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ABSTRACT 

This study investigates the usage of heat pipes (HP) and phase change materials (PCM) to regulate the temperature of lithium-ion power battery packs (LPBP). It 

is discovered that thermodynamic coupling has internal connected heat transport processes and a crucial application area for this discovery is offered. By applying 

the lumped parameter methodology and finite difference method, this mathematical model is created. If the theory of temperature control is demonstrated, then the 

internal heat flow distribution of a linked TM may be estimated to show that the theory holds true. Further parametric study of recent trend under various operating 

settings may therefore reveal the connected heat transfer mechanism and the needed application range. Single HP and PCM TM, on the other hand, result in higher 

battery surface temperature and a shorter control period when coupled with TM. The internal linked heat flux distribution transitions from Phase Change Material 

to Heat Pipe dominance, and this nearly entire relies on heat pipe in the end. Linked TM operates better under external circumstances of 0.2 𝑊/(𝑚𝐾) < 𝑘𝑃𝐶𝑀 ≤

6 𝑊/(𝑚𝐾) and ℎ < 13 𝑊/𝑚2𝐾 in accordance with parametric investigation's findings. 
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1. Introduction 

Recently, the energy storing and power supply industries have been highly interested in commercial massive application of Lithium-ion Power Battery 

Packs (LPBP). For varying voltage and capacitance needs battery cells are stacked in both simultaneously and sequentially[1]. Heat dissipation is harmed 

as a result. This might cause permanent impacts such as capacity fading, internal breakdown, lifetime loss, and potentially significant safety concerns like 

as thermal runaway and explosion if the battery temperature is raised over the recommended operating temperature range (below 50⁰C) [2]. In order to 

understand the thermal management of LPBP, it is necessary to do research.  

Air/liquid TM requires an external circuit, which increases bulk cost, and complexity. Scholars are working to build TM that is not dependent on energy, 

such as HP and PCM, in order to make additional advancements[3]. Among the main reasons are HP's strong thermal conductivity and PCM's ability to 

maintain a consistent temperature on the surface.  

As the working medium undergoes a phase shift, HP takes use of the working medium's high enthalpy in order to speed up heat removal. Li-ion battery 

cells/packs may be fast-charged using an HP thermal management system, according to [4]. After installing a heat pipe at a 60 W heat output rate, 

[5]found that the battery temperature dropped by 26.62 %. Using a single HP to cool a module resulted in a 42.1 % drop in module temperature compared 

to natural cooling, according to [6]. [7]studied the information on HP design. In terms of layout and liquid flow, vertical Plus horizontal pipes 

outperformed a single pipe[8]. 

In thermal management, Phase Change Material is commonly employed because of high enthalpy of phase transition and low temperature fluctuation. 

The temperature can also be more evenly distributed. PCM was originally used to battery thermal management by [9], who then used it to discharge a 

100 Ah battery at conditions that were close to adiabatic. As a outcome of the PCM, the battery temperature was determined to be roughly 8°C lower 

than it would have been otherwise. Thermal conductivity has been a major issue with PCM [10]. As a result, LPBP TM was the attention of numerous 

writers due to its ability to improve heat transmission. [11], [12] researched together for additional fins to improve heat transmission area and shown that 

fins may significantly increase the amount of heat transferred and the temperature of a device. LPBP systems were compared to PCM and PCM expanded 

graphite [13]. Tests on battery surface temperature and uniformity of battery temperature indicated that PCM + expanded graphite was superior to 

conventional PCM graphite.  

Single PCM thermal management does exist, however the condenser section's heat transfer intensity limits the thermal management of a single HP TM. 

In order to enhance temperature management, several researchers sought to combine PCM with HP[14]. Phase Change Material on the condenser of the 
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HP thermal management system enhanced battery pack temperatures and thermal balance, rendering to [15]. Using Phase Chang Material in an adiabatic 

portion of HP, [16] and [17] explored the improved effectiveness. In a study by [18], linked TM had a lower temperature peak when placed a top HP's 

evaporator portion. Another investigation found that the HP-liquid/PCM linked TM functioned well and was stable while cycling[19], [20].  

HP/PCM linked TM investigations in the past published only the surface temperature history but did not show the idea of surface temperature history at 

all in the majority of studies. It is possible that the advantages of single and linked TM applications may change when functioning in different 

environments[21], [22]. HP/PCM coupled TM design requires immediate investigation of internal coupled heat transfer performance and application 

ranges. 

Internally linked heat transfer mechanisms are revealed and a vital application range for coupled TM is proposed in this article. Finite difference and a 

consolidated parameter a variety of strategies are employed to achieve this goal. Internal heat flux distribution history of linked thermal management is 

examined in this research in addition to typical battery surface temperature analysis. The study above yields the most important assessment metrics[23]. 

