value was used when
the flow field was subsonic, while the pressure was
interpolated from within the flow field when the outlet
reached supersonic speeds. The backflow conditions were
set as close as possible to reality to ensure the convergence
of the calculation. For heat input, due to the uniform
heating of the evaporator tube, a constant heat flux density
was directly set using the wall condition in the boundary
conditions. Based on the data, the specific heat value for
the single evaporator tube wall in this simulation was
10,000 W/mz2,

3.2 Solve and calculate

For the discretization scheme, Fluent solves the
governing equations of the flow field to obtain the values
of flow variables at all control points. The method used in
the computation process for this solution is the QUICK
(Quadratic  Upwind Interpolation for  Convective
Kinematics) scheme. The QUICK scheme provides values
at boundary points using a mixed form of weighting and
interpolation. The QUICK scheme was originally proposed
for structured grids (i.e., quadrilateral grids in two-
dimensional problems and hexahedral grids in three-
dimensional problems), but in Fluent, the QUICK scheme
option can also be used for unstructured grid calculations.
In unstructured grid calculations, if the QUICK scheme is
selected, the values at non-hexahedral (or non-quadrilateral)
edge points are computed using the second-order upwind
scheme. The QUICK scheme offers higher accuracy when
the flow direction aligns with the grid orientation.
Therefore, the QUICK scheme was chosen for this
study.[9][10]
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Since the upper half of the steam drum contains a
constant presence of gas, local initialization is required. A
specific grid region within the steam drum (which has
been previously meshed) was selected, and by setting the
gas volume fraction to 1, it was maintained as a gaseous
region.

IV. SIMULATION OF A DESCENDING
EVAPORATOR TUBE UNDER ABNORMAL
HEATING

My main objective is to simulate the occurrence of
reverse flow in a uniformly heated evaporator tube using
numerical simulation methods and compare it with the
normal circulation flow conditions. Through simulation, |
aim to seek answers to the problem of reverse flow in the
evaporator tube. The working conditions inside a
uniformly heated evaporator tube under normal
circumstances have already been determined. The next
step is to conduct a simulation analysis of abnormal
conditions with uneven heating. The geometric model used
here is the previously mentioned evaporator tube bundle
consisting of three tubes, and a preliminary comparison of
the flow patterns in the evaporator tube during descent
under abnormal conditions with those under normal
conditions will be made. To better represent abnormal
conditions, a subsequent simulation using an evaporator
tube bundle consisting of 10 tubes will be conducted.

In the three-tube model, the mesh size for the lower
part of the steam drum and the header is relatively large,
approximately 0.01. Since the evaporator tube is the focus
of the study, a smaller mesh size of about 0.001 is used for
division. For the gas part of the steam drum, the unit mesh
size is about 0.002. The remaining non-critical
components adopt automatic mesh generation by the
system to save space and reduce equipment pressure.
Ultimately, the number of mesh elements in this model is
approximately 650,000.

When entering the Fluent solver, the environment
settings, solver configuration, solution method, relaxation
factors, and initialization are the same as those for the
single-tube model. However, the boundary condition
settings are different. For the three-tube model, the
boundary conditions that need to be adjusted include the
mass flow rate at the system inlet and the heat received by
each tube. The solution settings and initialization remain
consistent with those used previously.

4.1 Simulation results

The following is a nephogram of the results of the three
evaporation tubes:
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Fig. 3: Profile pressure nephogram of three root canals

4.2 Simulation results of three-tube model with
different heat distribution

For the phenomenon of descending evaporator tubes,
due to variations in uneven heating of the evaporator tubes,
different heat distributions will be used to simulate as
many scenarios as possible, in order to obtain more diverse
patterns for convenient comparison and summarization.
The following are the boundary conditions:

Table.1: The setting of boundary conditions for each tube:

Example Heatof Heatof Third Inlet flow of
the first ~ second root water supply

tube root canal

canal heat

Casel 18000w 8000w 5000w  400L/m?s

Case? 12000w  12000w 6000w  400L/m2-s

Case3 8000w 8000w 5000w 400L/m2s
The simulation results are shown below

Case 1: 1.8W heat + 0.8W heat + 0.5W heat, with a
water flow rate of 400L/m2-s
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Fig. 5: Pressure nephogram

Case 2: The first two have a heat output of 1.2W, and
the last one has a heat output of 0.5W, with a water flow
rate of 450L/m2-s.
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Fig. 6: Temperature nephogram

Fig. 7: Pressure nephogram

Case 3: The first two have a heat output of 1.0W, and
the last one has a heat output of 0.7W, with a water flow
rate of 400L/m2s.
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Fig. 8: Pressure nephogram

4.3 Simulation of descending evaporator tubes in a
ten-evaporator tube bundle

To better represent the uneven heating of evaporator
tube bundles in reality, a model with ten tubes is used for
simulation. First, a simulation of uniform heating is
conducted, assuming that each tube receives the same
amount of heat to achieve normal heating results. The
mass inlet is set to 700kg/mz2-s, and the pressure outlet is
set to a pressure reflux of 99 degrees Celsius. The
boundary conditions for wall temperature heating are the
same as before. A simulation of uneven heating of the ten
tubes is then conducted, with other settings remaining the
same as above, except for different boundary conditions.

