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In this paper, we introduce a new pneumatic temperature control technique and its application to precision thermometry.
The method controls temperature by adjusting gas pressure through the unique thermohydraulic linkage of the pressure-
controlled loop heat pipe (PCLHP). Due to this temperature-pressure linkage, the PCLHP-based pneumatic temperature
control achieves exceptional control speed, stability, and precision. To fully understand this method, we systematically
investigated the effects of various influencing parameters, such as heat load, sink temperature, and rate of pressure
change, on the stability of temperature control. In addition, we successfully achieved closed-type pneumatic temperature
control using a mechanically-driven gas pressure controller. We also developed a hybrid PCLHP that incorporates a heat
pipe liner into the isothermal region to further improve the temperature uniformity of the pneumatically-controlled
temperature field. With this technique, we significantly improved the accuracy of the fixed point of the International
Temperature Scale of 1990 by using inside nucleation of the freezing temperature of tin and determining the liquidus
temperature of tin. In this paper, we summarize the results of these diverse efforts in characterizing the pneumatic
temperature control technique, along with theoretical analyses.
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NOMENCLATURE APioss = Pressure Loss for the Working Fluid Flow from
the Evaporator to the Compensation Chamber

Ap., = Capillary Pressure Difference Ar = Temperature Uniformity

Apevap—CC Pressure Difference between the Evaporator and ¢ = Specific Heat
Compensation Chamber hg = Latent Heat of Vaporization

Apsire = Filtration Pressure Loss m = Mass Flow Rate

Apgic = Frictional Pressure Loss p = Pressure

Apnyd = Hydrostatic Pressure Loss Peontrol = Control Gas Pressure
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Pcc = Compensation Chamber Pressure
Devap = Evaporator Pressure
Dsat = Saturation Pressure
Qevap = Evaporative Heat Transfer Rate
th = Heat Leak
Qload = Heat Load
Osc = Liquid Subcooling
R = Specific Gas Constant
or = Temperature Stability
o, = Pressure Stability
T = Thermodynamic Temperature
t = Celsius Temperature or Time
thottom = Temperature at the Bottom
tcc = Compensation Chamber Temperature
tcCin = Compensation Chamber Inlet Temperature
Teoolant = Coolant Temperature
t = Temperature at a Specific Height
1R reading Measured Isothermal Region Temperature
AR predicted = Predicted Isothermal Region
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Fig. 1 Schematic diagram of the pneumatic temperature control
apparatus [12, 13] (Adapted from Refs. 12,13 with permission)
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Fig. 2 Thermodynamic operation curves (p-7 diagram) of the
PCLHP [12] (Adapted from Ref. 12 with permission)

84ollH= 24 ‘é?}’é Al 9 S4&

Aloje] olejs @

A

ot Aol L

RS

2. PCLHP 7"t KAl 2=/ 2|

PCLHP:= 2-5-5A17F Sste] &= $'47](Evaporator),
2§ A AA] TG sH= HAM, o] £ 24 Ao]o]
A emAeh EAE GAISH AR ABAA ofuehe
oA A(Wick), FU71o4 WEE S8 AERAVE 1%
Bl Z7)4F o4 (Vapor Line), 2714 258471 <

[
T o
WEshal ALY A5 RA 2 350k 3571 (Condenser), :LEI

I SE5E A AE AT HAAER SHse dAAY olF
TH(Liquid Line)o. 2 LA Hc}.

PCLHPL: Z3b7]of Sl 29|
e LEae) of3) Zue WA

F7F HAPdR A u)

] Zl' %7]?:1]—i}'(Apevap—CC)

7F AT, o] Al o) AFRAVE SR By
MK T o IARIA FuIeh WA 2 F71UAE
oA S50 £REE 0bE SH(Apy,) D ARG £

(APhya )2 (AP oss M w1 0] O] F0 1 Z]= Aol Al PCLHPE]
od Sk AR olF AU ST AAY AE3)
= UE 9GS oyste] oA FE7R 3G AsRAl =
e Hfsiol, olul WA oAl ZHERAlel olat &4
(Apgy r& Z3 574l 59 & 6 EH(Ap )& A9
Zdb Al 73 A H (Evaporating Phase Interface)ol| A} 2hAlsh= =AY
P2 Ap, )2t A olFo2ZHA 4 ol ETE Al
I} Al(2)= o€} 22 PCLHPY| 8wt ¥HAIE HolETi11].