If the trend of indicator variations under various operating conditions can be evaluated using parametric analysis, Heat transfer performance can be 

improved, and the crucial application range can be broadened[24]. 

2. Mathematical model 

Lithium-ion power battery packs can be simplified by simulating one of the batteries. According to earlier research, the paper's HP/PCM linked TM can 

overcome the drawbacks of TM. When compared to other linked designs, it improves the battery's rate of heat release into the environment by increasing 

the heat transfer area or temperature differential. Although PCM is shown in Figure 1(b), it's clear that HP has a close relationship with the battery. HP's 

battery provides the initial source of heat for the evaporator. As evaporator temperatures rise, the driving force of temperature difference is altered. The 

PCM and surroundings are cooler in the condenser section than in the evaporator part. As a result, heat transfer 1 and 2 are both part of the process. In 

Figure. 1, single HP and Phase Change Material TM are displayed to establish the advantages of pair TM. Heat Pipe Thermal Management uses fins on 

the condenser part of the battery to improve the surface area and rate of heat convection. By transferring heat, one is able to reduce the amount of heat 

being rejected. On both sides of the cell, the PCM cools the battery and dissipates the heat-by-heat transfer TM. In this numerical analysis, half of the 

TM is chosen since its heat transport models are all symmetrical, as explained above.  
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Fig. 1 Arrangement of Thermal Management (a) HP/PCM coupled (b)Heat Pipe (c) Phase Change Material. 
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Thermal management is the major focus of this study and the battery-operated is viewed as a source of heat, therefore a constant and steady source of 

power is selected. Due to the lack of heat convection in the grid, the further boundary conditions are set to adiabatic. Air heat conduction is insignificant 

to be taken into account. Distinct formulas are shown in 2-4, and the most important one is shown in equation (1) 

𝑐𝑚
𝜕𝑇

𝜕𝑡
= 𝑘

𝜕2𝑇

𝜕𝑥2
+ 𝑆   (1) 

2.1 Lumped-RC HP model 

As soon as exposed to air, the working average converts to gas as a result of absorbing the heat from the battery.  Heat convection is used to cool the 

heated vapor as it flows from the evaporator to the condenser and out into the environment. Working medium liquefies and returns to HP's bottom after 

releasing heat. It's continuing on like this for now.  

The reduced value of the working medium, wall and wick's thermal resistances makes them insignificant.  

● The working medium's thermal capacity is ignored;  

● There are no considerations for liquid return or the enthalpy of vaporization.  

There is a discrete equation constructed on the energy balance formula and Fourier Equation in Eq. (2), and the values necessary are presented in Table 

1.  

𝑐𝐻𝑃𝑚𝐻𝑃
𝑇𝑠𝑢𝑟 −𝑇𝑠𝑢𝑟 

0

𝑑𝑡
= 𝑞𝑖𝑛 −

𝑇𝑠𝑢𝑟 −𝑇𝑎

𝑅𝑐𝑜𝑛𝑣 
      (2) 

Natural convection thermal resistance (𝑅𝑐𝑜𝑛𝑣 ) and Effectiveness HP heat capacity (𝐶𝐻𝑃) are stated in Equation. (3) -(5) 

𝑐𝐻𝑃𝑚𝐻𝑃 = 𝑐𝑤𝑎𝑙𝑙 𝑚𝑤𝑎𝑙𝑙 + 𝑐𝑤𝑖𝑐𝑘 𝑚𝑤𝑖𝑐𝑘       (3) 

𝑅𝑐𝑜𝑛𝑣 =
1

ℎ⋅𝐴𝑟𝑜𝑜𝑡 +𝜉⋅ℎ⋅𝐴𝑓𝑖𝑛𝑠 
       (4) 

Using natural convection, the heat transfer coefficient is computed.  

𝑁𝑢 =
ℎ⋅𝐻𝐶

𝑘𝑎𝑖𝑟 
= {0.59(𝐺𝑟 ⋅ 𝑃𝑟)

1

4, 𝐺𝑟 ⋅ 𝑃𝑟 < 109 0.1(𝐺𝑟 ⋅ 𝑃𝑟)
1

3, 𝐺𝑟 ⋅ 𝑃𝑟 ≥ 109     (5) 

𝟐. 𝟐. 𝟏𝑫 − 𝑹𝑪 PCM model 

Despite the fact that standard PCM can absorb a considerable quantity of heat with little temperature increase, leakage is a restriction of thermal 

management applications. As a workaround this issue, [25] utilized a form-stable paraffin/expanded graphite compound Phase Change Material in their 

investigation. As may be seen in Table 1, the thermophysical characteristics are listed. 

