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Literature ~ Year Application field Image Application effect

Wang et al. 2021 Solar energy utiliza- Fig.1(a) - A novel thermal storage solar air heater (TSSAH) with a FHP was proposed

[31] tion - Flat micro-heat pipe arrays (FMHPAs) performance exhibited excellent temperature uniformity during
thermal discharge

Weng etal. 2021 Data centre cooling Fig.1(b) - The FHP realized the long-distance heat removal from the inside of the data cabinet to the outside

[32] and heat recovery - The instantaneous heat recovery efficiency of the micro-channel flat loop heat pipe heat recovery sys-
tem was maintained within 81%-94%

Jouhara 2017 Waste heat recovery Fig.1(c) - The rate of heat recovery during laboratory tests achieved by the FHP was about 5000 W

etal. [33] in the steel industry + The application potential of FHPs for waste heat recovery in the steel industry was positive

Tan and 2016 Building envelope  Fig.1(d) - The average heat transfer coefficient of the wall implanted with heat pipes reached 1.24 W-m™-K'

Zhang [34] + Walls implanted with heat pipes saved a considerable amount of energy savings during the heating season

Xin et al. 2018 Electronic cooling  Fig.1(e) - Heat pipes with a high heat transfer performance solved the problem associated with thermally control-

[35] ling electronic devices

- A slope-type wall was designed with grooves at the vapor—liquid interface in the heat pipe

Sunetal. 2020 Space heatingand  Fig.1(f) - A FHP for heating and cooling showed a high heat response speed (180465 s)

[36] cooling - A FHP for heating and cooling showed high thermal uniformity (1.4 °C-m™")

Lietal. 2021 High power tele- Fig.1(g) - AFHP could work well in the vertical or horizontal position for high-power telecommunication equip-

[37] communication ment cooling

equipment cooling - The highest thermal conductivity of the FHP was about 11 500 W-m™ - K™

Wau et al. 2021 Dehumidification Fig.1(h) - Using a FHP for sensible heat transfer only and a HE for both cooling and dehumidification

[38] + Forced convection simultaneously increased the surface temperature (4-6 °C) and cooling capacity
(75.7%)

Songetal. 2021 Heat pump Fig.1(i) - To achieve a high heat flow density, a FHP was used to collect heat in a condenser

[39] - The novel heat pump with the FHP increased the total exergy efficiency by 6.02%
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Imp C: double flow channels
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Location Component

Description

Indoor terminal HE

FHP

Fins

Fans

Air outlet

Outdoor unit Compressor

Refrigerant

HE

Material: copper

Size: 97 cm x 15 cm x 10 mm (L x H x W), 2 pieces
Inner hole diameter: 6 mm

Pipe spacing: 12 mm

Material: aluminum

Size: 9.8 cm x 88 cm x 0.5 cm (L x H x W), 10 pieces
Charge: acetone (filling rate: 20%)

Surface: teflon spray (emissivity: 0.95)

Connection with HE: silicon grease

Material: copper

Size: 15 cm x 10 cm x 0.5 mm (L x H x W), 150 pieces
Fin spacing: 5.5 mm

Connection with HE: welding

Type: cross-flow fan

Size: 105 cm x 5 cm X 5 cm, length of air inlet 98.6 cm
Speed: 02400 r-min™'

Air volume: 0450 m*-h™!

Sound: 32 dB

Size: 98 cm x 6.5 cm (L x H)

Type: hermetic rotary vertical single-cylinder motor compressor (QX-B146C030A)
Displacement: 14.6 cm®

Nominal heating capacity: 2100 W

Type: R22

Charge: 0.90 kg

Copper pipe: length, external diameter, inner diameter of 36.4 m, 7 mm, and 6 mm, respectively
Pipe spacing: 20 mm

Path: 2

Fin thickness: 0.1 mm

Fin spacing:1.8 mm

L: length; H: height; W: width.
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Heat Heat
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Instrument Image Measured data Unit Accuracy

T-type thermocouple Fig.7(a) Surface temperature and ambient temperature °C +0.500

