=
Journal of

Marine Science and Technology

£
5
S

. A=
Volume 29 | Issue 4 Article 6

Experimental investigation and modeling of the response surface
methodology for the optimization of a multiloop heat pipe

Dar-Sun Liou
Department of Navigation, Taipei University of Marine Technology, New Taipei City, Taiwan, darsun8@gmail.com

Follow this and additional works at: https://jmstt.ntou.edu.tw/journal

b Part of the Fresh Water Studies Commons, Marine Biology Commons, Ocean Engineering Commons,
Oceanography Commons, and the Other Oceanography and Atmospheric Sciences and Meteorology Commons

Recommended Citation

Liou, Dar-Sun (2021) "Experimental investigation and modeling of the response surface methodology for the
optimization of a multiloop heat pipe," Journal of Marine Science and Technology: Vol. 29: Iss. 4, Article 6.
DOI: 10.51400/2709-6998.1586

Available at: https://jmstt.ntou.edu.tw/journal/vol29/iss4/6

This Research Article is brought to you for free and open access by Journal of Marine Science and Technology. It has been
accepted for inclusion in Journal of Marine Science and Technology by an authorized editor of Journal of Marine Science and
Technology.


https://jmstt.ntou.edu.tw/journal/
https://jmstt.ntou.edu.tw/journal/
https://jmstt.ntou.edu.tw/journal/vol29
https://jmstt.ntou.edu.tw/journal/vol29/iss4
https://jmstt.ntou.edu.tw/journal/vol29/iss4/6
https://jmstt.ntou.edu.tw/journal?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol29%2Fiss4%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/189?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol29%2Fiss4%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1126?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol29%2Fiss4%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/302?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol29%2Fiss4%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/191?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol29%2Fiss4%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/192?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol29%2Fiss4%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://jmstt.ntou.edu.tw/journal/vol29/iss4/6?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol29%2Fiss4%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages

RESEARCH ARTICLE

Experimental Investigation and Modeling of the
Response Surface Methodology for the Optimization
of a Multiloop Heat Pipe

Dar-Sun Liou

Department of Navigation, Taipei University of Marine Technology, Tamsui District 25172, New Taipei City, Taiwan

Abstract

Considering thermohydrodynamic instabilities in the design of cooling systems has become a trend, which has led to
the evolution of thermal management. However, such instabilities, which cause flow perturbations, are difficult to
explain by using physical theories. The aim of this study was to use a parameter-based modeling technique, namely the
response surface methodology (RSM), to characterize the dynamics of multiloop heat pipes (MLHPs) under various heat
loads. The RSM, which is based on statistics, was used to determine the relationship between the design parameters and
thermal responses of MLHPs, which are represented using polynomials. Th aim of our RSM modeling was to explore the
condensation process in MLHPs. Through this exploration, the optimal heating load condition was determined for
MLHPs. In the operation range of 10—110 W, MLHPs exhibited high performance at a charge ratio of 31.1%—44.2% and
poor performance at a charge ratio from 71% to 84%. The RSM can be used to find solutions to avoid the failure of
chaotic cooling devices.

Keywords: Multiloop heat pipe, Response surface methodology, Thermal performance, Thermal management

1. Introduction Many studies have visualized the flow patterns of
MLHPs and determined that slug flow is the

ost industries desire thermal designs in which ~ dominant flow in these pipes [2,20]. Slug flow with

a large heat load is transferred under a small bubble oscillation is caused by nucleate boiling. For
temperature gradient, and thus, the exploration of this flow, the movement of tiny b"lbbles is re.garded
thermal management is essential. Such exploration ~ aS the representative flow pattern in the heating and
requires the use of high-power mechatronic systems ~ adiabatic sections [15,18]. Thus, the working me-
and is difficult. Studies have designed multiloop ~ dium used in low-power MLHP operation is the
heat pipes (MLHPs) by considering thermohy- most critical factor that results in intermittent flow
drodynamic instabilities [3,8,17]. Passive thermal !I! ON€ direction at high 'heat loads.'To examine the
control of MLHPs has attracted considerable effects of phase changes in the working med‘lum, the
research attention, and the heat transfer perfor- heat transfer rate of MLHPs under operating con-
mance of MLHPs is strongly affected by their ther- ditions, their cooling method, and their geometric
mohydraulic coupling [9,16,22]. On the basis of dimensions have been experimentally investigated
two-phase thermal control of MLHPs, capillary [11,21]. In a previous study, a low-Reynolds-number
forces can be adjusted to design a closed k—e turbulence model was developed for assessing