In this scenario, the flow rate for all ten tubes is set to
700kg per square second. The heat input for the first tube
is 6000w, while the heat input for the second to the ninth
tubes is 12000w. Specifically, the heat input for the tenth
tube is set to 10000w.

¥
Fig. 9: Pressure nephogram of uneven heating in a ten-
tube configuration
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Fig. 10: Temperature nephogram of uneven heating in
a ten-tube configuration

It can be observed that in cases of uneven heating, if
the water level in the boiler drum is too low, or if there are
significant fluctuations or excessively low water levels, it
can lead to the formation of a vortex funnel at the inlet of
the downcomer. This vortex funnel can "draw in" steam
into the downcomer, which reduces the density of the
working fluid in the downcomer and subsequently lowers
the circulation head.

V. SIMULATION RESULTS AND DISCUSSION

For the two-phase flow of steam and water in the
downcomer, the single-phase water velocity distribution in
the cross-section of the vertically ascending tube is highly
uneven. Specifically, the water near the wall flows slower
due to the effect of water viscosity, while the water at the
center of the tube flows fastest. When water near the tube
wall absorbs heat and generates bubbles, these bubbles are
propelled upwards by buoyancy, causing them to move
faster than the water. The bubbles close to the wall,
influenced by the slower flowing water nearby and the
faster flowing water at the center of the tube, will migrate
towards the center, resulting in the bubbles, like the water,
moving faster at the center than at the edges.[11] This
phenomenon is attributed to the combined effects of
buoyancy and water flow. If either of these two forces
produces a different effect—for instance, if the water flow
direction is reversed—then, following the same principle,
the water flow would be ahead of the bubbles. These
slower-moving bubbles would also be pushed away from
the center of the pipe under the influence of the swirling
flow.

(1)The Nusselt number calculation equation at this time
is:

n

w

n 0.11
Ny = 0.023Re°-8pr°-4(—fj
(1)

Where Re is the Reynolds number, and the
characteristic radius is the radius of the heated evaporation
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tube (22); Pr is the Prandtl number; Ny , N represents the

viscosity of the fluid and the wall.

As the water near the tube wall absorbs heat and its
temperature rises to the saturation temperature, local
bubbles are generated. However, much of the water has
not yet reached the corresponding temperature, resulting in
subcooled nucleate boiling at this stage.[12] When all the
water in the tube has absorbed heat from the tube wall, it
enters the second stage of boiling heat transfer—nucleate
boiling. At this point, bubbles gather at the center of the
tube to form steam slugs, which are separated by layers of
water. As the water between the steam slugs absorbs more
heat and evaporates during its upward journey, the steam
slugs merge into a ring-shaped formation around the tube.
Subsequently, the fluid inside the tube further absorbs heat,
and the water film left on the wall due to viscosity also
turns into gas. At this stage, the steam appears as a mist,
which still contains moisture and can continue to absorb
heat until the last trace of water vapor disappears, and the
steam inside the tube becomes a single-phase fluid again.

The simulation results for a normally operating,
uniformly heated evaporation tube are as follows:

P

a2 N®© ;
1

occoooooooo~i

@

Fig. 11: Volume fraction nephogram of uniformly heated
tube

As can be seen, after the evaporation tube on the right
side is heated and generates gas, the gas initially flows up
and down without forming a circulation. When the
conditions are met, the fluid (gas) with a smaller volume
fraction in the evaporation tube begins to flow upward,
while the red fluid (water) on the left flows downward
through the header and towards the heated tube. At this
point, the gas in the evaporation tube rises to the steam
dome, and the gas-liquid interface remains at a stable
position. The flow pattern analysis inside the evaporation
tube is similar to the data for uniformly heated tubes.
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Fig. 12: Water volume fraction distribution diagram for a
uniformly heated tube

As can be seen, for a normally operating, uniformly
heated evaporation tube, the water volume fraction
nephogram shows a distribution from 100% inside the tube
to 0.01% at the top of the tube, which is quite consistent
with this situation. Of course, for the superheated steam
mentioned above, in the boiler water process, it needs to
leave the steam dome and pass through the reheater and
superheater for further heating before it can become the
superheated steam required by the steam turbine.

This process can also be analyzed in engineering
thermodynamics. When unsaturated water that has not
reached the saturation temperature at the corresponding
pressure is heated, the thermal motion of the water
molecules intensifies, the temperature rises; and the
specific volume increases. When the saturation
temperature is reached, the water begins to vaporize, with

the saturation pressure and temperature remaining constant.

