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Basic form of heating system
HARGEEREN

Heat Storage tank i . .
— K T Radiant floor heating terminal
HbtRiES IR i

Solar collector
APHsEEEHRES

Heat pump ISing ¥ Fan-coil terminal
HERHE HEER RS RN IH
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Basic form of heating system-- Operating

conditions for component
HARGRE AR - BT Under extreme

weather conditions

Solar collector

APHRESEMES
intensity of solar radiation

——_——

Terminal device
RigesE

_———

oge <
Auxiliary heat source
L= e

Heat pump (air
source or ground
source)

PER(ZERIR/MER)

Thermal energy storage unit
using Phase change
material(PCM)

TSR

The operation condition is determined by outdoor temperature for air source heat pump
The outdoor temperature should not less than - 35°C for heating model



Low phase transition temperature. Such as 20~30°C; Solar energy is not
abundant. Preheating outdoor air with a low temperature
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Different PCM should be applied to different
situation based on phase transition temperature
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Structure & combination form of phase change
energy storage device g EABmS5HEATR
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Capacity matching and future expansion

are achieved by modular combinations
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The spiral heat exchanger is adopted in
the interior of the device to increase the

effective heat exchange area
R B NIPRAIRIEHNGS, AT ERUAER




EREHEBERETE-EX5H

140 :
Unit: mm -—ai Inlet of HTF
AT

Outlet of HTF _~] ¢
!

PCM /
Shell material
SRR
:s'nI PR
Shell height (mm)
Helical coil beat IFBE
exchanger @ 15 « .
Heat exchanger Shell Shell diameter
/ (mm)
HNRER
Shell A #F
Capacity of TES
- Outlet of HTF Intlet of HTF unit (L)
(a) ERETRE
Weight of TES unit
3D view overhead view (kg)
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Numerical calculation model of TES unit-Basic structure
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Basic structure/dimension parameters of TES unit

SRR EERI S

Dimension
parameter

Dimension

parameter

RI2# RI£#
Homo- Material of heat
Copper
polypropylene exchanger "
PBRER T RSN :
Weight of heat
1670 exchanger (kg) 3
RN ESERE
200 coil pitch (mm) 30
K EsIZiR
59 coil diameter (mm) 140
AR ER
Inner diameter of the
48 helical coil tube (mm) 15

HHKER




Thermal conductivity
coefficient instrument

SHZRENEN

Material thermal
conductivity
0.55 W/(m-K)2#}
SHEE

Heat flux(W/g)

Fusion / solidification heat tester

A/ B EHRAIY

The melting and
solidification specific heat
are set as the piecewise
linear function of the
temperature in the
numerical calculation

for improving the calculation
accuracy of liguid fraction

Specific heat of fusion (kJ/(kg K))

Numerical calculation model of TES unit—
Measurements of basic parameters (DSC test)
Calculation parameter processing

EFSHNESLAFHLE

—— Melting curve
| Heat of fusion:163.6kJ/kg
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—— Solidification curve
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temperature (°C)

Natural convention

SR EERE - RERELEBAARANR

 Natural convection

Numerical calculation model of TES unit—

* Density varies with the temperature based on Boussinesq assumption

— Condition A: Thermal conductivity with natural convection

----- Condition B: Thermal conductivity

“ Average temperature
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Numerical calculation model of TES unit— 4 /g 2 %
Geometric and computational mesh models and %/ T
arrangement of measured points FrONPATE TR
JUAm RIS AR AL
£ T
- 600 mm
- + | ¢T3
: 320 mm
RE b T2
: 320 mm
. L (i1

I

The thermocouples are embedded in TES unit for

further verifying the reIiabiIity of the numerical model
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Validation -calculation and results

Schematic diagram of experimental platform
M e RiZEE

Solar collector

—+charging flow route,

Flow meter H

—discharging

Walve & YValve 9
Expansion tank Valve 2
Electric heater [u] Flow meter
Charging Pump Valve 3 Valve 1
Walve 4 Valve 3
— -
C o— ok
Discharging Pump
Water tank Data acquisition TES unit
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Validation -calculation and results

HESMNRREREE
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maximum error is less than 8%