Pressure transmitter (MIK-P300) Fig.7(b) Inlet and outlet pressure of condenser and evaporator ~ MPa +0.006

Anemometer (TJHY FB-1A) Fig.7(c) Outlet wind speed m-s™! +0.050

Coriolis mass flowmeter Fig.7(d) Flow rate kg-h™  +0.005

Electric power data logger (WGLZY-1)  Fig.7(e) Electric power of outdoor unit and fans W +2%

Infrared imager (TESTO-875) Fig.7(f) Infrared images — Calibrated by measured temperature
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AT R . BT 13 B AR TP RCRE R N B IR
= o557 o 23 7 /=) + A B3
2 e R S SR AR . DU 1O 5 A U AT 4 A (R
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2™ ; - PRI 456 AR R i J6 Ak L3477 04k, R SPAR AE
K i i PN N .
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RA WAL G RGBT : A3 9451 (0~3 min)
Time(s) 7,(°C) P, (MPa) A (ki-kg!)  7,(°C) P, (MPa) h,(k-kg') T7,(°C) G(kg-h) O(W) P(W)  EER
10 58.5 2.2 420.8 51.4 2.1 265.1 64.8 459 1983.8 883.9 2.2
20 58.7 2.2 421.0 51.4 2.1 265.2 64.9 45.8 1983.9 883.9 2.3
30 58.7 2.2 420.9 51.4 2.1 265.2 64.9 46.0 1991.1 883.9 2.3
40 58.5 2.2 420.6 51.4 2.1 265.2 65.0 459 1981.1 883.9 2.2
50 59.5 2.2 421.8 51.4 2.1 265.1 65.1 46.0 2003.1 883.9 2.3
60 58.8 2.2 420.9 51.4 2.1 265.1 65.2 45.9 1985.1 883.9 2.2
70 58.7 2.2 420.9 51.4 2.1 265.1 65.2 46.1 1994.6 883.9 2.3
80 58.8 2.2 420.9 51.4 2.1 265.1 65.3 46.2 1997.5 883.9 2.3
90 58.9 2.2 421.0 51.4 2.1 265.2 65.4 45.9 1987.2 883.9 2.2
100 58.9 2.2 421.1 51.4 2.1 265.2 65.4 45.4 1968.3 883.9 2.2
110 58.9 2.2 421.1 51.4 2.1 265.2 65.5 45.8 1981.1 883.9 2.2
120 58.7 2.2 420.8 51.4 2.1 265.2 65.5 45.8 1979.3 883.9 2.2
130 59.0 2.2 421.1 51.5 2.1 265.3 65.5 45.5 1971.1 883.9 2.2
140 58.9 2.2 421.1 51.5 2.1 265.3 65.6 45.7 1979.8 883.9 2.2
150 58.8 2.2 420.9 51.5 2.1 265.3 65.6 459 1984.1 883.9 2.2
160 58.0 2.2 420.0 51.5 2.1 265.3 65.7 45.9 1972.1 883.9 2.2
170 59.1 2.2 421.2 51.5 2.1 265.4 65.7 459 1987.5 883.9 2.2
180 59.1 2.2 421.1 51.6 2.1 265.4 65.7 46.1 1995.1 883.9 2.3
T.,,: exhaust temperature of compressor; P;: inlet pressure of terminal; P : outlet pressure of terminal; P: total electric power of compressor and fan.
RS PRI G TE IR B AT B 12 A 3 (AR B 2 1)
Type L(C)  P(MPa) h(kkg')  T,CC) P, (MPa) ki (K-kg) T, (°C)  Gkg'h) QW) P(W) EER
Mode 1 79.8 32 4253 63.8 2.9 282.9 96.7 41.8 1652.5 1108.1 1.5
Mode 2 82.6 2.8 436.1 56.3 2.5 272.0 98.0 45.0 2047.5 1070.6 1.9
Mode 3 58.5 2.2 420.8 51.4 2.1 265.1 64.8 45.9 1983.8 883.9 2.2
Compressor Condenser Throttle valve Evaporator
Circle: 1 4
Novel terminal
‘ —e— Mode 1 —a— Mode 2 —e— Mode 3 |
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X2 R D AR il PR 387 T 1 FIAE S TF AL IR 2% 44 R K TH
A 0.3 mes™ T HE R S gm) KGE, IS5 1 AR Sl PR B R A
tefl. M Ag e %SG, Wt E IR T 546 W,
R SR 4.4%. B 2R ER S 4 BT )k B
30.9%.