If heating continues, the amount of water decreases, the
amount of gas increases further, and the water volume
fraction decreases as it moves upward until it all turns into
water vapor. At this point, the steam is called dry saturated
steam. If this steam is further heated into the superheated
stage, the heat absorbed at this time is superheat. However,
since the inside of the tube is all gas, heat transfer is not as
efficient as it was with the previous liquid, which can
cause the wall temperature to rise rapidly, potentially
damaging the equipment. Finally, the dry saturated steam
absorbs heat, and its temperature exceeds the saturation
temperature, becoming superheated steam.

From the temperature contour plot, it can be observed
that the temperature continuously increases as heat is
absorbed from the bottom to the top of the tube, reaching
its peak as steam at the final stage. The temperature at the
topmost part can reach close to 200 degrees Celsius,
indicating that the gas there is likely superheated steam.
Comparing it with the volume fraction plot, it is found that
the water volume fraction at the corresponding position is
0, confirming it as superheated steam. If the water volume
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fraction is not exactly 0 but close to 0, it is highly likely
that there is still a partial water film present. If the tube is
completely filled with gas, the heat loss and thermal
damage to the tube wall can be severe. The enormous heat
cannot be promptly absorbed by the working fluid, leading
to deterioration of the tube's performance and potential
harm to the equipment.[13]
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Fig. 13: Temperature nephogram of a uniformly heated
tube

Under normal conditions, as previously mentioned, the
flow pattern distribution from the bottom to the top of the
tube is as follows: single-phase liquid — bubbly flow —
slug flow — annular flow — single-phase gas.[14][15]
The surface heat transfer coefficient during this process
should first increase and then decrease. Specifically, it
increases continuously from liquid convection heat transfer
to annular flow. When it reaches single-phase gas flow, the
liquid film on the tube wall completely evaporates, leaving
only gas in contact with the tube wall. The thermal
conductivity (Nu) of gas is relatively smaller than that of
liquid. Therefore, when the difference in Nu is not
significant, the surface heat transfer coefficient is smaller
than that of gas.

Next, we simulate a descending evaporation tube with
uneven heat transfer. From the temperature nephogram, it
is clearly visible that the second tube is filled with steam
and has a higher temperature than the other two tubes,
reaching 150°C, which is consistent with the volume
fraction nephogram showing that it is mostly steam. The
temperature of the first tube is about 80°C. From the
volume fraction nephogram, it can be seen that it is heated
well, with some steam already entering the steam dome. At
this time, most of the fluid inside the tube is subcooled
water, resulting in a lower temperature. The third tube is
significantly underheated (4000W), with much of the
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water inside the tube not reaching the saturation
temperature due to insufficient heat absorption. The
overall temperature of this tube is lower than the first two
and close to the temperature inside the descending tube,
indicating severe underheating.
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Fig. 14: Temperature nephogram of an abnormally heated
evaporation tube

Due to the different heat reception conditions of the
evaporation tubes, the most directly affected are the non-
flowing working fluids inside each tube. Therefore, in the
post-processing of this simulation, a sectioning method is
adopted to analyze the evaporation tubes with different
heat reception conditions through the sectioning of
nephograms.

Firstly, let's analyze the evaporation tube with a heat
reception of 15000W. As shown in the figure, it is the first
tube from the top. From the figure, it can be seen that
starting from the bottom of the evaporation tube (from left
to right), there is initially forced convection heat transfer
between the liquid and the tube wall. Subsequently, as the
water temperature rises to the saturation temperature,
bubbles are generated, and the water volume fraction
begins to decrease to the range of 0.8 - 0.9. Then, with
further heating of the tube wall, the gas inside the tube
gradually increases, which is basically in line with the flow
pattern of a normally heated evaporation tube.

Fig. 15: Sectional volume fraction of three tubes with
uneven heat distribution

www.ijaers.com

International Journal of Advanced Engineering Research and Science, 11(9)-2024

Secondly, for the second tube, it can be seen from the
volume fraction diagram that the gas content is higher near
the tube wall. The water flow at the upper part of the tube
(as shown on the right side of the figure) has not yet
vaporized and is still in a liquid state. From this, it can be
inferred that the liquid here is flowing downwards. The
downward-flowing liquid will also generate gas after being
heated by the tube wall, but the gas is carried downwards,
causing a large accumulation of gas at the bottom of the
tube. If the pressure here is greater than the pressure in the
descending tube, the gas will enter the header.

At the same time, from the perspective of pressure, the
pressure in the second tube is generally higher than that in
the first and third tubes. This is because there is a large
amount of steam flowing downwards in the second tube at
this time. Due to insufficient heating, the working fluid in
the third tube remains in a liquid state, and the pressure is
relatively stable.