The numerical results are in
good agreement with the
experimental results, which
verified the reliability of the

numerical model
B SRRV ST
INE T BUBERBRT R S




Validation -calculation and results: Analysis of the model calculation
results
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[ Numerical calculation T1 :
35 T ——Numeérical calculation T2 |
50 | Numerical calculation T3 :
— —a— Experimental T1 L, 1 : %
g_) 45 " —e—Experimental T2 : TX|ong ) _X Yang , Y Wang_
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Sensible heat storage is Temperature rises slowly . Temperature rises steadily.
dominant. Latent heat storage is dominant. Sensible heat storage is dominant.
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Analysis of the model calculation results--

Temperature profile of external surface of PCM
RERHHEERT-HEM N RERE = E

Conditions: The initial temperature is 20°C. The inlet temperature is 60°C, and the influent flow rate is

0.25m3/h.
EAKM: ¥1REE20°C, #H/KEBEE60°C, HKREO. 25m3/h
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Analysis of the model calculation results--

Liquid fraction of the vertical section of the TES unit
EEH SRS h-ERENTEREREE

Conditions: The initial temperature is 20°C. The inlet temperature is 60°C, and the influent flow rate is 0.25m3/h.
BEARFKM: ¥IRiEE20°C, #HKEE60°C, #HKiAE0.25m3/h
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Analysis of the model calculation results--
Velocity vector diagram of phase change region
BN HERSIT-HEXEEE X EE

Conditions: The initial temperature is 20°C. The inlet temperature is 60°C, and the influent flow rate is 0.25m3/h. &A%
4 #IRIEE20°C, HKEE60°C, #HKAREO.25m3/h
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Water temperature difference (°C)

Water temperature difference ("C)
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Thermal storage characteristics--
The influence of heat transfer fluids
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The numerical and experimental water temperature difference between the inlet and outlet in four conditions are

shown as follows ( the inlet temperature is fixed and the water flow is changed)
POF DR FEUBRSEIHHKERERSZ (HKEEAEE, BSEHKRE)

10.0 10.0
Numerical water temperature difference in case 1 6\ Numerical water temperature difference in case 2
L Experimental water temperature difference in case 1 R —se— Experimental water temperature difference in case 2
75 {1 8 715
o
\.\ Inlet temperature: 60°C s I Inlet temperature: 60°C
ol % Flow rate: 0.25m3/h 5 L Flow rate: 0.50m3/h
\ ey HKBE60°C, #i&E0.25m3/h E \'. HKGERE60°C, FE0.50m3/h
\- ] - E)-
23 o """"a\., \a"‘o.c-o.' gL N - E ' ¢ \
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e Experimental water temperars difterencs i ense] 1. The change of inlet flow rate has no significant influence on the heat storage
e time, it only changes the temperature difference between inlet and outlet.
\ Inlet temperature: 60°C| FKRENNTHEAMETEESN, HRKETHEKEE,
I’\\A' r—a rall M% L\
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Thermal storage characteristics--

The influence of heat transfer fluids
B M- AR R
The numerical and experimental water temperature difference between the inlet and outlet in four conditions are

shown as follows (the water flow is fixed and the inlet temperature is changed)
PO T FEYEFSEIAH/KREMNS (BWKRENEE, HEHKEE)
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Thermal storage characteristics--

Influence of different installation forms/angle
EARM-TRREEANEIE
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Thermal storage characteristics-Reasonable temperature

%L#%%e%% stora e
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[ InIet tem ure at 55°C ] [ Inlet temperature at 60°C ] [ Inlet temperature at 65°C ] [ Inlet tempégature at 70°C ]
55 BE 60°Cit7KRE 65°CHEKIERE ° BE
Thermal storage time is too long and the Thermal storage time is short and the Poor economy
PCMs cannot melt completely. PCMs can completely melt. RIS
E3AURIEIORN LR El S
HEME T ETEBNW HEMEREBN

Good compatibility with heat sources
SHIRINFRA LT

v

Fitting the matching thermal storage capacity of a single TES unit
UERNSRAERILEC S AT

W, = 0.63351+8.95721x 0.99398"

W, = 0.96565 + 9.72376 x 0.99745'

W, ——The matched heating power with the inlet temperature of 60°C, kW;
137K N 60°CI 1) UL Jc il #4 1) 28