evaporation—condensation cycle for pumping an the tu'rbulent.ﬂow fielc'l tl}rough two-phase flow
unstable working medium. modeling. This model indicates the effect of the
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Womersley number on oscillating flow. Heat
transfer can be a crucial limiting factor for the
aforementioned effect. In addition, velocity and
temperature characteristics were investigated for
various fluid flow and heat transfer conditions in the
thermal system [19].

MLHPs are nonequilibrium heat transfer devices
in which liquid and vapor slugs are caused by
thermohydrodynamic instabilities. Pressure pulsa-
tions are induced in MLHPs, and no external source
is required to achieve flow oscillation in thermal
pipe systems [6,10,13]. Most studies on MLHPs have
conducted experimental analyses; however, a few
studies have investigated the design parameters,
especially the interactive effects, of MLHPs.
Modeling the individual and interactive effects of
MLHPs can enable the optimization of their design
parameters.

This study developed a parameter-based
modeling technique based on the response surface
methodology (RSM) for MLHPs. The RSM has been
widely used to model the relationships among the
input control variables and output responses of a
dynamic system [4,5,7,12]. Although the RSM is only
an approximation method, a model developed using
this methodology can be easily applied even if little
information is known about the operational mech-
anism of a chaotic system [23]. RSM-based
modeling has been used in various industrial ap-
plications. A model based on experimental tem-
perature responses can be developed for assessing
the performance of MLHPs. Such a model can be
used to obtain superior MLHP performance under
any operating condition.

2. Thermohydrodynamic instabilities in
MLHPs

In contrast to traditional heat pipes, which have
thermal stability, MLHPs are a type of chaotic sys-
tem with intensive thermal oscillations [1,14,25]. In
Fig. 1, the local temperature at location A increases
when vapor plugs pass this location [Fig. 1(a)].
When the inner wall of the tube is exposed in the
vapor or liquid zone, the interaction between the
vapor- and liquid-phase media transiently induces
flow instability in the tube. In the vapor zone, the
vapor-phase medium and the tube wall are sepa-
rated by a thin liquid film, which is regarded as a
fixed interface. This separation results in a high
boiling heat transfer coefficient. When evaporation
heat transfer occurs, heat energy passes through the
thin liquid film. The pressure difference between
the two sides of the thin liquid film is expressed as
follows:

20
Po—pi="1 S

where ¢ and r are the surface tension and curvature
radius of the thin liquid film, respectively. At the
saturated pressure P,, the temperature of vapor-
phase medium T, is higher than the saturated
temperature T, Thus, heat energy from the liquid
phase is transferred to the vapor phase, which re-
sults in the liquid-phase temperature T; being
higher than T,. Thus, the following equation is
obtained:

Tl > Tv Z Tsut (2)
The inner temperature at location A is
expressed as follows:
_ 9
TA,inner - Tv + (3)
Aihin film

where g is the heat energy passing through the thin
liquid film and ayy fim is the heat transfer coeffi-
cient when the thin liquid film is evaporated. When
the liquid-phase medium enters the heating section,
the inner wall is temporarily immersed in the liquid
zone [Fig. 1(b)]. At this moment, the local outer
surface temperature is expressed as follows:

TAkinner = Tl + i (4)
g

where oy is the heat transfer coefficient of forced
liquid convection, which is smaller than awip fiim-
Thus, the T4 value obtained using Eq. (4) is
higher than that obtained using Eq. (3).