PCM is not suited for the lumped model because of the mobility of the phase change contact.  

● Natural convection is not taken into account since paraffin/expanded graphite Phase Change Material is form-stable.  

● Composite PCM's thermal-physical characteristics are assumed to remain constant.  

A set of discrete formulas is provided in Eqs. (6a) to (6c) built on top of the Fourier law and the energy balance equation.  

𝑐𝑃𝐶𝑀,𝑖𝑚𝑃𝐶𝑀,𝑖
𝑇𝑃𝐶𝑀,𝑖−𝑇𝑃𝐶𝑀,𝑖

0

𝑑𝑡
= 𝑞𝑖𝑛 −

𝑇𝑃𝐶𝑀,𝑖−𝑇𝑃𝐶𝑀,𝑖,𝑖+1

𝑅𝑃𝐶𝑀,𝑖/2
, 𝑖 = 1     (6a) 

𝐶𝑃𝐶𝑀,𝑖𝑚𝑃𝐶𝑀,𝑖  
𝑇𝑃𝐶𝑀,𝑖−𝑇𝑃𝐶𝑀,𝑖

0

𝑑𝑡
=

𝑇𝑃𝐶𝑀,𝑖−1,𝑖−𝑇𝑃𝐶𝑀,𝑖

𝑅𝑃𝐶𝑀,𝑖/2
   −

𝑇𝑃𝐶𝑀,𝑖−𝑇𝑃𝐶𝑀,𝑖,𝑖+1

𝑅𝑃𝐶𝑀,𝑖/2
, 𝑖   = 2,3 … 𝑛 − 1   (6b) 

𝐶𝑃𝐶𝑀,𝑖𝑚𝑃𝐶𝑀,𝑖
𝑇𝑃𝐶𝑀,𝑖−𝑇𝑃𝐶𝑀,𝑖

0

𝑑𝑡
=

𝑇𝑃𝐶𝑀,𝑖−1,𝑖−𝑇𝑃𝐶𝑀,𝑖

𝑅𝑃𝐶𝑀,𝑖/2
, 𝑖 = 𝑛     (6c) 

𝑇𝑃𝐶𝑀,𝑖𝑖+1 surface temperature among elements i and i+1, it may be computed as:  

Table 1 Evaluation factors of HP and Phase Change Material. 

HP PCM 

(Cρ) wall (J·m-3 K-1) 4.43 × 106 kPCM (W·m-1· K-1) 2.33 

(Cρ) wick (J·m-3 K-1) 1.06 × 106 LH (kj·kg-1) 179 

Aroot (m
2) 0.0287 Tm (K) 316.16 – 318.16 

Afins (m
2) 0.0816 (Cρ)pcm,s/(Cρ)pcm,l (J·m-3 K-1) 2.126× 106 

Hwall/wick (m) 0.142 HPCM (M) 0.142 



International Journal of Research Publication and Reviews, Vol 3, no 12, pp 1383-1394 December 2022                               1386 

 

 

Lwall/wick (m) 0.12 LPCM (M) 0.11 

𝑇𝑃𝐶𝑀,𝑖,𝑖+1   =
𝑅𝑃𝐶𝑀,𝑖

𝑅𝑃𝐶𝑀,𝑖+𝑅𝑃𝐶𝑀,𝑖+1
⋅ 𝑇𝑃𝐶𝑀,𝑖    +

𝑅𝑃𝐶𝑀,𝑖+1

𝑅𝑃𝐶𝑀,𝑖+𝑅𝑃𝐶𝑀,𝑖+1
⋅ 𝑇𝑃𝐶𝑀,𝑖+1, 𝑖   = 1,2 … 𝑛 − 1      (7) 

If you know the temperature of a battery's surface, you can figure out its "surface temperature".  

𝑇𝑠𝑢𝑟 = 𝑇𝑃𝐶𝑀,1 +
1

2
𝑞𝑖𝑛 ⋅ 𝑅𝑃𝐶𝑀,1      (8) 

Thermal Resistance and Active specific heat capacity are determined as Equation (9) and Equation (10) based on the phase transition process. 