W, ——The matched heating power with the inlet temperature of 65°C, kW;
37K N 65 CIs 1) UL L il F4 1) 28

t—time (B[A]) , s.
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characteristics of heat release process
MEF-BR

|

The water tank is used to
simulate heat release

I RZK R RIm RS

Heat release experiments of

the TES unit are carried out
PHTEERIRRASLLE

1.25

1. The heat release rate of the TES unit can be

< ——— Heat release flow:0.1m3/h
T + Heat release flow:0.05m¥/h adjusted by the water flow rate, which is
§ 075} different from the thermal storage process.
w S5EMNIEARR, SREERERIEE K REFH TEAD.
3 0r 2. The matching of number of TES units and
5 oss| the thermal load of the room can be got in
2 design process base on the variation of heat
% 2000 4000 6000 8000 release power.
Time (s) B BAINERI L, RIS TR BN S R IHEE

The variation of heat release power under different flow rates | FIRGEEHTIVELTHE.
IR RIS (LR
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Results of numerical simulation with nanoparticle-enhanced

FRIGEA BB ETEESR

Thermophysical properties

Physical Nano-enhanced .
! Pure paraffin
narameters naraffin

kg/m3 1122.2 880

|
! Pure PCM
1/keK 2457 (solid) 3110 (solid) !
8 3750 (liquid) 4810 (liquid) !
s
WImeK | 0245 (liquid) L
kg/m-s 0.033 0.031
)/ke 1.59x105 1.84x105 |

K 2897296 288~300 NEPCM (add nanoparticle-enhanced to PCM)
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Study of a U-tube heat exch
stabilized phase change bat

Xiangli Li, Cang Tong, Lin Duanmu & & Liangkan Liu
Pages 430-440 | Received 08 Apr 2016, Accepted 21 Sep 2016, Accepted author v

Journal
Science and

Volume 23, 20°
Climate HVAC ¢

Table 4 of 4
' Table 4. The physical parameters of three PCMs.

Fig. 11. The heat exchange for a unit borehole depth of three kinds of phase

change backfill material.
the abled PCM A
the abled PCM B

-
——
—

'I
the ‘L]\.’l

Q(W/m)

7 A\
Material Density, kg/m? I' Thermal conductivity, w/(m-k) \‘ Sp
The shape-stabled PCM A 790 l‘ 1.528 ,l
= —
The shape-stabled PCM B 790 M 1,528 O
- =
The PCM C 790 0.235

Results of numerica

oK Igsm P R BET

simulation with nar

SR

Thermophysical properties

Physical Nano-enhanced
Pure paraffin
0 ara meters naraffin

kg/m3 1122.2
2457 (solid) 3110 (solid)
keK  32e0liquid) 4810 (liquid)
__________________________________________ .
0.288 (solid) !
WImK 0245 (liqui) %7
kg/m-s 0.033 0.031
J/kg 1.59x10° 1.84x10°
K 289~296 288~300
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Results of numerical simulation with nanoparticle-enhanced

FRE R HBETHEER

1
6000

330
——Nano-enhanced PCM average temperature
1 - Pure paraffin average temperature
320
The time in latent heat process
is shortened by nearly half. )
310 Ve
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0 2000 4000
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|- Pure PCM luiqid fraction
——Nano-enhanced PCM liquid fraction
1.0 -
0.5
7 | - The total melting time
g : 50005 ' Is shortened by nearly
i ---+  20.5%.
0.0 4 / ' !
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i I
I ! | I
0 5000 10000
Time(S)

(b) volume-average liquid fraction.



Results of numerical simulation with nanoparticle-enhanced
i mRBETESER
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(a) Pure PCM (b)NEPCM
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Results of numerical simulation with nanoparticle-enhanced
i mRBETESER
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= e 2 a0 regulation of
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300 H 300
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; : « the action of inlet
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_ 3 temperature and
— 0.25m"/h
ol 0 Bu/h flow rate are the
. 0. 75m°/h W tA
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E 2 Building Simulation
= i ﬁ 0.5 7 ‘.. pp 1-11 | Cite as
Er o - Numerical investigation on the melting of nanoparticle-
oo enhanced PCM in latent heat energy storage unit with
0-07 g spiral coil heat exchanger
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Coupling characteristic- Performance evaluation approach for

thermal storage matching
BEE-ERNE TN HES]
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s A
Set up and validate the CFD model of the LHSU.