U

4.3. AN [ SR JEO AL XE T PR 55 (8L E 93 AT
K17 ez 1 AN [R] 9838 X0 RGE T #4955 18] 3L L 73 A7 1
Do P AN G AR A OL, - RES W S AR L HE 36 X

P B A LR ) 22 S

WE17 (@ Fin, brEREA2.0m-s™, SEPRETH
P RGEN 1.6 mes™ o I A S 00 H XU XU 5 6
LB Z) 1.5 mo XL S5 BN G35 Bl X S AR ER AL T 4%
NI SR E A (5 0.6~1.7 m) . AHALHL, 17 (b)
AR E KGE N 1.5 mes™, SERRATH XU XGE N 1.2 m-s™s
AHEGRE 2.0 mes™ ) o, 18RRS4 2 1.0 m 72 45 JF
ZH BTt

SR, WEN17 (o B, ZEWNBRESMRET —%
Atk o FEARE RGN 1.0 m-s~ (R 3EREE, SRR s XX
0.6 mes™o BEET, FRARKIRTIE KRG H A 0 5 P R
AR FE R, g T % Ak (1 XU 35 /N TN AR D U R R
02m-s", BELRIUF 7 —@MRESINE, N —E 2 Lk
B TR, WTFE17 (D, FRERERN0Sm-s™, H
BT FRPE T 7R T RN BE B0 77, A I PR HH R Ak R
R 0.3 mes™, R 5 1) (1 T BLR ZE BN 2

K17 (a). (b) B LHLAT LA R G o8 T il #Gsm
M R A . vTIL, FERXFREEBRA T, DA ieE
PR Ko 1.0 m AL 9, d K EiR #1154 °C, JF H
CILV A R AR % B U b R N AR [ BET S TR R
BeAh, XA Od R E I 5 F R KU RN SR B
Jri % B PR B 3

4.4. Bk 5 B & G AR I LA RE X EL

5 BB AT HUE RE 6 B LA ROt At ET
K RAERE . X T IR AR, ALEH R MARET,
R EE R AR N A RN BRI, ARSCHER T
BN AARRRUT AR U BERRE /) o B Dy R 1) (R I A i
—ERE PR RORIR AR, H b TR BT
B G T2 3ema 2 T AR us. Ikt b,
AR I RO MUTARHR 5 A SO S Hh KR A AR B, PRl A
SORFIERF RS TT SR AT X LR T

50.0
508.2 W
4536 W
40.0(,- - -
. aay, 340BW B
= '30;;.'\' 333.5W L+ Sealed
E 00| w1 3206 W
o 1 5% e 297.9 W
g 1 | 20.8% 286.5W|
5 200( 17.7%
1 1
3 ' 14.8% 14.5%
& 1 1
100/
1 1
1 1
0 . ! :—- Sealed
1 1
1 1

0.3

0.6 1.0 1.2
Outlet wind speed (m-s ")

1.5

1.6

16. AN[R) SR I G T AR A EE .



A Measuring points

2.3 m-

1.7 m

1.1m

06m |

B 17, AN IR 0 WG R B TR A oL AUAE . (@) bRaE: 2.0 mes™, SR
-03m-s's T

E: 1.0mes™, PR 0.6mes™: (D FRE: 0mes™, Fbr:

FE S WA AT LU, A T A DB A ot o
F o LU PR AR AR I PR A A, AT T8 Hh R RS54
RIATE (440 °C) RATRERGL. ARSTHE (£90.85 m™
ROATRe#IR . Tz, B8R T A At &
F G5 R FE A I 00 o 25 SRR, B AR i AN HICHA 28 1 B,
RFR L BE 43 54 23.7 kW-m™ (98 cm x 88 cm x 10 cm)
F110.3 kW-m™ (100 cm x 85 cm x 8 cm) . H A i ¥ #L47
R R BRI 2.3 1%, ERERE T, B