𝐶𝑃𝐶𝑀,𝑖 = {𝑐𝑃𝐶𝑀,𝑠, 𝑇𝑃𝐶𝑀,𝑖 ≤ 𝑇𝑚 − 𝜎 
𝐶𝑃𝐶𝑀,𝑠+𝑐𝑃𝐶𝑀,𝑙

2
+

𝐿𝐻

2𝜎
, 𝑇𝑚 − 𝜎 < 𝑇𝑃𝐶𝑀,𝑖 < 𝑇𝑚 + 𝜎 𝐶𝑃𝐶𝑀,𝑙 , 𝑇𝑃𝐶𝑀,𝑖 ≥ 𝑇𝑚 + 𝜎   (9) 

𝑅𝑃𝐶𝑀,𝑖 =
𝛿

𝐻𝑃𝐶𝑀⋅𝐿𝑃𝐶𝑀⋅𝑘𝑃𝐶𝑀
       (10) 

Analysis of heat transfer performance is aided by the use of PCI and LF. The LF displays the ratio of melted to total PCM at the phase transition interface, 

which is defined as the point of the first grid exceeding, Tm.  

𝑓𝑃𝐶𝑀,𝑖 = {0, 𝑇𝑃𝐶𝑀,𝑖 ≤ 𝑇𝑚 − 𝜎 
𝑇𝑃𝐶𝑀,𝑖−𝑇𝑚+𝜎

2𝜎
, 𝑇𝑚 − 𝜎 < 𝑇𝑃𝐶𝑀,𝑖 < 𝑇𝑚 + 𝜎 1, 𝑇𝑃𝐶𝑀,𝑖 ≥ 𝑇𝑚 + 𝜎   (11) 

𝐿𝐹 =
∑𝑛

𝑖=1   𝑓𝑃𝐶𝑀,𝑖

𝑛
        (12) 

2.3. HP/Phase Change Material joined model 

Since the thermal resistances of the wall and wick are not taken into account, the surface temperature and HP temperature are the same. Because PCM 

absorbs heat from the HP evaporator, the PCM temperature at the PCM boundary is the same as the HP temperature. As an outcome, the temperature of 

the surface is the same as the HP's. As indicated in Fig. 2, Tsur. connects the HP and Phase Change Materials, respectively. 

Expression for the results are shown in Equation (6c). According to Equations (13) and (14), there are differences in the expressions of the variables, T-

sur and T-PCM.  

𝑇𝑠𝑢𝑟 =

2

𝑅𝑃𝐶𝑀,1
2

𝑅𝑃𝐶𝑀,1
+

𝑐𝐻𝑃⋅𝑚𝐻𝑃
𝑑𝑡

+
1

𝑅𝑐𝑜𝑛𝑣 

⋅ 𝑇𝑃𝐶𝑀,1 +
𝑇𝑎

𝑅𝑐𝑜𝑛𝑣 
+

𝑐𝐻𝑃⋅𝑚𝐻𝑃
𝑑𝑡

⋅𝑇𝑠𝑢𝑟 
0 +𝑞𝑖𝑛 

2

𝑅𝑃𝐶𝑀,1
+

𝑐𝐻𝑃⋅𝑚𝐻𝑃
𝑑𝑡

+
1

𝑅𝑐𝑜𝑛𝑣 

    (13) 
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(b) 

Fig. 2. Heat Pipe/Phase Change Material joined model (a) Structure (b) Networking. 

𝑐𝑃𝐶𝑀,1𝑚𝑃𝐶𝑀,1
𝑇𝑃𝐶𝑀,1−𝑇𝑃𝐶𝑀,1

0

𝑑𝑡
=

𝑇𝑠𝑢𝑟 −𝑇𝑃𝐶𝑀,1

𝑅𝑃𝐶𝑀,1/2
−

𝑇𝑃𝐶𝑀,1−𝑇𝑃𝐶𝑀,1,2

𝑅𝑃𝐶𝑀,1/2
  (14) 



International Journal of Research Publication and Reviews, Vol 3, no 12, pp 1383-1394 December 2022                               1387 

 

 

QPCM/HP/total, PCM/HP are projected to analyze the thermal circulation of HP/Phase Change Material linked Thermal Management.  

𝑞𝑡𝑜𝑡𝑎𝑙 = 𝑞𝐻𝑃 + 𝑞𝑃𝐶𝑀 =
𝑇𝑠𝑢𝑟 −𝑇𝑎

𝑅𝐶𝑜𝑛𝑣 
+

𝑇𝑠𝑢𝑟 −𝑇𝑃𝐶𝑀,1

𝑅𝑃𝐶𝑀,1/2
   (15a) 

𝜀𝑃𝐶𝑀 =
∑𝑞𝑃𝐶𝑀

∑𝑞𝑡𝑜𝑡𝑎𝑙 
      (15b) 

𝜀𝐻𝑃 =
∑𝑞𝐻𝑃

∑𝑞𝑡𝑜𝑡𝑎𝑙 
    (15c) 

The tridiagonal matrix is obtained by sorting through the discrete equation, then the Thomas method is used to FORTRAN to finish the evaluation.  