. J/
r )
Temperatures of HTF leaving the LHSU and flowing into the LHSU are connected
by Eq. (17)..

. J/

The HTF temperature boundary conditions are imposed at the HTF inlet of the
LHSU numerical model via User Defined File (UDF)..

& u

2inlesadwal 19|ul

Set the system initial temperature and HTF mass flow rate. Then calculate the HTF Flat plate solar collector
inlet/outlet temperatures, the PCM temperature and liquid fraction over time LHSU
through iterations.
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Calculate the heat storage efficiency and the exergy efficiency. @ -
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g o

Evaluate the feasibility of the system design comprehensively from above factors.

Figure 2. Performance evaluation procedure of a typical SLHSS.

Yong Wang*,Xun Yang, Teng Xiong et al.Performance Evaluation Approach for Solar Heat Storage Systems Using Phase Change Material, Energy and Buildings,155(2017) 155-127
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Circulation pump

¥ Return water collecting header  Water separator

TES using PCM+ solar collector + air source heat pump--hybrid heating system
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Test analysis - Current situation of the system
TES - R RETURE

Main functions :

FEINREEE:

1. Solar heat collection
KBHBEEER

2. Thermal energy storage

by heat pump

3. Supply heat by TES unit

VAR

4. Supply heat by heat

pump and Solar collector
PRI KPRBEAER
5. Supply domestic hot
water
HIE AR

Six TES units inside Heat pump



K BREESH(W/m?)

Evaluation — TES Units
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* Experiment time: 9:00~17:00 Dec. 8 2016
* 8 solar collectors (total collection area: 13.7m?) “FiutEAseia(T 8 B, MAEAGH13.7m?

* Flow rate of the heat pump: 1.2m3/h a5 1.2m3n
e 6 TES units, initial temperature: 20.1°C /M2 S # 4 3IFR, B HIEIRE 20.1°C
* Daily solar radiation 10MJ/m? s:i6 A KBRS AT, HEHEE2% 10M)/m?2,
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Evaluation — Solar collector area & TES Units
RSN 5 & H o En VLD

Calculation condition & 3 A 244

Solar Heat flow | Number of the | Collection area of | Heat flow rate of a
collection | rate kg/s TES units a single TES unit single TES unit
MERER | MERRE %ﬁ@ﬁjﬂ R me (V),

A (m?) kg/s (m3/h)

...... 1 ..137  066(2.28) ! 6 : 2.3 0.11(0.38)
2 13.7 0.66 (2.28) : : 3.4 0.16 (0.57)

3 13.7 0.66 (2.28) | 3 ' 4.5 0.22 (0.76)

conditions in the original design
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Calculation results — Solar collector area & TES Units
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Average liquid fraction of PCM  Average temperature of PCM HTF temperatures
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e Case 2: Not melt completely, a larger storage capacity
ANEESROIARAR B A B e aiith, MBS EMmA, LA,

e Case 3: Melt completely

T, WREBEMEK, LA,

 Number of TES Units: 3, collection area of single TES unit: 4.5 m?
HRAATHULAS: AHAR B R T B E T 3 4, AR E R T AR TR 9 4.5m?



Evaluation — Flow rate range
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Calculation condition & &A%+

4
5
6

Solar Heat flow | Number of the | Collection area of | Heat flow rate of a
collection| rate kg/s TES units a single TES unit single TES unit
MR | MERGE S SRR me(V)),

A, (m?) kg/s (m3/h)

13.7 | 0.167(0.6) | 3 4.5 0.056 (0.2)

13.7 | 0.017 (0.06) I 3 4.5 0.006 (0.02)

13.7 | 0.009 (0.03) ' 3 4.5 0.003 (0.01)



Calculation results— Flow rate range
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Average liquid fraction of PCM  Average temperature of PCM
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* Max inlet temperature increased with the decreasing of the flow rate (0.2 ~ 0.02 m3/h),

incomplete melting occurs when flow rate decreased to 0.01 m3/h.
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Coupling heat storage and heat release characteristics of the heat
pump and TES unit using PCM - Application Case
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The indoor temperature variation of room during the
night- Application Case
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The indoor temperature can keep above 16 °C for about 7.5

hours at night when the heat release rate is 0.6 m3/h.
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Influence of heat transfer fluid on the characteristics of thermal energy storage
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1. When the inlet water temperature(T, ) is constant, the influent flow rate(Q;,) has no significant influence on the heat storage
time(T,,). Thus the heat storage with small flow should be adopted to reduce the thermal energy consumption in application .
EFHKBRET, =constfyER T, HKREQ, NERMET, RIFINAESE, CRIENXA/NREERLURDEAEERE.

