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Temperature Drop of Steam Flowing Through Control Valves
Masahiro URATA, Toshiharu Kacawa

Abstract: The steam temperature and pressure are important operating factors in many chemical processes that use thermal
energy of the steam. Solvent desorption processes require precise estimate of temperature drop of steam at a control valve
through which the steam is supplied to the processes. This paper proposes a procedure for estimate of the temperature drop in
steam flow through a control valve. Theoretical estimate was made assuming a one-dimensional compressible fluid flowing
through a throttle. In control valves in practice, heat radiation and flow irregularities induced by wall geometry cause
condensation and re-evaporation, which are not included in the theory. Experiments were carried out for steam of about 0.53
MPa (abs) pressure with about 430 K temperature. While the theoretically estimated temperature drop by a pressure drop
from 0.5 MPa (abs) to 0.1 MPa (abs) is about 15 K, deviation of experimental values from the theoretical values was within 1
K when the flow rate is not very small. The result of the paper can be effectively used for planing of plants that use steam as
the medium for heating and solvent desorption.

Key words: Control valve, Steam flow, Temperature drop, Joule-Thomson’s effect, Heat transfer

gobobooobooobbooobboobboooo

oood D000oddoooooooooooooooooo
| 0d0ddooooooooooooooooooo
0Joo00d0d0oo0o0ooooooooooooo O0000oooooooooooooooooo
0doddooooooooooooooooooo 0d0ddooooooooooooooooooo
0doddooooooooooooooooooo 0d0ddooooooooooooooooooo
000dooooooooooooooooooo O0000oooooooooooooooooo
0doddooooooooooooooooooo J000d0ooooooooooooooooooo
0doddooooooooooooooooooo 0000d0doooooOdoOooooo 100 20%
000dooooooooooooooooooo 00000oooooooooooooooooo
0doddooooooooooooooooooo Jd0d0dooooooooooooooooooo
OO000000o0o0O000oooDooooo 0 Jd0d0dooooooooooooooooooo
00000o0D0DoDoOooooooooog oooogg
Jdodooooooooooooooooooo Jd0d0dooooooooooooooooooo
0ooo000oooooooooooooooooo 0000000 Joule-Thomson OO0 ODOOOOO
000dooooooooooooooooooo 000 ?"900000000000000000
Jdodooooooooooooooooooo Jd0dooooooooooooooooooo
Jdodooooooooooooooooooo Jd0dooooooooooooooooooo
000dooooooooooooooooooo O0000oooooooooooooooooo
Jdodooooooooooooooooooo Jd0dooooooooooooooooooo
Jd0dooooooooooooooooooo
*}MO00000000000000g4gogg O0000oooooooooooooooooo
“*pghoooooobooobo 00000000000000000000000
*Production Engng. Center, Fuji Film Co. Itd. O0o00000000oDoDooooooooooon
**Precision and Intelligence Laboratory, Tokyo o000
Institute of Technology

(Received November 24, 2009) D0000000000000000000O00n
TRIA009/10/0909 (C) 2009SICE ooooouoooooooooooogoodn
D0000000000000000000000

- 61-



gboboooboooobboooboooon
UobooboobOobOo0oo0ooodn Joule-Thomson
gbobooooboooobooobooobobooooo
gbobooooboooobooobooobobooooo
gobogobooobooboooobooboooon
gbobooooboooobooobooobobooooo
gbobooooboooobooobooobobooooo
gobogobooobooboooobooboooon
gbobooooboooobooobooobobooooo
goboooobooooooo
goooobooobooboobooboon
gbobooooboooobooobooobobooooo
gbobooooboooobooobooobobooooo

goboooboooboooobboobobooon

gobooobooobooobooobobooooo
gobooobooobooobooobobooooo
gboboooboooboooobboooooboooon
gobooobooobooobooobobooooo
oobO0ooooobOieo00ooooOnO 0.6 MPa
goboooboooboooobbooooboooon
goboooobooobooobbooobobooooo
goboooobooobooobbooobobooooo
gobooooood
O00ooooooooooooboDbD 5k000
goboooobooobooobooobobooooo
OoO0O0O0 o6 MPaDOOD 1600000000
gboboooobooobooobooobobooooo
goboooobooobooobbooobobooooo
gboboooobooobooobbooooboooon
gboboooobooobooobooobobooooo
0.6 MPa-0.1 MPaO 0 OO0 160-1000 000 0O

oood

AODO000O0O0O [m?]
c000on [J/kg/K]
pOoO0O0O0O [m]
pDO000O0O [m]
pDOOO0O0OO0OO [m]
EOoooog [J]
000000 [I/kg]
GrQ Grashof [ [-]
c0000n0on [m]
00000000 [I/kg]
Looooad [m]
mOQO0oOagng [kg/s]
Nul Nuselt [ [-]
Pr{d Prandtl O [-]

p OO [Pa]
ouooogd [W]