3. Results and discussion 

3.1 Authentication of mathematical arrangement 

The purpose of establish the models of mathematics correctness, two steps of validation are carried out. To begin, tests of independence are used to 

identify the proper grid size and time step. Findings may be compared to those of others after the grid and time stage are in place. 

Verification 

The Heat Pipe and Phase Change Material models are equated to earlier literature in order to authorize the correctness of the outcomes. According to the 

ASHRAE regulations, the values in Table 2 do not exceed 30 %.  

𝑁𝑀𝐵𝐸 = ∑𝑚
𝑘=1   |𝑣𝑎𝑟𝑝𝑟𝑒𝑠𝑒𝑛𝑡  (𝑘) − 𝑣𝑎𝑟𝑜𝑡ℎ𝑒𝑟𝑠  (𝑘)|/ (𝑉𝑎𝑟𝑜𝑡ℎ𝑒𝑟𝑠 ⋅ 𝑚) × 100% (16a) 

𝑅𝑀𝑆𝐸 = √∑𝑘=1
𝑚  (𝑣𝑎𝑟𝑝𝑟𝑒𝑠𝑒𝑛𝑡 (𝑘)−𝑣𝑎𝑟𝑜𝑡ℎ𝑒𝑟𝑠  (𝑘))

2

𝑛
/𝑣𝑎𝑟𝑜𝑡ℎ𝑒𝑟𝑠 × 100%   (16b) 

𝑀𝐸 = 𝑚  {(𝑣𝑎𝑟𝑝𝑟𝑒𝑠𝑒𝑛𝑡  (𝑘) − 𝑣𝑎𝑟𝑜𝑡ℎ𝑒𝑟𝑠  (𝑘))/𝑣𝑎𝑟𝑜𝑡ℎ𝑒𝑟𝑠 ∣ 𝑘 = 1,2, … 𝑚}  (16c) 

3.2 Heat flux distribution and impact of temperature control  

According to Fig. 4, three distinct thermal managements are shown, and the comprehensive analysis follows: Condenser heat exchange is the primary 

source of heat dissipation in HP TM. h and temperature differential among Heat Pipe and atmosphere (ΔTHP,a) influence the cooling capability of the 

system, as shown in Equation (2). When h and, T-HP, a. is relatively modest at the start, heat loss (qout.) is smaller than input of heat (qin) therefore the 

temperature of surface remains to rise. H and ΔTHP, a. increase when temperatures rise, enhancing HP's capacity to perform. Finally, the surface temperature 

stays constant when qout is equal to q-in. HP TM's startup time is so brief that it can be overlooked. As a result, the control temperature (Tcontrol) seems to 

be the constant surface temperature and the control time (tend) can run on forever. It seems HP TM can be utilized for surface temperature control over a 

long period of time, although the control may not be enough for the purpose.  

     

 

 

 

 

 

 

 

 

Fig. 3. Independent test on Grid (a) Phase Change Material (b) Heat Pipe/ PCM hybrid Thermal Management. 

3.3 Phase Chase Material/Heat Pipe 

 In this construction, PCM absorbs all heat input. The sudden rise in temperature is owing to the Phase Change Material temperature being lower than Tm 

at the start. Afterwards, phase change takes over and the temperature is practically steady when it reaches [Tm-s, Tms]. Overcoming Tms virtually completely 

eliminates PCM's ability to influence surface temperature regulation. Due to this, Tcontrol can be modified by Tm, but the PCT may be too tiny to fulfill 

regular needs for Tcontrol.  
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HP/PCM coupled TM 

 Heat absorption is shared across HP and PCM, which results in higher performance than using a single TM.  

Table 2 Normalized Mean Biased Error, Root Mean squared Error and Maximum Error values for model Valuation. 

 

 NMBENMBE RMSE MEME 

PCM 3.19% 3.99% 7.72% 

HP 0.35% 0.38% 0.54% 

The terms, Tcontrol and tend have the same meanings as PCM TM when considering the characteristics of surface temperature history curves. As can be 

shown in Figure 4, the linked TM Tcontrol temperatures stays at 316 K, which is 24 K less than the Heat Pipe Thermal Material temperature during the 

controller period. Additionally, tend has a maximum extension duration of 1045 s, making it roughly 1.7 times longer than PCM TM. Fig. 5 examines the 

heat flux distribution history within the linked TM in great detail to better understand the concept of temperature history. You may find the driving force 

of distribution in Eq. (6a) by using the temperature differential between the surface and the initial variable temperature Tsur. As a result, the PCM state is 

used to divide the process into three steps. 