When condensation occurs on the thin liquid film,
T, is higher than T;. Therefore, a reverse heat
transfer process occurs at location B [Fig. 1(c) and
(d)]. Consequently, Tgu.r can be expressed as
follows:

1 (5)

Qthin film

TB,inner = Tv +

The parameter T y,.r increases when location
A is immersed in the vapor-phase medium and
decreases when location A is immersed in the
liquid-phase medium. The parameter T ju.r can be
expressed as follows:

ijnner
T inner — T ——— 6
B, i (6)

The thermal oscillation described in the afore-
mentioned text is the operating mechanism of
MLHPs. This oscillation occurs when the inner wall
of an MLHP is immersed in the vapor- or liquid-
phase medium.
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Fig. 1. Temperature variation in an MLHP: (a and b) heating sections and (c and d) cooling sections.

3. Experimental

The experimental setup shown in Fig. 2 consists of
an MLHP, a data acquisition system, a power supply
unit, and thermocouples. The main dimensions of
the MLHP were 250 mm x 300 mm, and the pipe
was bent using a brass tube with an inner diameter
of 2.5 mm. The MLHP comprised a heating section,
which had a length of 30 mm, and a cooling section,
which was exposed to the environment. Pure water
was selected as the working medium due to its large
latent heat of evaporation.

The MLHP was vertically operated, and the heat
load was provided by a power supply unit (GITEK,
model GR-11H12H). Heat was consistently applied
to the heating section of the MLHP by using Ni—Cr
heating wires (NIC80, Omega Engineering Inc.,
USA) wrapped on the outer side of the brass tube.
One capillary tube was selected, and seven cali-
brated K-type thermocouples (denoted T1-T7;
EXGG-K-16, Omega Engineering Inc.,, USA) were
attached to the cooling section of the MLHP at equal
intervals. A data acquisition system (DL 750,

thin liquid film B

(d)

YOKOGOWA Inc., Japan) containing thermocou-
ples was used to measure the wall temperatures of
the MLHP at a sampling rate of 20 Hz. In each
experiment, measurements were conducted for
exactly 1 h, and time average results were calculated
for the last 10 min (12,000 data points) during
normal operation.

To determine the adaptability of the MLHP over a
wide operating range, the test charge ratio was
varied from 20% to 90% and the test heat load was
varied from 10 to 110 W. The temperature responses
at the measurement locations during the experi-
ment were affected by the tube length, heat load,
and charge ratio.

4. Methodology

Determining the exact quantitative relationships
between the temperature response and design pa-
rameters of MLHPs is essential for their analysis.
The RSM based on design of experiments (DOE)
can be used to obtain the aforementioned relation-
ships in polynomial form as follows:
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Fig. 2. Schematic of a vertical MLHP system setup for thermal analysis.

y:F(ul;u27“'un)+ea (7)

where u; represents variables, y is the response, e is
the error, and F is a combination of variables. A
response function can be expressed as follows:

y=mo+ Zn: miu; + z": MU, (8)
=1

i=1j>i

where m is a coefficient. When a square form is
substituted into Eq. (8), the response function can be
represented as follows:

Yy=my + mquq + mouy + m3u% + m4u§ + msuqUy, (9)
If us = 12, uy = u3, and us = ug u, the following

equation is obtained:

Y=g + Myt + matiy + Maiy + Mylly + Msiis, (10)
The coefficient m; can be estimated using a

regression model in which the error (E) is consid-

ered. The aforementioned regression model can be
expressed in vector form as follows:

Y=UM+E, (11)

where

Table 1. Measured temperature responses along the cooling section of
the MLHP.

Temperature response (°C)

Operational ~ Tl,, T2, T3., T4y T5,, Téy T7,
condition

20% 10W 263 264 273 283 316 382 46.6
30W 268 274 288 324 403 554 712
50W 283 297 350 502 752 829 8.7
70W 318 362 482 737 889 902 912
90W 428 452 553 685 80.1 8.0 855
110W 498 56.7 676 776 867 885 89.9

40% 10W 266 269 274 291 322 388 46.6
30W 285 285 303 378 505 60.6 632
50W 324 343 348 457 592 703 733
70W 433 440 495 668 739 767 776
90W 513 528 66.0 745 865 914 928
110W 582 592 656 723 824 915 95.0