= Aploss = Apfric%FAphyd (1)

Apevap -cc T pevap —Pcc

~
[\
~

Apc = Ape:vap—CC + Apfilt

-

A1)l Holi= e} o] PCLHPe] Z7]of wAka 7t g}
A AEGA §5 4T 2L oo, AERATL S
HEPs].J: 5&1—7]_,] o o3l /\]'EH~ O o} oFgdo] &7 E
A4 Qremt 2] Fuke
= 7F 3183 F-4EshE 0475‘ J—}Zﬂ (Thermohydraulic Linkage)7}
UCH 1] Ao 2=Aof 7]&2 olet &
Yt A4 BAE o83, T

= 94 g Fob 2xioflA BAAHS ¢F
A& Fall 2719 dgusks fedtezy] 7] |
fi + 7lsoltH12].

Figs. 2 (a)2} 2(br= 22 B 71t et ygoll digt
PCLHPO| @oata] & SAl WSk HojEth A Fig. 2(a)
oA E=AIE el o] aPFEjo] HAHAS A7 U
ol SRUH(pecy )22 7S B, 2R ST 7 oF
A APevap-cc )2 ZEFA 5 EH(Aposs 1) AFO19] 3
FAE A8l SE719 d=lo] M2 W (Paar, evap 222 7F
st ZSPJE| O] B4 wet ST 2k JA AER 2=
(Psat,evap 2 )2 710 ojuff SH7|2Re HFHRo] o &
Z(Heat Leak) S7Fof| o8 HAH 2&7F S7F8HH(Tec, ), ©]
of we} F7ket HAM W 7—\}502194 :‘Tiﬂ%}iﬁoﬂ olsf AT
O] A7 A7} vl &= HAFA oFgo] f-A ). B = Fig. 2

OI' :(o )
of
Sk

(b)g]_ o] dAZ Ao7|AIE H I 9l HARA oFd

(Pecr re 54 AH(pecy) o2 st 49, U719 24

A ZF FEaet AHEaAe s A R FAE sl F
u

b

7] FHI 27 WP evapr R T, sat,evapz)??lﬁ? o] zt
ol st A 2ol o B 2= ¥ B4 Y 2
A2 EeFH o] s ol AR Alo7|A7F HAAA
2 fFE A o] fAEn). ofef 2 A et
2 el mhE S0 ot WSR2 (Ap.y,, ) HATE
A WS (Apec )T 2o, o= Ae7IAl Y ek
(APcontron T B2 ghe 7HITHA 3)[12].

= Apcontrol (3)

O:

Apevap = ApCC

oberd] B hgriste] oJslf Alojd S EefE=

Al(4)2] 7%l Clapeyron-Clausius TIAMAE: ©]-8-810] oS¢



762 / October 2024

QIt12). o2 H3) PCLHPY| -3t B4 ol g3t
o
=

')T\‘
greiRlol4) LEAlo7h deojshs A
B e

42 Belg 4 gt
T,

Tsat,evap 27 sat.2vp A (4)

1-T Rsl + P control

- sat,evaplh_ n

fg Psat,evap 1
chul, olo} e dejatx B Fuvle) erel wateo] 1
Ape] Qre Bl 2o ghe e 98 R AoE,
AR B W Alol71A19] ) W e Ba MALY ¢helA)
o} Sq A HAARTE Fuv| 20| GUT Y TS
2ol ofs) Fu7Ieh HAA ) 2 Wakgo] Hol7} wagstol
T a40 o9 wHaleFo] AFoR o FS 7H 4= ok

=
Kol ok718 4 sick. A1) A U FFAL A

it Hole A A(5)eF ZH13].