 

 

 

 

 

 

 

 

 

Fig. 4. Thermal Management of surface temperature data. 

    

 

 

 

 

 

 

 

 

● Stage 1: A heat transfer mode without a switch in phase can only be used for the PCM portion, which has no liquid. When heat is transferred, 

Tsur, PCM. progressively diminishes, causing a rising-falling pattern in PCM's heat flux. Because qout, qin increases the heat flow of HP, Tsur 

and h continue to climb. PCM and, HP. are 76.1 % and 23.9 %, respectively, according to the formula. Consequently, PCM has a significant 

role to perform at this time.  

● Stage 2: The liquid percentage increases from 0 to 1, indicating that melting has occurred. The enthalpy of phase transition and the progressive 

fall in, ΔTsur, PCM1 respectively, cause a sharp rise in QPcm and a subsequent dip in the graph. Qtotal is infinitely near to qin, which causes a 

minor fluctuation in, T-sur and h, and therefore, q-HP. receives a tiny boost. This is seen in Figure 5. At this point, 𝜀PCM and 𝜀 HP account 

for 57.1 % and 42.9 % of total energy. PCM still plays a significant role in this time period, but its leadership position diminishes.  

● Stage 3: A phase shift has occurred when the liquid fraction reaches 1 and the solid fraction reaches 0. qtotal likewise decreases as a result of 

QPCM's decline, since perceptible thermal energy once again predominates. Batteries hold more energy, and thus, q-HP rises once again, 
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𝜀PCM and 𝜀 HP. in this stage account for 9.4 % and 90.6 % of the heat input, respectively. It's clear that HP takes the lead role, and the PCM 

practically loses its ability to regulate temperature.  

Coupled Thermal Management is primarily designed to decrease Tcontrol (related to Heat Pipe Thermal Management) and extend, t-end (compared to HP 

TM) (comparative to HP TM). The inclusion of Heat Pipe lowers the amount of heat entering the PCM, hence extending the time it takes for the phase 

shift to occur. Tcontrol. can be modified without being affected by external factors because to the PCM's integration. While PCM-dominant internal heat 

flow distributions are still present in HP/PCM linked thermodynamic models, the latter's near-total reliance on HP is evident.  

3.4 Parametric study 

External and artificial factors (h, WPCM) are reviewed in this part, as well as six parameters of linked TM (Ta.) and 'kPCM' that may affect the results. A 

critical application range for linked TM is proposed in this section, based on the external conditions and the factors effect on control on surface temperature 

and the dispersal of inner heat fluxes. In this range, artificial variables are the primary focus since developed to fit a certain set of circumstances. In spite 

of the fact that the data will vary, the same analytical procedure may be used for multiple purposes.  

Impact of 𝒉 and 𝑻𝒂 

Enhancing HP's cooling capability by increasing h or by decreasing, Ta. reduces the strain on the PCM. Figures 6 and 7 depict the effects of h and, Ta. 

Here, the author uses h as a case study to demonstrate the similarities between two methodologies. 

A Thermal Management connected in series is seen in Figure 7 (a) and (b) in terms of its surface and internal heat distribution. When h is increased, the 

ST decreases and PCM decreases as an entire. When h increases from 3 (W/m-2K) to 9 (W/m-2 K), Phase Change Material is completely molten. From 

10.52 to 6.06 kJ, Phase Change Material captures heat, while HP emits heat that increases from 11.41 to 17.35kJ in the same time period. Heat pipe 

regulated temperature is near or lower than Tm throughout stage 2, and PCM liquid % is approaching zero during this stage's average Phase Change 

Material fall from 15.84 (W/m2K). Thermal management is HP's bread and butter. In addition, as shown in Fig. 7(b), 𝜀PCM decreases from stage 1 to 

stage 3 due to an increase in the amount of heat supplied to HP. In stage 1 and stage 2, the effects of 𝜀 PCM are clearly visible, but may be ignored when 

the temperature drops below h=13 (W/m-2. K).  

Comparing linked Thermal Management with single HP and Phase Change Material TM is the goal of Figure 7(c) and (d).  In Figure. 7 (c), 

𝛥𝑇𝑠𝑢𝑟,𝐻𝑃,𝐻𝑃/𝑃𝐶𝑀  (among the Heat Pipe and Thermal Management surface temperatures) shows a rising, steady and descending tendency over time. 