60% 10W 287 292 305 319 375 432 534
30W 322 323 361 407 521 620 734
50W 403 413 463 508 612 686 78.9
70W 401 420 455 488 579 644 768
90W 543 599 623 655 754 813 89.1
110W 562 622 711 798 87.0 900 927

80% 10W 250 255 260 271 319 390 485
30W 271 278 293 322 440 589 761
50W 343 351 375 396 528 648 79.8
70W 41.6 421 440 452 595 695 821
90W 522 523 528 535 684 773 882
110W 607 62.0 623 626 77.7 854 948

90%  10W 269 271 278 283 322 370 440
30W 270 276 294 320 415 547 719
50W 302 322 359 421 531 659 804
70W 356 384 427 492 598 715 842
90W 498 531 579 640 767 870 952
110W 584 616 662 714 833 924 99.1
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For the coefficient vector M, the unbiased esti-
mator b can be determined using the least squares
error method as follows:
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b=(U"u) Uy, (13)

The covariance matrix of b can be obtained as
follows:

-1
cov (b, by) =Cy=0*(U'U) (14)
where ¢ is the estimated squared error.
SS
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= 15
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Fig. 3. Comparison of the normalized temperature distributions along the cooling section for different charge ratios at heat loads of (a) 10, (b) 30, (c)
50, (d) 70, (e) 90, and (f) 110 W.
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where SSg is the sum of the squared residuals and is
expressed as follows:

SSe=YTy —-pT U'v, (16)
The performance of the developed RSM
models is determined in terms of R?,. (R* adjusted),

adj
which is expressed as follows: '
SSE/(T’I —k— 1)
R=1-—1 17
w Sy(n—1) (17)

where S, is the sum of squares and is calculated as
follows:

n 2
(£2)
Sy=YTY -~
vy n

All the coefficients of the response functions
can be evaluated using the t-statistic, which is rep-
resented as follows:

b

ty=—— (19)

where Cj; is the element of the covariance matrix
and b; is a coefficient.

The RSM models developed in this study model
the effects of key parameters, such as the charge
ratio, heat load, and length of cooling section, on the
temperature response of the MLHP. The tempera-
ture variations along the cooling section are deter-
mined to estimate the heat transfer capacity of the
MLHP as follows:

Q=mC,(T7,, —

; (18)

T1w), (20)

Table 2. Temperature response models developed for the MLHP.

The total thermal resistance of the MLHP is
determined as follows:

(T74 — T1a)
Q
All the developed RSM models were validated
through deviation analysis. Deviation is defined as

the relative error between the prediction and mea-
surement results.

Rtotal = (21)

5. Results and discussion

The thermal performance of MLHPs is affected by
their thermohydrodynamic coupling, geometry, and
operating conditions [24]. Therefore, the discussion
includes information on the geometric and opera-
tion parameters.

The mean temperature responses along the cool-
ing section were obtained for various conditions
(Table 1). These mean responses were used to
investigate the MLHP dynamics. The low, medium,
and high charge ratios considered were 20%, 60%,
and 90%, respectively. The slope of the temperature
distribution versus height plot represents an ideal-
ized situation for constant heat loss along the cool-
ing section of the MLHP. At a low heat load of 10 W,
all the temperature responses exhibited similar
decreasing trends [Fig. 3(a)]. The fluid charge ratio
had no significant effect on the MLHP under the
aforementioned heating condition; thus, the MLHP
could be considered stationary.

When the heat load was increased to 30 W, the
temperature response for a charge ratio of 60% was
higher than those for the other charge ratios
[Fig. 3(b)]. The heat transfer modes began to change

Complexity

Model structure

Square polynomials

Cubic polynomials

T1,,=16.00647—0.036294Q+0.48876 CR+-2.32500e % (Q?
—4.65266¢ " CR?+1.24547¢"BQ*CR

T2,,=16.52952 + 2.88490e °®Q+0.44591CR+2.45956¢ " Q*
—4.15891¢ "% CR?+8.81279¢~"**Q*CR

T3.,=16.30792 + 0.19586Q+0.38325CR+2.08214¢ Q>
—3.32041e °BCR?-6.37544¢ "**Q*CR

T4,,=-6.74202 + 0.80014Q+1.81404CR+3.27003¢ Q>
—0.030259CR?-0.014593Q* CR-4.20139¢ 9% Q°
+1.64287¢" "% CR3+-7.30074e °°Q**CR

+3.54837¢%%° Q*CR?