d(Apevap—CC) _ dpevap _ dpcomrol
dr dr dr

244 A Yol A FUIsF A 0 ) sl

2ol P4 Fo| g2 7Hd AEAA £5 &4 ol Gt
Dl wieh, . S 0 B} AR AN e o
ok ofah el At A1 e ARG A5 £

% 759 7ol W2 PCLHPS] 27 BolgAol ehbA) ¢
Lok e BAA G TS BARelY U] At
L 9re) WskEol Hol7} 9l A9 F Ak Alolo] aFEL ¢

=
Hapt FAE7] ofHe 24o] FA4E = Sk A1 A()E &
TAo] 77 5 PCLHPS] <t
ks X‘iﬁ’riﬂ 5 A5 slAle SE71e} B 7 kAt
7F 9T oz FAH OOk FTH(d(Apeyap-cc/dt=0)). ©]
£ HeliAe B W Alo7IAY oY SR ST o
g F7HEo] FARRE ghS 7HAoF gt whek, B/ Z1eF A 5
d7)0] o Fhgo] BAHAS] oY SRR Yol A9
PCLHPY] 2584 452 Y3l &4s =502 §A7} 8+
El= e B 7J YAt Faste] PCLHPE] 4 &
gAdo] o7 4= itk olof uhel Ao =AY F
PCLHP2] 27 B0l of7|ul= 272 o<l 4l(6)xt &
o] FHHC}

-

dpevag < dpcontrol (6)
dr dr

BT} 2] Aolol 4 ereidat ujde] ofghe s o
A 9] o] ol 2HERAE uIgtEA SAl o8 mAr
do) kel wiskE mhEs] Suv|E dustel £ ool o 5
7hgo] AR 3L ZHE Sk Thk, Thg A 9o) Z1A &

of

S~
o

of

o

W O B SISt S4o] old) mAdRRE 2
W] Aole] QlEzst SEL R ¢S ARt ol et
A S olFoR BARNS $7k 7RI A Sl o
S7HEo] BAFAS oY 78S WEA] 3 PCLHPY] 4
B go] of7|E 4= Sl o|AH HAFAM Tt Al S|t
BAA ZF ergate] AAA av) op7|EE A7 Al 71t
2 U7 71 (Critical Pressure Step)o|2}; 3Hc}13].

HAFALS olA] 7lolek o]Ake] ofg o 7 7loksl e PCLHP

of A5 RA f50 BTHE SISk BA T YA §
A5 ok AFRAY ol WE S glom olof e g2l

a= T
Rloja] £EAlo] o] Eebgalo] oplE 4 Slct. thit, ojefat
PCLHPO| 271 BePgA& Zu7lo] & 5ol felo] A4
o Faler AR 7F aPEE At AgAE] ey
o oA AHhE Bl=sh B WA B4 kI,
TRelE sk oleh 2 BAAY oA Zigle] uwE

)
PCLHPS] QX4 27 BebgAe areidlols] emrloo] 1
TP 1R Aol 54 ABstE, sAE Aol
PPH 34 LAl B AL A S B

= PCHLPS) £ 2704 YAl Lo
Ao] Wastch. ujeba PCLHP 917 7heree) =1

71o] FEFE ujx= F8 AXEC Yigt A7) A&EHoR 4
FE|glom, i =olA= oo 22 7|E A4ty 8 AE
[oksto] Aofghct

3. =H|0jAl 2= F|E LI0|= (PCLHP)
Fig. 3(a)y= PCLHPS] A A FJAF W 225 Hoj&c}. PCLHP=
2HIQlEs A8 316 L A-R AEgon, oo deoz

RE BE FUOL AERAV FASHE 21, 24 Hepe)

HEGAYL BGEE BA, FU719} A Ajolo] o 52
&+4 218} (Thermohydraulic Barrier)?] 982 4~335}= th-

A 2, F74 D QAN AERA ol 5T $57]= TAHL,
oleidt PCLHPL: 2714 ol40e] AR E 39 de 2es
Aste] witel €E% 219E1H Working Space)o] B4w]=

g
o

O

2 319}, olo| we} PCLHPY] RAMA ¢teaols E3) 2wt
7] WiE S 2

el
A 2525 Aojgoay T 2y
He] 2&=TF Aol R3E L2E ZEeth oY R E 4F
B AYeE e g fF w1 % B3 1 9ESle =
g 2 AIE ol8sto] w20 &
Z agtEglon g, g Adeihe 52
o= gysiglct.