- 62-

rROOOOOOOOO 1,~4, HO [W/K]
Rel] Reynolds [J
ROODOOOOODOODOODOO [W/K]
sSooooono [m?]
mgg K, O]
000000bO0O00obOoOoooOooooooon
r,0o0ood K, O]
70000000000 K, O]
7,o0000000000000 K, O]
7aoooood K, O]
wOooooooon [J/kg]
v good [m’/kg]
whd OO [m/s]
A00on [W/m¥/K]
pAoO0O0O0O K"
A00000 [Wm/K]
A00000000 [Wm/K]
A0000000 [Wm/K]
L0000 [Pa.s]
voooo [m?s]
pO0O0O [kg/m’]
ooo

1ogooog

200000

mMO0O0O

good d

021 000000000000000
00000 Fg. 100000000O0DODOOODO
ooboooobod

0
w, /4? .

d

)

Throat

Fig. 1 Flow through a throttle

O00o0oooooooooboboDFe 100000
gobobooobooobooobboooboboooo
0000000000000000 %90



2

ww

+h +q—h =0 )

ooooooo

q=0/m @

v=1/p 3)

4)

goboobbooboboooboog 10m/s OO0
00005x 10> m¥s’00.5 kikgD OO OOOOO
oooooboooboobo 1so0000Dos
MPa(abs)0 0O 0O 2753kl/kg DO OODODOOOO
oboboooboboooobooobooobobooooo
goood

h=u+pv

h+g—h, =0 )
gbooooboooobboooboooon

h,—h,
oobooooboooooobobooomooon
(6)

ooooboo@uoooooboooboobooon
gboboooboboobboooboooon

|n, = h | >> /2

2 2
W2 Wl

h, =h, ™)

gbobogoboooboobooooobooooo

h=cT ®)

OOc000000000

T =T

1 2

©)

doooooooooooooooooooooo
00 Joule-ThomsonO O OO OO OOOOOOOOO
00o000oooooooooooooooooo
0o0o0oo0ooooooOoOooooogd Joule-
ThomsonO OO OO0OO0OODOOOOOOOODOOO
ooooooood

doooooooooooooooooooooo
00oo000oooooooooooooooooo
00oo000oooooooooooooooooo
doooooooooooooooooooooo
00oo000oooooooooooooooooo
00oo000oooooooooooooooooo
doooooooooooooooooooooo
00oo000oooooooooooooooooo
00oo000oooooooooooooooooo
dooooooooooooooooooooono

- 63-

odoo0dooOooooOooooooooooon
o00o0ooooooooooooomooon
od0ooddooooooooooooooooo
od0ooddooooooooooooooooo
o0ooo0oooooooooooooooooo
od0ooddooooooooooooooooo
000000 oobDOooooooooooog
0o00oo0oooooooooooooono
2.2[0 Joule-Thomson [ O
Joule-Thomson OO0 O OO0O0O00O0OOOOOO0O
odooooooooooooooooooooon
0d000dooooooooooooooooon
O000ARO pO0 TOODOOOODOOODDOOOO
ooooog en

dh:(a—hJ dT+[a—hJ dp
aT ), o),

00000000000000000000
c =|—
" \or/,

0oooO0

000000000000000000dk=0 00
000000010y, (1)000

53258
ap ), c,\dp), c,|\op), o ),

(12)
goooayuooooooooooooooon
gdoboooooooooooooooobooon
0doooooooooooooooooooon
000000o0dood Joule-Thomson 00O 00O
odood 1MPaOOOODO 200000000000
odboooooooooooooooooooon
goooooooon
00000000000000(p, TH)00000
(0, T)000000

(p1’];)%(p1’ T;)_>(pz’ T;) (13)

gbobooooooanboooobooaooon
gooo

h —h = J.:CP(T, Pl)dT+J:Z|:V_ E(g_;)r}p

(14)

(10)

(1

Do0DOO0000C00O0O0OO0000000
(15)

goboooo4booo 20000000000
goboboobooobboobboobboooo

v=w(T, p)



