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Abstract

A concern in the design and operation of closed\ two!phase therosyphons "CTPTs# is determining the initial _lling
ratio of the working ~uid\ as a function of CTPT dimensions\ type and vapor temperature of working ~uid and power
throughput\ to maximize performance\ while avoiding potential dryout in the evaporator section[ A one!dimensional\
steady!state model is developed for determining the operation envelopes of CTPTs\ in terms of the above parameters[
The CTPT operation envelope is basically an enclosure with three boundaries[ The lower boundary corresponds to when
the liquid _lm thickness in the evaporator reaches a critical value*beyond it the liquid _lm could dry out*while the
upper boundary corresponds to when the expanding liquid pool\ due to boiling\ _lls the entire evaporator[ The third
and closing boundary corresponds to the counter!current ~ooding limit "CCFL# at the exit of evaporator[ The correlation
developed to calculate the expanded liquid pool height in the evaporator agrees with experimental data of acetone\
ethanol and water to within 27)[ Also\ the calculated upper and lower boundaries of the operation envelope for an
ammonia CTPT are in excellent agreement with experimental data ð0Ł[ Calculations showed that increasing the CTPT
diameter\ evaporator length\ or vapor temperature expands the operation envelope\ while increasing either the condenser
or the adiabatic section length only slightly changes the envelope|s upper and lower boundaries[ Þ 0887 Elsevier Science
Ltd[ All rights reserved[

Nomenclature

Aei evaporator inner surface area ðm1Ł
Bo Bond number based on di\ di "s:"Dr`##−9[4

Bod Bond number based on d\ d"s:"Drg##−9[4

Cp speci_c heat capacity ðJ kg−0 K−0Ł
Co distribution parameter\ equation "15#
d diameter ðmŁ
Dh dimensionless hydraulic diameter
"di:zs:"g"rl−rg###
f friction coe.cient\ equation "02#
F� dimensionless vapor velocity\ VÞg: ³ Vgj ×
` gravitational acceleration ðm s−1Ł
GrTP two!phase Grashof number "`d2

i rlDr:m1
l #

h heat transfer coe.cient ðW m−1 KŁ
Hp expanded liquid pool height "Lp:Le#
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hfg latent heat of vaporization ðJ kg−0 Ł
Jg vapor super_cial velocity ðm s−0 Ł
L length or height ðmŁ
ll liquid _lm thickness scale "m1

l :grl "rl−rg##0:2 ðmŁ
lm bubble length scale "s:`"rl−rg##9[4 ðmŁ
k thermal conductivity ðW m−0 K−0Ł
mlp working ~uid inventory in pool ðkgŁ
Nmf viscosity number\ ml:"srlzs:"`"rl−rg##9[4\
equation "17#
P pressure ðPaŁ
Pr Prandtl number "mCp:k#
Q power throughput ðWŁ
R radius ðmŁ
Ra Rayleigh number "b`d3

i qe:"klalvl##
Re local _lm Reynolds number
"3Gf:ml � 3qe "Le−x#:mlhfg#
Reext _lm Reynolds number at evaporator exit
"3Q:"pdihfgml##
T temperature ðKŁ
TÞ average temperature ðkŁ
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u ~ow velocity ðm s−0Ł
U conductance\ equation "29# ðW m−1 KŁ\ dimen!
sionless ~ow velocity "u:"d1Dr`:"1ml###
Vgj vapor drift velocity\ V¦

`j "s`"rl−rg#:r1
l #9[14 ðm s−0Ł

VÞg mean vapor velocity at evaporator exit\
3qeLe:"rgdihfg# ðm s−0Ł
V¦

`j dimensionless vapor drift velocity\ equation "17#
x axial coordinate ðmŁ
X dimensionless axial coordinate ðx:LeŁ
y lateral coordinate ðmŁ
Y dimensionless lateral coordinate "y:d#[