Fig. 3(b)= PCLHPS] Z7|, t}22a &, 71g]al HA Alo] 4
e F2E gfisto] Kol PCLHPY| S7]= H&d +
25 ZAEE ARESlon, Y g3 thad Yol 9JX7
t}. PCLHPY] 9J& AdolgjA A8 316 L AE S4552L 50
x 445 x 114mm (OD x ID x L)2] 94538 A Z#w= 47

\I



October 2024 / 763

Gas pressure tap

control port Condenser

Coolant exit

Compensation
chamber

__Cooling jacket

Evaporator

Heater—
ar vapor

Working fluid
injection tube

4% region
Vapor line /

(a) Overall structure of the PCLHP

Gas pressure
ntrol port

Compensation
chamber
inlet

Compensation
chamber

Flange

— Sintered
porous
cylinder

[; I - End cap

44

Wick

Vapor removal ~  B-B 50
channels

(b) Evaporator, wick, and compensation chamber

I —_— Vapor exit S —
T e e T o
1 hid ! 1 ! Y
T e i 1 B
vapor flow 1 = ]
barrier ~ N i
D D e |
! 1 1 '
“—Vapor floi
0o barrier
g . o<
L - 89 o
] 1
= a a-a 1{
—-= X\ Vapor

"\ Thermometer well "
Cylindrical

c-c \.isothermal sapce D-D

(c) Isothermal region

Fig. 3 Structure and dimensions of the PCLHP (dimensions in
millimeters) [12,13] (Adapted from Refs. 12,13 with permission)

thol] EFHd A=FY(End Cap)at Z3HA|
T2 U7 Wl 84 FRRIeEHN
JAlo] URo]x| =2 3helth. PCLHP
o] U719kt o) Aol oF 22 mm (W = H) )
Z7]v&-5-Z(Vapor Removal Channel) 30 7]& 52 wjx|ge
2, 29] S AF AAROIN BT F74F FERAL B2

7] &7 (Vapor Exit)2 WiSEEE s}t SH7] EtollA

O]E‘—_ _?]5“ EAI—
= H?Z Aol E(Gas
2iRlo] Aol AA]

(Pressure Measurement

AU
Pressure Control Port)S 2|5} 0w, o<
PP ERRERISES
Tap) €44 4473k}

Fig. 3(cy= PCLHP 52449 J1%2& HolZ
o} o] PCLHPS] S-29jeie 274k ol% =
(Outer Tube)™} Y& (Inner Tube)o. 2 o]FojZ 3] by
2 ARtel, 1 Ujso] 54 %432 mm (D 2
ol 7ko] AAE| =2 A1Zsheit.

o] e e G ok 5714 5

OH

o
3
)Y
rok
=

o 24 mzi Sise, R 57 5% RAS S5 9
o FLgete POl st i ) ARSI, 52

o /EJ'—‘?'—A %7] wj&+(Vapor Exity= $=7| ¢--(Condenser
Inevs} 12Ele] Lo, 57 WET Yozl 55 5 Ak
WAsE] 98 F71 wiE shtoll 4l 349 5 Aol

(Crescent-shaped Flow Barrier)2 2|3} t}.