0000 1000000000000000p,,p, T,
7,0000000000p, p, [,00 1,00000
0o
0000000000000pAv, NOO0O0O0O0
00000000000000000000000
00000000000000000000000
00000000000000000000000
0000000000D000000000 Van der
Waals 000000 0000000000000
00000000000000000000000
00000000000000000000000
00000000000000000000000
00000000000000000000000
n0 p0 TOOODODOOOOOOOOODOOOOO
00000000000000000000000
000 %0000009°00000000000
00000000000000000000000
000007’000000000000000
000000000000000000000
00000000000000000000000
00000000000000000000000
00000000000000000000000
00000000000000000000000
00000000000000000000000
00000000000000000000000
0000000x000000
000000000000000000000
00000000000000000000000
O0000Fg 20000

160

—F p=600 kP : ‘ =z
[P 550 kPa __J___:;;f
150 ——P=500 kPa ; —
————p=450 kPa :
—-p=400 kPa
140 = )—350 kPa
— =300 kPa :
ol S ¥
—p=250 kPa ‘

Wet st‘eamr 2

T[0]

120 =p=200 kPa

| p=150 kPa
oL - - .
1 ,-p=101.3kPa :Saturation limit

,,,,,,,,,,,,,,,,,,,

100 i | \
2680 2700 2720 2740 2760

h [kl/kg]

Fig.2 h-T-p diagram for steam

obobooooboooobooobooobobooooo
gbobooboooboooooooboobbooom
gbooboobooobooboooo@ooD)ybooo

gobooooboooobooobobooomooon
p=250 kPa OO O00O0ODO0OO0ODODOOODODOOOO
O 27168 ki/kg UOOOOOODO 127400000
gobobooobooobbooobboooboboooo
gobobooobooobbooobboobboooo
gobobooobooobbooobboooboboooo
gobobooobooobbooobboooboboooo
gobobooobooobbooobboobboooo
gob00 (1013 kPa) OOODOOODOOODOOOO
gobobooobooobbooobboooboooo
gobooooobboogobbogo
goobooooobooobobooooboboooo
h=c,T O0c,0000000000O000O0000O1
goboboobbooobboobobooboboogoo
goboooobborobooooboboooboooo
gobobooobooobbooobboooboboooo
goboooobooobooooboooobooo
Joule-Thomson 0 0O OOOOOOOO0O0000O0OO
OJoule-Thomson 0 OO O0OOOOOOOOOOO
Uoooo0obOdOdonOp=250kPa, h,=2740 kl/kg
gboooooobooOrn=13820 DOOOOOOO
oo0booodbp=00000000000000O0
gobobooobooobooboooboodp=101.3
kraOODOOOOOOOODOOOOOOOO 131.70
gobobooobooboooboooboonb 7100
00000000000 Joule-Thomson 0 O OO OO
2300000000
gobooobobooobboooboboooboboooo
gobbooobbooobbooboboobboooo
goboooobooobbooobboooboooo
O00000000000000000000 ¥
gobobooobooobboobboobboooo
gobobooobooobbooobbooobboooo
gobobooobooobbooobbooobboooo
gobobooobooobboobboobboooo
gobobooobooobbooobbooobboooo
OO0b0o0ODOO0bOOoOoDOobbOODbOoOnD Fig 3
goobooobogooogo

Insulator

Fig.3 Piping model

- 64-



00oooooooooooD FiglOoooDoo
gobogobooobooboooobooboooon
O0ooboboOo00OobobFg1 00000DO
obobooobobooobooobooobomomo
goboooboooooooobbooobobooon
gooogobooo

0=0+0, (16)

00o0g, 0,00000000000000000

000000000 90000 1,2000000

OFig3 0000000000000000000

000000000000

() 0000000000000000000 R,

() 00000000000000000 R,

(¢) 000000000000000 R,

(4)00000000000000000000 R,
000000000000000R,00000

(17)

gbobogoboooboobooooobooooo
oooooo g

0 (18)

obobo0od rR~R,0000000000D0000OO
oo

R,=R +R +R +R,

(7 -7)/R, 0000

() RO0D0D0O0OOOOOOOOOOO
000000000000000000000000
000000000000000000000O0
R=0 00000000000000O0O0O0OOO0
00000000000000000000000
0000000000000000000000

O=0,A(T,-T),) (19)

0000000

R =1/(a;A), A=7DL
000000000« WmYKIOOD000000
0000000000

Nu=a,D, /2 (20)

gbobogoboooboobooooobooooo
gbobooooboooobooobooobobooooo
gooogoooo

Nu = 0.023Re"" Pr"* 1)

Oo0o 9" ®0000000000o0oooooo
gbobooobooobooboooobobooooo
oboboooboboooobooobooobobooooo
0oeHODODOODOoOoOooooo Pooooo
gobogoboooboooboooobooooo