Although the effects of PCM are less noticeable, there are oscillations in the stored thermal energy at times like t=5000 and t=7000. Without phase 

change, Phase Change Material with lesser h has low influence, and it is tranquil in the PCM process for greater h at this duration, which causes 

temperature variation in the absence of heat transfer. Higher 𝛥𝑇𝑠𝑢𝑟, 𝐻𝑃,𝐻𝑃/𝑃𝐶𝑀 can attain 90.98 𝐾 at 1857 𝑠 for ℎ = 3( 𝑊/𝑚2 ⋅ 𝐾), and 

𝛥𝑇𝑠𝑢𝑟,𝐻𝑃,𝐻𝑃/𝑃𝐶𝑀 𝑎𝑝−  porches zero whereas ℎ ≥ 13( 𝑊/𝑚2𝐾). 𝛥𝑡𝑒𝑛𝑑, 𝑃𝐶𝑀,𝐻𝑃/𝑃𝐶𝑀 in Fig. 7(d) becomes a rising tendency. This is because PCM TM and 

t_ are unaffected by changes in h that will be the end of it. The HP/PCM system "as h increases, so would the length of the arc. In adding, when ℎ ≥

13( 𝑊/𝑚2 ⋅ 𝐾), 𝛥𝑡𝑒𝑛𝑑,𝑃𝐶𝑀,𝐻𝑃/𝑃𝐶𝑀  inclinations to infinite. When paired TM, HP plays an important role because it's the most important portion, and 

𝑡𝑒𝑛𝑑,𝐻𝑃/𝑃𝐶𝑀  𝑡𝑒𝑛𝑑𝑠 𝑡𝑜 𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑒.    

Temperature control time can be extended and heat transport to PCM restricted by lowering the interior air temperature.  

Effects of 𝒒𝒊𝒏  

With an increase in qin, HP/PCM declines from 12.525 seconds to 10.10 seconds, as seen in Figure 8 (a) and (b).The average qp CM rises from 2.24 W 

to 29.32 W throughout level 2 of the experiment. As long as qin is less than 5 W, HP is sufficient to dissipate the heat input and PCM is impervious to 

melting. As can be shown in Fig. 8 (b), PCM grows with increasing heat input in stages 1 and 2, but practically stays steady in stage 3. The following are 

the reasons behind this: When qin. is increasing, qPCM-ascending PCM's rate outpaces, qHP during stage 1. T sur and, qHP only vary in a short-range during 

stage 2, therefore more heat is sent to PCM for energy balance during this stage. Stage 3 saw the total melting of PCM, making the impacts of PCM in 

all of the situations seen in Fig. 8 

Temperature rise is faster and more significant with a larger qin. Fig. 8 shows how a coupled TM may regulate temperature down to Tm (c). Though, 

variation points appear at 𝑞𝑖𝑛 = 30 𝑊, 20 𝑊 and 10 𝑊 when 𝑡 = 3000 𝑠, 4000 𝑠 and 7000 𝑠, which signifies the end of the phase shift process. As 

defined earlier, Phase Change Material rises with 𝑞𝑖𝑛  going mounting, so 𝛥𝑡𝑒𝑛𝑑,𝑃𝐶𝑀,𝐻𝑃/𝑃𝐶𝑀  𝑟𝑒𝑑𝑢𝑐𝑒𝑠 𝑖𝑛  Figure. 8( 𝑑). In additional, 𝜀 PCM is near to 

zero for 𝑞𝑖𝑛 ≤ 5 𝑊, thus 𝛥𝑡𝑒𝑛𝑑,𝑃𝐶𝑀,𝐻𝑃/𝑃𝐶𝑀  𝑡𝑒𝑛𝑑𝑠 𝑡𝑜 𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑦.   
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Fig. 6. Impacts of h (a) History of Surface temperatures (b) Phase Change Material proportion (c) Temperature Variation among Heat Pipe and 

coupled Thermal Management (d) Time control. 
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Fig.7. Impacts of Ta (a) History of Surface temperatures (b) Phase Change Material Proportion (c) Temperature variation among Heat Pipe 

and coupled Thermal Management (d) Time control 

Effects of kPCM 

𝑘𝑃𝐶𝑀 directly affects the PCM's heat transfer rate Tsur exceeds Tm because of the low heat transfer rate and hence more heat may escape from the Phase 

Change Material. Figs. 9(a) and 9(b) demonstrate the validity of this hypothesis through simulations. When 𝑘𝑃𝐶𝑀 inexplicably 16 𝑊/(𝑚𝐾) to 

0.2 𝑊/(𝑚𝐾), 𝑇𝑐𝑜𝑛𝑡𝑟𝑜𝑙  increases from 316.21 𝐾 to 332.6 𝐾, and 𝜀𝑃𝐶𝑀 through level 1 and level 2 also drops. Since the PCM absorbs less heat tend 

extends for lower, kPCM. In Fig. 9(c), the time of Tsur,HP,HP/PCM varies in three ways: up, up-down and down.  
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                                                           (c)                                                                                                  (d) 

Fig. 8. Impacts of qin (a) History of Surface temperatures (b) Phase Change Material proportion (c) Temperature variation among Heat Pipe 

and coupled Thermal Management (d) Time control. 