T5,,=-5.02101 + 1.85511Q+1.27540CR-9.10104e °®Q?
—0.01701CR?-0.02318Q*CR-1.13426¢%°Q?

+8.02368¢ °°CR3+1.18794¢~%*Q**CR

+6.86632¢77% Q*CR?

T6,,=2.10348 + 2.22453Q+1.19820CR-0.01980Q°-0.01899CR?
—0.01777Q*CR+6.15741e °°Q*+1.01941¢ "**CR?
+8.98220e °°Q**CR+6.08369¢ " Q*CR?

T7.,=37.22471 + 2.07940Q-0.59121CR-0.024150Q°
+0.013775CR?-6.86068¢ "> Q*CR+1.00648¢ " Q°
—8.53711e " CR3+2.81849¢ °°Q**CR+3.68715¢ "®® Q*CR?
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under a heat load of 30 W and a charge ratio of 60%.
When the heat load was higher than 50 W, the
MLHP was excited under all fluid charge conditions
[Fig. 3(c)—(f)]. Thus, the MLHP could be operated at
all charge ratios when the heat load was 50 W. For a
charge ratio of 20%, small temperature variations
were observed when 0 < H* < 0.5 and large tem-
perature variations were observed when 0.5 < H* <
1. At the aforementioned charge ratio, the latent
heat transfer in the lower part of the tube was
considerably higher than that in the upper part of
the tube. The opposite result was obtained at a
charge ratio of 90%. At a charge ratio of 60%, the
temperature varied relatively evenly along the tube.
The slope was a suitable indicator for determining
the conditions under which the MLHP exhibited
superior performance.

The temperature variations at different locations
in the cooling section of the MLHP were measured
and modeled. By using RSM models, the tempera-
ture responses are expressed as polynomials related
to the heat load and charge ratio (Table 2). The

predicted T1,/ °C)

30.0 40.0 50.0

measured T1af C)

60.0 70.0

@

105.0,
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parameters T1,, to T3,, were fitted with second-
order polynomials, whereas the parameters T4,, to
17., were fitted with third-order polynomials;
doing so validated the increased instability of the
thermohydrodynamics around the heat load, cor-
responding to the physical feature of cooling de-
vices. Fig. 4 shows the correlations between the
measured and predicted values of T1,, T4,, and
17 1»- The predicted results deviated marginally from
the experimental results. The deviations for T1,,
T4,,, and T7,, were —0.134 to 0.084, —0.138 to 0.157,
and —0.086 to 0.111, respectively. The polynomial
order was not consistent for all the temperature
responses, indicating that the tube length affected
the thermal performance of the MLHP. The
response surfaces and contour plots for T1,,, T4,
and T7,, are displayed in Fig. 5. This figure indicates
the effects of the charge ratio and heat load on the
temperature responses. A comparison of the afore-
mentioned three contour plots indicates that the
charge ratio had major influences on T1,, and 17,,
at low and high heat loads, respectively. Moreover,

©
o
=]

predicted T4,,(°C)
5 8 8 3 8
o o o o o

W
o
o

205%)0 30.0 400 500 600 700 80.0 900
measured T4a( °C)

(b)

predicted T7,,(°C)

P

35%0 450 550 650 750 850 950 1050

measured T7a( °C)

(©)

Fig. 4. Correlations between the measured and predicted values of (a) T, (b) T4a, and (c) T7 .
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the charge ratio had the same effect on T4,, at
various heat loads.