Novel | —
terminal | Radiator
Radiatior | 10.3  Novel terminal

0 10 20 30 40 50

Heating capacity per unit volume (kW-m3)

(a)

20m

| T=196°C

(d)
l.6m-s'; (b) FpE: 1.5m-s!, SEZPfR: 1.2m-s'; () #r

: PR

[F) F A 3ty 1.0 m A (1) 55 K T B 22 M 10.1 °C, 2 8 oK i
(5.4°C) 1.9, W, SHEAZAR LEH AR 2 & g
B REFE VLR

BeAh, AR SCIE HE— 354 5 A i (1 B A R AR R
— AR 0 S R R 35 [10,26,28130E 47 T EL AL, LAY
PRI AN ] 19 Fro o 45 S H T 98T B A L
(A% FABE T, B oK il 1) SR A A R AR B bE G At K g
Cib N

3.0
“Novel terminal & Radiator
25
10.1°C
. 20
E
S 15
]
T
1.0
0.5 34°C
0
5.0 10.0 150 200 250 300
Temperature (°C)
(b)

B 18. BrARum ARG A RE . (20 BRI (b) RO 1.0 m AR TR B E 2017 o



30.0
. 23.7
£ 21.5
20.0
E 18.0
>
S 15.0
©
o
[
[s]
2100
3 6.7
I l
STD fan-coil New bimetal Refrigerant  Heat pipe Novel
unit [10]  radiator [10] heated radiator [28]  terminal

radiator [26]

B 19. AFRAmFHBABRMEAE. STD: NEZE,

4.5. I B i 5 a4

MR S5 SR P, LR AT T AN e 1
3 #r (33D, f#FH Kline A1 McClintock [40] ) 77 723K i 5
A, Wl 0 FiR:

) aR 5 12
WR: (z( 6\/" Wv,,) )

(10)

Arb, REUTEBIMER, v 2EXE; W, ZRTE
By, WERE; W 2KT RIHHEATEE.

X (10 RUHEAER LM R R
(1D, AR RBUNATE LT AR RN -

@ 5 o0 ) 20 5\ 12

[2em) +(52 ) + (57 ) "
Aok, W KT R TR R, W, KT ER T
MERE, WRXTERCIMMRIRE, WX Tak
QMR . HRLFRIUAES Wy 1

e

W:

50.0

15

JEPEAE 3.2%~12.5% 2 8], e — 5 F5 S 1IE B <2 56 Il = 1)
TERf 1 o

N T WAE LS R UER T, B =R R AT T
Uk, 20 fros. F6 R T HErFaEN B (420~480 )
AR RE . R a g O, FRSH At O FIX
fitgi o A LB R (D ~ (8) Kits. Hrh, oA
TRAL 6 B A ity ARG, O T O, 43 ) Dy AR ity 3 ok 6 S5 R
A S AL B = NI E . B RE B R & AT LR
W, O (BJEFIARN it FMNiZ%ET O+ 0, CRiifl=
WD AT IIESRIG S R Es T, B oMo, + 0,
PMEIAT T X EE, S5 RR IR ZEVERTEL10% LAK, [FAE
WEBH T 25 SR HERf

4.6. S R IR R SR Bk A

AT R R, ARSCHrHE a2 R
Uity LA BOR ARG ) R T RE ). BhAh, SIUA fERE
Kuti AL, SO S M BT RERE T A Rt 5 s R &Y
Ho SR, XIUHTEA —E M RRYE. e, 4L AT
SE IR T HAERERE . B 21 R, EAHFRIZM N E
o= AMLE A AUE AR A SRR 2100 W BN 2 3600 W
7 L 8 o WA it BB R EER 29 51 184 B0 31 3540.1 W 13,9,
Hk, BT R2BERIE, SLI8YI0 KM R22/ER TR,
{H 2 & ) H O PRI R 52 [R22: VA RABBEM (ODP) =
0.055, A ERIGIEIEAEME (GWP) =1700], 75 E4RZRAd
M T dhAh, SEEGH SRS S0 55 /N AR
P TR T AU, BT USRI SR 7 AR
AEE WA T, IR B, S AR i — 2D
T AT Be TR 245 B HUE AN, 22l =t 5 5
A