- 65-

gobobooobbooobbooobboooboooo
gobobooobooobboobbooboboooo
gobobooobbooobbooobboooboooo
00 rR0000000000 ROOODOOOO
goboooobooooenhoooooooon

a=2l(p,)

goboboooboooboooboboobboobn
ooDoOoOoOoOO0O00000 Fe. 40000000
ogo400 1040009000000

Pr=v/a, (22)

1.12

1.1 |-

1.08

1.06

Pr

1.04

1.02

1

0.98 |- A T~
Superheated steam

0.96 \ \ \ | \
100 110 120 130 140 150

rrail

Fig. 4 Prandtl number of steam

O0oooooomooDD m U000 Ow=mv/SM
goono

wD, pwD, mD,/S  4m
4 H H
O000000ooOooO0oooooooogooooo
O00o0o0oooooooRrR=0 DOOCCOCOCODOOO
000D00000oooooooog rR,0000

1%000000
@) ROROOO O

Re= (23)

D u

R = log—- (24)
' 21A D,
1 D
R = log— (25)
27lA D,

3 RUO0O0ODODOODOOODOOODOOOOO
od

gbooobooboooboobooboo
gobobooobooobooobboooboboooo
goboooobooobmoooodN~z O Grgd
pPrO000O00O0O



odoooboooooooooooooooo
oQ oo

1/3

Nu=013(GrPr)"” 0 GrPr=10~102  (26)

1/4

Nu =056(GrPr)" O GrP=10~10°  (27)

ooooooobooobooobo me0D00OO0OODOO
Gr0O0 pPODODO0O0ODOO0OODOOODOOOOODOO
oooogp=0710000

oooooooo

D’ AT
Gr = —g,B -

2
Vv

gboboobooargobooboooboon

(28)

ODOAT=7 -7 0000000

__1(o¢
- p&ﬁl

gbobooobooooboobooooobooon
gooogoooo

1(apj (aa/w)

p=—|—1| =—v

p\aoT /, or J,
__E(gaw)) 1
- p\R ar ), T

(29)

(30)

0000000000000000 7,0000
00000000000000000G 0000
00000000000000000000000
ooooo
@) 0oooooo
00 R,R,R,O000000
Ooo0o0O0o0oooo

0=, A(,-T)=(T,-T)/R (I

oobooooooo

e_ L _ D
‘a4 NAA,

0770

(32)

oooooooor-rooo0o0ooooooon
Or00000MN170000M
I,-T =0(R +R,+R))

Vv

(33)

I,-T =Q(R +R, +R +R)) 34

00000000000000000000000
(17),(18),27),28),3)0 000000000000

- 66-

R
T,-T = : (r-1)
R +R +R +R,
1 D
R4=—= <
a,4, Nud 4, (35)

1/4

Nu = 0.56(GrPr)

D (T - T
G 801, =T

2
14

gobooooooes)uuooooobooooo

[T,, R,, Nu, Gr]

0 400000000000000000@18)00
000000 ¢000000000000000
00000000000000000000000
00000 060 0000000000000
0QO0000000000000000000 ¢
0oooooo

gugoooooo

03.100000000o00on

OoODOO000o00 FegbsOOOOPCOODODOO
gobobooobooobboobboobboooo
gobobooobooobbooobboooboboooo
gobobooobooobbooobboooboboooo
gobobooobooobboobboobboooo
gobobooobooobbooobboooboboooo
gobobooobooobbooobboooboboooo
goboboooobogopcOogbbooOoog

:

A 4

D/A converter |

QO

QFS

Signal processor

P>

@

Control valve

T,

throttle

@Variable
T
v

Weighing balance

Steam
main line

]

Fig. 50 Experimental setup



Uob0o0o0bO0od Table1 OO OO

Table 1 Specifications of the test rig

Unit Steel  Glass wool
A [W/m] 46 0.0450
D, [m] 0.2
D, [m] 0.22 0.22
D, [m] 0.36
L, [m] 0.9 0.9
L, [m] 0.9 0.9
1/a/A [K/W]  0.00147 1.94
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—-q =Ah =c AT (36)