PCLHP?] 2=7|= 2174 9.5 mm, 4] oF 2 mo] Alg &=
S A=Y YA fAI7E 32 Z% AZ(Cooling Jacket)
oz e FE2E AREST S5710A wiEE A 2
Zode 97 9.5 mm, 29| oF 0.4 m2] HHA} o]ETS £}
of HANR SHSHES siolon], A ol4TE AL
BESfo] o FHRIAN APFORR WA B9 57
ol A (Phase)o] A4 02 SAEES Shic
PCLHPe] $0&mE AMgEl 25-gAle) 3} 5719 54
ol ojall ZEIs, 2ERAel FHol wret Aol Lm0l
7} 7153 e oodo] AA= ). o]0 Z5F4=9} Dowtherm AS
2HERAIE AR } PCLHP7} A|2=]o] 2zt oF 855 ©F 110°C
71X 2] e da} oF 2205 oF 280 °C7FA| 2] oAl QA o] 4]
LA E 483t v} QIr}H12,13]. 2HE-8-%|= PCLHPA| 9] oF
499%] 5= o 3ee] PCLHPo] B FeJsteirt

Fig. 4= PCLHPE o] 83+ i} 4] Lxrlo] A7 34
MEF=E HojEtt Fig. 4o =A% vle} Zro] PCLHPL] HA}
AL WF Ao71H1S] A E Sl A o Fo] ZA ¢
& #|o]7]|(Gas Pressure Controller, GPC)2} HEHE o]&35lo] ¢
ZA¥ch PCLHPS] /A AgAolE 8l AH&3t GPC= 0%
E| 200 kPa7bx]e] Ao ofollAl oF 20 Pad] w7 =H=(oF
95% A28 )5 M= A& Y GPCE AMESIlS
GPCo} tf=o] Aloj7|A| o] HAd =9 9 viE2 ffsf ¢t Al
o714 AR et 2g HEES ddsto] ARSI Alof7 A=
= W A 7 AsRAl 88idel A9 @l
3 5(He, 99.9999%)S AFE-5FATH12].

|

A= 1L



764 | October 2024

High Flowmeter
temperature
chiller —~

{; Pressure
J| controller _____________________|_____ 1.
Working Liquid linely Condenser
fluid ! !
chamber iPressure
~ VA, | sensor (X
€L AN Cold trap! T TPRT
o i B,
A Q%_ i Compensation ) 1 l
R i chamber E
00 ki ! L ' \
Volumeter _L L Heaterl E TL
C——1CF Evaporator E | “lllill"
J PN - Isothermal EPotentiometer
Pressure gauge R region
Q 1 i
= Filter ! .
g L ook Low DC PSU Vapor line
— o temperature  \_____
chiller

Vacuum pump

Pressure-controlled LHP

Fig. 4 Schematic of the pneumatic temperature control test setup [13] (Adapted from Ref.13 with permission)

FeAlol4] LEAlo] 5 Sedele] erMsle WY Bohw
oF 2 9 60 mKE 7IA= ¥ W43} % A (Standard Platinum
Resistance Thermometer, SPRT) 2! AF¢}-8 92| }-2 & | (Industrial
Platinum Resistance Thermometer, IPRT)E 5239 U] 2=7
Arelel AAlste] ZAstelch. ofg#l Aol LAl 5
Rlo71Ae] erele wAE relAlol] el A W

% o|gste] 243l5ict. POLHPE 75
913 2071 9ol =5 Nichrome) 5|e}7h 2= gion, 1)

=

=

=u) Ao} WhAle] A5 A FH71(DC PSUYE AHste] Ageh
9l 4 b Sl BT sk
PCLHPE 0|83 SFeiAlo}4] LmAlol2 Satsl] Slajali

BAPO] QR AL HE okt Bek. o2
913 PCLHPE: & %5t 942 4, HAo] Q53] Aoj7|7)
o} uls| Alee] PCLHPZ

ASHTE A ol HEGAZ caei e 2o
gotel GPCsl AdE HAMNY geiAleluns st
GPCE o|g3to] Alol71419] S Aofgomn iAol
SERo]7} o] Foj2le}.