Greek symbols
a void fraction\ thermal di}usivity ðm1 s−0Ł
b Thermal expansion coe.cient ðK−0Ł
G mass ~ow rate per unit perimeter ðkg m−0 s−0Ł
d liquid _lm thickness ðmŁ
D dimensionless _lm thickness "d:Ri#
DTe evaporator wall superheat "TÞei−Tv# ðKŁ
j initial _lling ratio of working ~uid
m dynamic viscosity ðN s m−1Ł
n kinematics viscosity ðm1 s−0Ł
r density ðkg m−2Ł
Dr "rl−rg# ðkg m−2Ł
s surface tension ðN m−0Ł
t shear stress ðN m−1Ł
t� dimensionless shear stress "t:"Dr`di"0−D###
C pool mixing coe.cient\ equation "24#[

Subscripts
a adiabatic section\ adiabatic
c condenser section
cr critical
d dynamic
e evaporator section
f liquid _lm
i inner surface\ LÐV interface\ initial
Ku Kutatelatze
l liquid
m mean\ average
NB nucleate boiling
NC natural convection
p pool
v\ g vapor
x local[

0[ Introduction

The simple design and operation principle and the high
heat transport capabilities of CTPTs are the primary
reasons for their wide use in many industrial and energy
applications[ A design and operation concern\ however\
is determining the initial _lling ratio of the working ~uid\
as a function of CTPT dimensions\ type and vapor tem!
perature of the working ~uid\ and the power throughput\

to maximize the CTPT performance\ while avoiding a
potential dryout of the liquid _lm in the evaporator sec!
tion "Fig[ 0a#[ A local _lm dryout in the evaporator could
occur when the rate of liquid return from the condenser
decreases beyond that needed to maintain a continuous
liquid _lm along the evaporator wall\ above the liquid
pool region "Fig[ 0b#[ A reduction in the rate of liquid
return to the evaporator could occur\ either as a result of
a low initial _lling ratio of the working ~uid "Fig[ 0c# or
reaching the counter current ~ooding limit "CCFL# at
exit of the evaporator ð1Ð5Ł "Fig[ 0d#[ As shown in Fig[
0c\ a liquid _lm dryout could occur in the evaporator\ at
a power throughput well below that at CCFL\ when
the liquid return from the condenser is insu.cient to
replenish the liquid pool in the evaporator[ As a result\
the recessed liquid pool increases the length of the liquid
_lm in the evaporator\ which becomes progressively thin!
ner\ with increasing wall heat ~ux "or power throughput#[
As the liquid _lm thickness in the evaporator\ immedi!
ately above the liquid pool\ reaches a critical value\ dcr

ð6Ł\ it could break up into small rivulets separated by
dry patches ð3\ 7Ł "Fig[ 0b#[ The values of the power
throughput and initial _lling ratio of the working ~uid
for this type of liquid _lm dryout to occur\ de_ne the
lower boundary of the CTPT operation envelope "Fig[
0b#[

On the other hand\ a high initial _lling ratio of the
working ~uid\ although avoiding liquid _lm dryout in
the evaporator\ could degrade the CTPT performance[
Such performance degradation occurs as the liquid pool
expands\ due to boiling\ with increasing wall heat ~ux\
causing the length of the liquid _lm in the evaporator to
become progressively shorter "Fig[ 0c#[ Since the liquid
_lm|s heat transfer coe.cient is signi_cantly "more than
an order of magnitude# higher than that of the pool ð8\
09Ł\ as the liquid pool height increases "or the length of
the liquid _lm in the evaporator decreases# the e}ective
conductance of the CTPT evaporator decreases ð00Ł[ The
values of the power throughput and initial _lling ratio of
the working ~uid for when the expanding liquid pool _lls
the entire evaporator\ de_ne the upper boundary of the
operation envelope "Fig[ 0c#[ The closing boundary of
the operation envelope corresponds to the power
throughput at CCFL "Fig[ 0d#[ This power throughput
is independent of the _lling ratio of the working ~uid\
but strongly depends on the type and vapor temperature
of working ~uid and CTPT dimensions ð1Ð5Ł[