Table 2 Test parameters

m (kg/h) 1200 2400
T [C] 158 162
p1 [kPa] 530 530
Pr[-] 1.079 1.079
u [Pas] | 1.43E-05  1.43E-05
A [J/m/K] 0.0315 0.0315
Re 1.49E+05  2.97E+05
Nu [-] 325 566
o [W/m?/K] 52.4 91.2
Va/A[K/W]  0.0337 0.0194
m (kg/h) 1200 2400
T,[C] 144 147.5
P, [kPa] 113 123
Pr[-] 0.985 0.985
u [Pas] | 1.39E-05  1.41E-05
A [Im/K] 0.0283 0.0287
Re 1.53E+05  3.01E+05
Nu [-] 321 552
o [W/m%K] 452 78.9
VelA[K/W]  0.0391 0.0224
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Table 3 Enthalpy comparison

m [kg/h] 1200 2400
p 1 [kPa] 530 530
T,[C] 158.4 162
hy 27612  2769.6
p»[kPa] 113 124
7,[C] 143.6 147.5
h, 2762.8  2769.8
Ah
[kJ/kg] -1.6 -0.2
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Table 4 Temperature drop by Joule-Thomson’s effect

m [kg/h]
p1[kPa]
T, [C]

h o [kI/kg]
p,[kPa]
T, [C],
Theory
T, [C],

Experiment

1200
530
158.4
2761.2
113
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143.6

2400
530
162

2769.6
124
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goboooobooobD 1200kgh 0000 08K
OO002400kgh 00000 0.1 KOOOODOOOOO
gobooogoase KOOoOd 146 KUOOOOO
gobobooobogooogo



gbobooooboooobooobooobobooooo
gobogobooobooboooobooboooon
gbobooooboooobooobooobobooooo
0o0o0obobobO0o0o0oOoooboobDDOoule-
Thomson OO O O0O00D0OO000DOO0OODOOOO
obobooobobooobooobooobobooooo
gooogoo
goboooboooobbooobboobobooo
obobooobobooobooobooobobooooo
obobooobobooobooobooobobooooo
gbobogoboooboobbooooobooooo
obobooobobooobooobooobobooooo
obobooobobooobooobooobobooooo
gobooobooobodn Joule-Thomson 0[O
gbobooooboooobooobooobobooooo
gbobooooboooobooobooobobooooo
gbobogoboooboobooooobooooo
ooooobooooboboooboo
gooooboooobbooooboobobooo
gbobogoboooboobooooobooooo
gbobooooboooobooobooobobooooo
gbobooooboooobooobooobobooooo
gbobogoboooboobooooobooooo
gbobooobooobooobooobobooooo
gbobooooboooobooobooobobooooo
gobooobooobooobboooobooooo
'"DO00O0000000000000000000
gboboooobooobooobooobobooooo
gboboogboboobbooboooon
d

o400 0O

0l000dodoooooooooogoao
D00dooooooooooooooooooo
0000000000000000ddoule-Thomson
Jdoddooooooooooooooooooo
000dooooooooooooooooooo
Jdoddooooooooooooooooooo
Jdoddooooooooooooooooooo
000dooooooooooooooooooo
Jdoddooooooooooooooooooo
Jdoddooooooooooooooooooo
00000 dJoule-Thomson OO OOOOOOOO
oo0ooooooooooogo 9p,00000
0doddooooooooooooooooooo
oooooooo

O000d0odoooooooooogooo
0doddooooooooooooooooooo
000dooooooooooooooooooo

- 68-

goboooobooooooboboooobo

0 9 N L b

10
11
12
13

ooooooo

000o000obOoOOooboooooooooon
oob0oooooobooobooooooooog
Oo0o2s5d, pp.161/170(20100 10)

H. B. Callen] Thermodynamics, John Wiley & Sons,
(1960)

P. W. Atkins, Physical Chemistry (6™ Edition), Oxford
University Press(1998)
O00000DoOooooOnaege)
000000000000 00DD0O0O0(0964)
000000000000 00DOD0O0O0(0964)
O00000b00OO0obDoOonDoeoooy

M. Urata, L. Xi, K. Kawashima and T. Kagawall
Simulation Model for Compressible Fluid Passing
Through a Pressure Control Valve, CD-ROM Proc. of
2008 Asia Simulation Conference, pp.547-550, IEEE
Catalog N: CP0858D-CDR, Beijing: 10-12 October
(2008)

JPHolmanO O OOOODOMOOOOODOOOO
000000 (1983)
O00000b0oO0O30monooognoagrs)
O0000040000000000004(1964)
00000000000ODO0d(1966)

E. R. G. Eckert and R. M. Drake, Jr.[ Heat and Mass
Transfer, MacGraw-Hill(1959)



gogobooan

gooo

goz2002 0000oo0oooood
oooooooboooooon
oooooooboooooon
goboogoobooooboog

oooooooo@on)

00194 00000000000
goooooooboooooon
ggdime0noonooOOOOOO
oooooooboooooon
gboooooooob,0oooon
oooooooboooooon
oooooooboooooon
oopooogoooo@Eooo)o
ooooooobooooogon
oooooooboooooon
gobooooboooobobog

- 69-