The cooling process of the MLHP is assessed ac-
cording to the consistency of the flow oscillation
along the tube. A temperature model can be estab-
lished for the cooling section of the MLHP on the

méx: 61.2
min: 23.3

CR(%) QW)

" max: 784
-+ min: 24.4

aw)

o 10
CR(%) aw)

Fig. 5. Response surfaces and contours obtained for the prediction models of (a) Ty, (b) T4y, and (c) T7 .
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basis of the length of this section by using the RSM.
A normalized temperature response model is suit-
able for determining the effects of design parame-
ters on general MLHPs. Such a model can be
represented as follows:

CR(%)

CR(%)

(b)

CR(%)

(c)

QW)

90

80|

70,

60

50

40

30

64.3

81.8

746
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Fig. 6. Response surface and contours of the Ryot model.

T*=0.0054+0.1861Q" +0.6152CR" — 0.1932H"
+0.1553Q" — 0.6526CR ™ +1.0709H
—0.5245Q" * CR" +-1.7674Q" *H"

—1.1031CR" *H" 4 0.0421Q"® +0.1753CR™
—0.5270H™ 4 0.4157Q"™ *CR" —1.0193Q™?*H"
+0.1367Q" * CR™ — 0.5106" * H™
+0.4728CR™*H" +0.5840CR" *H™?
—0.0966Q" *CR" *H"

where the superscript « indicates a normalized
parameter. A normalized model for predicting
MLHP performance can also be derived on the basis
of data in Table 2 and Eq. (21) as follows:

R;,,=0.9827 —1.8842Q" — 0.3666CR" 4 1.5637Q"
+1.4108CR™ — 0.7433Q"*CR" — 0.4595Q"
—1.0535CR™ +0.0953Q"**CR" + 0.6015Q"*CR™

(23)
For simplicity, the term “normalized” is omitted
in the following discussion. The Ry, prediction
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Table 3. Optimal charge ratios and corresponding thermal resistances
for heat loads ranging from 10 to 110 W.

QW) Predicted CR (%) Predicted Ripiar (°C/W)
10 31.1 2.02
20 33.1 1.65
30 35.0 1.33
40 36.8 1.07
50 38.4 0.84
60 39.8 0.66
70 41.0 0.52
80 42.0 0.40
920 429 0.31
100 43.7 0.23
110 44.2 0.17

model was developed for evaluating the perfor-
mance of the MLHP. This model provides crucial
insights for MLHP design. The response surfaces of
Riotar (Fig. 6) indicate the effects of design parame-
ters on MLHP performance. Extreme values of the
charge ratio can be derived from the partial deriv-
ative of Eq. (23) for various heating conditions. For
example, the most suitable charge ratio for the
lowest heat load of 10 W is 31.1%. Moreover, the
most suitable charge ratio for the highest heat load
of 110 W is 44.2%. Table 3 lists the optimal and worst
charge ratios and corresponding thermal resistances
for heat loads ranging from 10 to 110 W. For these
heat loads, the optimal charge ratios for the MLHP
ranged from 31.1% to 44.2% and the worst charge
ratios for the MLHP ranged from 71% to 84%.

6. Conclusion

The RSM based on DOE is an efficient method for
correlating the design parameters of an MLHP with
its temperature response in the form of nonlinear
polynomials. The derived polynomials can indicate
the influence of each design parameter on the
thermal response. RSM modeling considers the re-
lationships between design parameters and an
output response; thus, this method can be used to
improve chaotic systems, such as MLHPs, without
excessive theoretical analysis.

In the developed temperature models, the tem-
peratures in the lower part of the MLHP had to be
fitted with quadratic polynomials, whereas the tem-
peratures in the upper part of the MLHP had to be
fitted with cubic polynomials. This result indirectly
confirmed the variations in the thermal instability of
MLHP flow. By analyzing the temperature sensitivity,
the heat transfer characteristics of the MLHP were
determined for various conditions. The optimal Ry,
value of the MLHP ranged from 0.17 to 2.02 °C/W
under different heating conditions, and the corre-
sponding charge ratio ranged from 31.1% to 44.2%.

The results obtained with the proposed models
were consistent with the experimental results,
which proves that RSM modeling can be used to
develop conjugate heat transfer systems with
optimal design constraints.
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