In this paper\ a one!dimensional\ steady!state model is
developed to determine the operation envelopes of
CTPTs\ as functions of the type\ vapor temperature and
initial _lling ratio of the working ~uid and the dimensions
of thermosyphons[ This model determines the upper and
lower boundary of the operation envelope\ according to
the criteria mentioned earlier "Fig[ 0b and c#[ The length
of the liquid _lm and the liquid pool height in the evap!
orator section and the local thickness of the liquid _lm



M[S[ El!Genk\ H[H[ Saber:Int[ J[ Heat Mass Transfer 31 "0888# 778Ð892 780

Fig[ 0[ A schematic of CTPT and illustrations of the conditions corresponding to the boundaries of the operation envelope[

along the thermosyphon wall\ including the evaporator\
adiabatic and condenser sections\ are calculated as func!
tions of the power throughput and the initial _lling ratio
of the working ~uid[

In order to determine the expanding liquid pool height
in the evaporator section\ as a function of the type and
initial _lling ratio of the working ~uid\ CTPT dimensions
and the power throughput\ a semi!empirical correlation\
based on experimental data of several working ~uids ð01Ł\
is developed[ The corresponding length of the liquid _lm
in the evaporator is then determined\ since it is equal to
the length of the evaporator section minus the calculated
expanding liquid pool height[ The calculated liquid pool
height is compared with the evaporator section length to
determine the conditions for the upper boundary of the
operation envelope "Fig[ 0c#[ To determine the conditions
for the lower boundary of the operation envelope "Fig[
0b#\ the calculated liquid _lm thickness in the evaporator\
immediately above the expanded liquid pool\ is compared
with the critical value\ beyond which the _lm could dry
out ð3\ 7Ł[

The closing boundary of the CTPT operation envelope\
corresponding to the CCFL at the exit of the evaporator
"Fig[ 0d#\ is determined using a separate model ð4\ 5Ł[
The predictions of this model ð4\ 5Ł were within 209)
of the data of Prenger ð02Ł and Reed and Tien ð1Ł for
methanol and the data of Nguyen!Chi and Groll ð03Ł for
water[ The accuracy of the CCFL model ð4\ 5Ł stems from

the fact that it expresses the interfacial shear stress as the
sum of two components] "a# adiabatic shear stress\ in the
absence of evaporation at the interface and "b# dynamic
shear stress\ which accounts for the e}ect of evaporation
at the LÐV interface[ More details on the CCFL model
are available elsewhere ð4\ 5Ł\ and will not be repeated
here due to space limitation[

A parametric analysis is also performed to investigate
the e}ects on the CTPT operation envelope of the type
and vapor temperature of the working ~uid\ the CTPT
inner diameter and the lengths of the condenser\ adiabatic
and evaporator sections of the thermosyphon[

1[ Model description

In this section\ the model developed to calculate the
upper and lower boundaries of the CTPT operation
envelope is described[ Also\ the correlation developed to
predict the expanding liquid pool height in the evap!
orator\ as a function of the initial _lling ratio\ type and
vapor temperature of working ~uid\ CTPT dimensions
and the operation power throughput\ is described and
compared with experimental data of water\ acetone and
ethanol\ at di}erent initial _lling ratios[