40.0

30.0

20.0

10.0- 1

Error range

0

10,0 -1

Relative error (%)

-20.0

-30.0

-40.0

+10%

— Mode 1

—Mode2 —Mode 3

50.0
0 300

600 900

Time (s)

E20. =R R .



16

=6 R ERAZ (L 420~480 s B BN

Mode 1 Mode 2 Mode 3

Time

0.+ 0, Relative 0.+ 0, Relative 0.+0, Relative
(s) 0.(W) 0.(W) oW) 0.(W) 0.(W) oW) 0,(W) 0. (W) oW)

(W) error (W) error (W) error
420 452 1245 1697 1659  -2.3% 284 1677 1962 2031  3.4% 196 1666 1862 1996  6.7%
430 452 1249 1701 1665 -2.1% 287 1664 1951 2035 4.1% 195 1697 1892 1986  4.7%
440 452 1248 1700 1655 -2.7% 288 1726 2014 2041  1.4% 196 1621 1817 1984  8.4%
450 452 1252 1704 1644  -3.6% 286 1690 1976 2041  3.2% 197 1672 1869 1983 5.8%
460 453 1250 1703 1654 -3.0% 287 1674 1961 2044 4.1% 196 1673 1869 1972 52%
470 453 1250 1703 1655 -2.9% 286 1674 1960 2044 4.1% 196 1696 1892 1986  4.7%
480 453 1253 1706 1652 -3.2% 288 1682 1970 2036  3.3% 196 1719 1915 1978  3.2%

Q,: radiation heat transfer (from terminal to room); O : convection heat transfer (from terminal to room); O, + Q,: total heat transfer (from terminal to room); and

Q: total heat transfer (from heat source to terminal).
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Nomenclature

surface area of radiant panel (m®)
heat capacity of air, 1005 (J-kg'"K™")
flow rate of refrigerant (kg-h™")
Grashof number
inlet enthalpy of terminal (kJ-kg™)
outlet enthalpy of terminal (kJ-kg™")
heat transfer coefficient (W-m™>-K™)
2

natural convection heat transfer coefficient (W-m™~-
K™

ARS S g0

/ characteristic length (m?)

Nu Nusselt number

P total electric power of compressor and fan (W)

P, inlet pressure of terminal (MPa)

P, outlet pressure of terminal (MPa)

Pr Prandtl number

0 heating capacity of terminal (W)

0. convection heating capacity of terminal (W)

O; forced convection heating capacity of terminal (W)
0. natural convection heating capacity of terminal (W)
0. radiation heating capacity of terminal (W)

R the result obtained by calculation

Ra Rayleigh number

ambient temperature (°C)

exhaust temperature of compressor (°C)

%
=

air inlet temperature of terminal (°C)
air outlet temperature of terminal (°C)

surface temperature of terminal (°C)

<N S9N 33

forced convection wind speed (m*-s™)
the independent variable

the uncertainties about G

the total uncertainties about Q

the total uncertainties about R

SSSS-

i

the uncertainties about 7,

3

the uncertainties about 7,

s

=

the uncertainties about v,

volume expansion coefficient (K ™)
Stefan—Boltzmann constant, 5.67 x 10™ (W-m™=-K™)
radiation heat transfer ratio

S

2

surface emissivity
density of air (kg'm™)
thermal conductivity of air (W-m™"-K™")

= >V o

kinematic viscosity (m*-s™")
ASHP
EER  energy efficiency ratio
FHP flat heat pipe

FMHPA flat micro-heat pipe array

air source heat pump

HE heat exchanger
HVAC heating, ventilation and air conditioning

MRT  mean radiant temperature
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