This is due to the fact that a lower k-PCM reduces the heat transfer rate of Phase Change Material in the early stages, but later on when PCM in other 

situations has already melted, it represents an advantage. Effects on linked TM are greater than those on PCM TM as seen in Figure. 9(d).  

𝛥𝑡𝑒𝑛𝑑,𝑃𝐶𝑀,𝐻𝑃/𝑃𝐶𝑀  𝑎𝑠 𝑤𝑒𝑙𝑙 𝑎𝑠 𝑟𝑖𝑠𝑖𝑛𝑔 . 𝐼𝑡 𝑖𝑠 𝑒𝑣𝑖𝑑𝑒𝑛𝑡 𝑖𝑛 𝐹𝑖𝑔𝑢𝑟𝑒. 9(𝑏) , (𝑑) 𝑡ℎ𝑎𝑡 𝑃𝐶𝑀 is actually small for 𝑘𝑃𝐶𝑀𝑃𝐶𝑀 = 0.2 (𝑊/𝑚𝐾) and almost ruins 

steady for 𝑘𝑃𝐶𝑀𝑃𝐶𝑀 ≥ 6 (𝑊/𝑚𝐾); hence 0.2 (𝑊/𝑚𝐾) < 𝑘𝑃𝐶𝑀 ≤ 6(𝑊/𝑚𝐾) is recommended for determining the rate of heat transfer and the 

enthalpy change in phase.  
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                                                       (c)                                          (d) 

Fig. 9. Impact of kPCM (a) History of Surface Temperatures (b) Phase Change Material Proportion (c) Temperature variation among Heat Pipe 

and coupled Thermal Management (d) Time control. 

Overall, the temperature control time may be extended and the surface temperature controlled more intensely by increasing the temperature control 

duration and decreasing the temperature control frequency (qin, Ta.). In order to maintain a stable surface temperature, Tcontrol rises and the temperature 

control time increases, which is a two-pronged sword. There are several ways to limit the flow of heat from PCM to PCM via an internal linked heat 

transfer mechanism that are not dependent on W WCM's influence. When h is less than 13 (W/m2K) and 0.2(W/m2K) < K PCM. < =6(W/m2K) under the 

external conditions of this investigation, coupled TM is preferable. To choose WPCM, you need to consider your specific demands.  

Conclusion 

As a part of comparing the surface temperature history combined coupled and single TM, as well as the history of heat flux distribution in coupled TM, 

numerical models are established in this article. In an effort to better understand how these parameters change over time, more parametric study is 

conducted. The following are the findings' main conclusions:  

The impacts of temperature management and the distribution of heat flux are examined using mathematical models. Coupled TM has a lower Tcontrol than 

the HP TM. It has been found that the end of connected TM is longer than the PCM TM, but it is still shorter than the PCM TM.  

It's also worth noting that the internal heat flux distribution of connected Thermal Management transitions from Phase Change Material dominant to Heat 

Pipe dominant also eventually demonstrates practically total dependency on HP.  

In-depth parametric research is conducted in a variety of working environments. The temperature control period may be extended by increasing the heat 

transfer coefficient, increasing the width of PCM and decreasing the heat input into the interior air. Thermal conductivity is diminishing as phase transition 

temperature rises, and the battery surface temperature rises as a result. Increasing the heat transfer coefficient, the temperature at which a phase shift takes 

place, and to decrease PCM's capacity to transfer internal energy, reduce input heat, temperature of air and thermal conduction in your home or workplace.  

As indicated in the previous section, the crucial range of applicability is ℎ < 13 𝑊/𝑚2𝐾 and 0.2 (𝑊/𝑚2𝐾) < 𝑘𝑃𝐶𝑀𝑃𝐶𝑀 ≤ 6 (𝑊/𝑚2𝐾) Throughout 

this study the environmental conditions to choose WPCM you need to consider your specific demands.  
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The crucial spectrum of application has improved thermal management effects when HP/PCM linked TM is taken into account holistically. However, 

because battery operation is long-term periodic, future study should look at the solidification process and changes in PCM's energy storage capacity. This 

paper, on the other hand, focuses solely on a single cooling approach for temperature management.  
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