1[0[ Lower boundary of CTPT operation envelope

The _lling ratio of the working ~uid in the evaporator
section is determined from the overall mass balance in
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the thermosyphon[ This mass balance accounts for the
liquid in the condenser and adiabatic sections and in the
_lm and pool regions in the evaporator section and for
the vapor in the thermosyphon cavity "Fig[ 0a#\ as]

j �
Lc

Le

ð1Dmc−D1
mcŁ¦

La

Le

ð1Dma−D1
maŁ

¦
Lf

Le

ð1Dmf−D1
mfŁ¦

rmp

rl 00−
Lf

Le1
¦

rg

rl 0
Lc

Le

ð0−DmcŁ1¦
La

Le

ð0−DmaŁ1¦
Lf

Le

ð0−DmfŁ11[ "0#

The values of Dmc and Dmf are obtained from numerical
integration of the calculated axial distribution of the
liquid _lm thickness in the condenser and the evaporator
sections\ respectively "Fig[ 0a#[ Since the liquid _lm thick!
ness in the adiabatic section\ Dma\ is constant and approxi!
mately equal to that at the exit of the evaporator\ its
value is determined from the mass balance of the working
~uid at the exit of the evaporator[ The liquid _lm thick!
ness at the exit of the evaporator of a CTPT is typically
9[4Ð0[4 mm\ depending upon the CTPT dimensions\ the
power throughput\ and the type and vapor temperature
of the working ~uid ð1\ 4\ 5Ł[ Therefore\ the e}ect of
curvature can be neglected\ and the liquid axial ~ow
velocity\ ul"x\y#\ calculated\ with less than 4) error\ from
the solution of the momentum balance equation of the
thin\ falling liquid _lm\ in Cartesian coordinates]

ml

11ul "x\y#

1y1
−

dP"x#
dx

� 9[ "1#

In equation "1#\ the axial pressure gradient in the liquid
_lm can be expressed as ð04Ł

dP"x#
dx

�"3ti "x#:dg#¦Dr`[ "2#

Combining equations "1# and "2# gives

ml

11ul "x\y#

1y1
−"3ti "x#:dg#−Dr` � 9[ "3#

This equation can be solved for ul"x\y#\ subject to the
following boundary conditions]

ul "x\9# � 9\ ti "x# � −ml

1ul "x\d#
1y

[ "4#

These boundary conditions represent a non!slip con!
dition at the wall!liquid interface and a non!zero inter!
facial shear at the liquid!vapor interface\ ti\ due to the
counter!current vapor ~ow[ This interfacial shear stress
causes the maximum velocity of the liquid _lm in the
evaporator to shift inward from the liquidÐvapor inter!
face toward the wall "Fig[ 1#[ However\ when the vapor
~ow is low "low power throughput# or the diameter of
the thermosyphon is large\ the vapor velocity\ and hence
the interfacial shear stress is negligibly small "ti 3 9[9#[

In this case\ the maximum ~ow velocity occurs at the
liquid _lmÐvapor interface[

Equations "3# and "4# are expressed in dimensionless
form as]

11U"X\Y#

1Y1
−7t�i¦1 � 9\ "5#

and

U"X\9# � 9\ t�i � −9[140
D

0−D1
1U"X\0#

1Y
[ "6#

Integrating equation "5#\ subject to the boundary con!
ditions in equation "6#\ gives U"X\Y#\ in terms of the
dimensionless shear stress\ t�i "X#\ and the dimensionless
liquid _lm thickness\ D"X# as

U"X\Y# � −ð0−3t�i ŁY1¦1ð0−1t�i ""0¦D#:D#ŁY[ "7#

This equation can be rearranged to express the dimen!
sionless interfacial shear stress in terms of the local Rey!
nolds number\ Re\ and the two!phase Grashof number\
GrTP\ of the _lm as]

t�i "X# �"D:"2¦D##ð0−"5Re:D2GrTP##Ł[ "8#

In equation "8#\ Re is obtained from the local mass bal!
ance of the working ~uid in the di}erent sections of
the thermosyphon[ Neglecting liquid entrainment in the
vapor ~ow\ which is true except when operating near the
CCFL\ and assuming thermal equilibrium at the liquidÐ
vapor interface\ the local _lm Reynolds number in the
di}erent sections of the thermosyphon can be expressed
as]

"a# in condenser section

"−"La:Le¦Lc:