When there is a downward flow of heat in the
evaporation tube, due to the upward buoyant force on the
vapor bubbles, the vapor bubbles will only be carried
downwards when the water velocity is greater than the
upward floating velocity of the wvapor bubbles.[16]
Therefore, the flow pattern of downward water flow in the
evaporation tube caused by uneven heat distribution,
especially the flow pattern changes occurring during the
downward flow process, will be influenced by the bubble
velocity and water flow velocity. In view of this, the article
presents the velocity nephogram of the simulation below.
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Fig. 15: Liquid velocity in the three tubes
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Fig. 16: Gas velocity in the three tubes

The sections of the first, second, and third tubes are
shown from top to bottom in the figure. It is clearly visible
from the figure that due to the scarcity of liquid and
abundance of gas in the second tube, there is more liquid
in the first and third tubes.
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Furthermore, considering that the thermal conductivity
of liquids is greater than that of gases, it can be inferred
that when Nu is the same (the expression for Nu is the
same for boiling heating inside the tubes), the surface
convection coefficient of gases is larger than that of
liquids. Therefore, the overall heat transfer rate is not as
good as in the first three tubes, and the heat transfer
efficiency of the second tube is very low.

After the previous comparisons, we have contrasted
several heat transfer conditions of evaporation tubes under
normal and abnormal operating conditions, and also
conducted a simple flow pattern analysis incorporating
knowledge of two-phase flow.

For normal heat reception, the heat received by each
tube is consistent. Due to uniform heat reception, the flow
patterns and distribution of state parameters within the
uniformly heated tubes are similar. The main
manifestations are: the heated liquid water within the tube
with uniform heat flux density gradually produces steam
after subcooled boiling and nucleate boiling. The bubbles
rise under the influence of buoyancy and viscous forces.
The upward steam is still heated by the wall heat flux, but
the heating conditions are different. This is mainly
manifested by the presence of gas-liquid mixture at the
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bottom and mostly gas at the top, which causes the upper
part of the gas to gradually heat up and eventually become
superheated steam under heating.

For the situation caused by abnormal heat reception,
the first reason is that the excessive difference in heat
reception among the evaporation tube bundle leads to
excessive pressure in the tubes, causing uneven pressure
and resulting in the downward flow of water in some tubes
under the influence of pressure. This part of the tubes
flowing downward will still undergo the aforementioned
boiling stages under uniform wall temperature heating,
transitioning from liquid to gas. Finally, the downward-
moving gas appears in the lower header. The difference
from the above is that during the downward process,
bubbles generated when the water is heated to saturation
temperature move upward under the influence of buoyancy
and gravity. However, the water flow direction at this time
is opposite to the normal situation, so the direction of
bubble movement is inconsistent with the normal situation.

For the abnormal situation where the reverse flow of
steam caused by uneven heat reception in the evaporation
tubes is heated and moves downward, the main reasons are
uneven heat reception in the evaporation tubes, excessive
resistance in the descending tubes, and excessive pressure
changes. Measures can be taken from both structural and
operational aspects.[17]

Structural measures include: (1) Dividing the
circulation loops based on heat reception conditions; (2)
Improving the heat reception conditions of the tubes at the
four corners of the furnace; (3) Enhancing heat transfer by
adding structures such as fins and using threaded tubes; (4)
Adopting a simple layout for large-diameter descending
tubes to minimize stress on the piping.

Operational measures that can be implemented include:
(1) Selecting a larger ratio of descending tube cross-
sectional area to ascending tube cross-sectional area to
reduce the flow velocity of the working fluid in the
descending tube; (2) Improving combustion efficiency and
regularly cleaning the surface of the tubes; (3) Paying
attention to monitoring pressure changes.

VI. CONCLUSION

This study begins with heat transfer simulation to
model the different heating conditions of the evaporator
tube bundle in a boiler evaporation model. By simulating
scenarios where each tube is uniformly heated and then
analyzing the flow patterns and heat transfer conditions of
each tube in an abnormal situation involving a three-tube
evaporator bundle, this paper aims to provide insights.
Ultimately, it is concluded that there are various reasons
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for the decline in working fluid in evaporator tubes, with
one significant cause being the uneven heating among the
evaporator tube bundles. For a simple cycle composed of a
single evaporator tube, the system is highly stable, and the
two-phase flow patterns align with existing boiling
conclusions. However, as the number of tubes in the
bundle increases, the decline in evaporator tube
performance becomes more pronounced. The uneven
pressure not only leads to a decline in evaporator tube
performance but also causes gases to descend in the
downcomer. The primary methods to prevent such
situations include reducing abnormal heating of the
evaporator tubes, optimizing heat transfer, ensuring
adequate combustion in the boiler, regularly maintaining
the pipelines, or reducing the resistance in the downcomer.
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