2. When the inlet water flow (Q;,) is constant, the heat storage time(T,,) can be reduced by increasing the inlet water
temperature(T;,). It is worth noting that the inlet water temperature(T;,) should be controlled in a certain range, and the

economy of heat storage should be considered simultaneously.
FEFHKREQ, =constfiUIER T, HKEET, | BFTFERTET, |, EEEHIE—EEERN, HEESHRINETMT,

Influence of natural convection heat transfer on the characteristics of thermal

energy storage and release
B AR A SRR AR IE

1. The numerical results show that the natural convection heat transfer in heat storage process has a great influence on the
accuracy of the numerical calculation, and it should be taken into account in the model. However, the natural convection heat
transfer can be ignored in the solidification (or heat release) process.

HEERFH, SAEREPHERNTREAGEERITEREERATN, TREFNFLAER, BEE (BR) SEEmR/N, aJLAZEERTR.

2. The numerical results show the vertical installation and horizontal installation of the TES unit both have little influence on its

performance. The installation form can be freely chosen according to actual installation conditions.
HEERFH, SMENTH RS ENEERMREERIEINR/, FIRESIIR & B RIEE,
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Application of the evaluation method 7555

1. The evaluation method is proposed to optimize the design of the solar
collectors and TES units.

FMEENITERE, LB ER S S E BRI T ILECIFAT.
2. Further research on the operation of practical system.

SCRRHEITITHNMIA B FHRER.

Practical application of the PCMs igfEassemasimTFoirTeE

1. Practical applications of the energy storage device using Phase change

material is entirely feasible.
R e 2 S ol S
2. Approaches to optimize the performance of TES device: innovative

materials(PCM), nanomaterial, structure optimization
FERTARL. GURMRL. SAEEE A —iReE e,






https://image.baidu.com/search/detail?ct=503316480&z=0&tn=baiduimagedetail&ipn=d&word=%E8%B0%A2%E8%B0%A2&step_word=&ie=utf-8&in=&cl=2&lm=-1&st=-1&hd=0&latest=0&copyright=0&cs=3928247174,1674599881&os=1279277730,3990866955&simid=2131997264,988490568&pn=3&rn=1&di=168540&ln=1773&fr=&fmq=1544447550461_R&ic=0&s=undefined&se=&sme=&tab=0&width=&height=&face=undefined&is=0,0&istype=2&ist=&jit=&bdtype=13&spn=0&pi=0&gsm=0&objurl=http://imgsrc.baidu.com/imgad/pic/item/242dd42a2834349b5597af4dc3ea15ce37d3be61.jpg&rpstart=0&rpnum=0&selected_tags=0&adpicid=0
https://image.baidu.com/search/detail?ct=503316480&z=&tn=baiduimagedetail&ipn=d&word=%E8%AE%A8%E8%AE%BA%E7%9A%84%E5%8D%A1%E9%80%9A&step_word=&ie=utf-8&in=&cl=2&lm=-1&st=-1&hd=&latest=&copyright=&cs=802651558,3617929136&os=972035591,2735222960&simid=2116905269,997444479&pn=1&rn=1&di=61400&ln=1259&fr=&fmq=1544448087101_R&ic=&s=undefined&se=&sme=&tab=0&width=&height=&face=undefined&is=0,0&istype=2&ist=&jit=&bdtype=13&spn=0&pi=0&gsm=0&objurl=http://imgsrc.baidu.com/image/c0%3Dshijue1,0,0,294,40/sign%3D8a0f77176163f62408503140ef2d818d/6a600c338744ebf8625c9811d3f9d72a6059a7eb.jpg&rpstart=0&rpnum=0&selected_tags=0&adpicid=0