1 QHOA 20| S

Flg. S FR4E ABGAIE AT PCLHPY BAM gJel
Aol AT 5o LRl WF T1re] L Byl
o 2 1St st Fig sol solol, 544 v Aol

N
24
1o
147
i)
mlo

AT FH(80.00 kPa)OR Alojdto] e} 52
o £ oA AT %k( F9188°C)02 A= QY] B
A AAE. 12 A7 e S5t EEEa goj
ox QP EL of 0.2001]A1 0.01 °CE FpAE|glon, o] 3|
A ) Ael71Ale] A gheAels Ba 7] wjE S714

P... uncontrolled
6~ 0.20 °C
I EEEIN ERSR | 1 RSN BRI
0 180 360 540 720 900 1080 1260 1440

Time / min

Temperature difference / °c

'

'

i P... controlled

: 6~ 0.01°C
I

Fig. 5 Change in the stability of the isothermal region temperature
when the compensation chamber pressure control was
activated (working fluid: distilled water) [13] (Adapted from
Ref. 13 with permission)

HERAS 25 0 520l g e Anel Fune
Rlofg 4 9lgo] SHIElgiet. ole 2 MAY greiAlolS Fat
590 £ P Aol PCLHPS] 1A e} S o
AEGA| FULE Aolol EAfsks LG A4ot A B
AZ ol Ao, dolshy B Ba) Aeksl PCLHP 7|3

FeEA|o)4] EA|o] 7)ol AA| 2Tk dFRIeH13].

Fig. 6 Dowtherm AE ZFg8A2 A3 PCLHPS] HA)
Al org Ao AT 5299 2%(1;) BIE HolZtl
Dowtherm AS ZESA|2 AFEElo] HARA A7) A &=
S 80.00 kPaZ Ao AP, 52 He] 22X = oF 24621 °C
2 FAERCH A &% S0 2FHAE AojH o
=L 5ARA] olEAo]lE &3] 0.05504] 0.025°CE T4 A4l
=|QItH12]. o] &3l PCLHP 7|9k ¢fgA|o]4] 2&A|o] 7]<o]
2HeA S5 HAEE Bl Ut dEAle] HlolA 2=A
o] o5 WA= Zlo] 7Fedh MAE 2=Ale] o=



October 2024 / 765

240.8
240.7}
[ tI.R.
o L
N 240.6
P &
N
kit
© 240.5
N
2 ‘
5 240.4 .4
= BT
L P uncontrolled &lﬁl P controlled
e40-3 1 5, = 0.055 °C : 6, = 0.025 °C
[ ' 6, = 14 Pa
240 20 0
0 50 100 150 200 250

Time/min
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Fig. 12 Responses of the isothermal region temperature to a control
gas pressure increase (working fluid: Dowtherm A) [15]
(Adapted from Ref. 15 with permission)
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(a) Structure of the MDGPC with a two-stage bellows chamber
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Fig. 14 Structures of the MDGPCs (dimensions in millimeters)
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Fig. 15 Responses of the isothermal region temperature to stepwise
changes in the control gas pressure generated by the
MDGPC
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Fig. 16 Temperature uniformity characteristics of the isothermal
region of the PCLHP. The error bars indicate expanded
measurement uncertainties at an approximately 95% level
of confidence
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Fig. 18 Dimensions and section views of the tested HPLs (dimensions in millimeters) [17] (Adapted from Ref. 17 with permission)
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Fig. 20 Application of the pneumatic temperature control method to
the inside nucleation of tin [22] (Adapted from Ref. 22 with
permission)
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Fig. 22 Determination process of the liquidus temperature of tin
using the heat pulse-based melting method [23] (Adapted
from Ref. 23 with permission)
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(b) Comparison of the difference between the fixed-point
temperatures of the two tin samples (i.e., between the freezing
temperatures or between the liquidus temperatures).

Three differences between the SIE (sum of individual estimates)
corrections for the two samples were also depicted for comparison.
The error bar indicates the measurement or correction uncertainty
of the temperature difference with a coverage factor of k£ =2 [25]
(Adapted from Ref. 25 with permission)

Fig. 23 Verification of the determined liquidus temperatures of two
tin samples having different impurity compositions
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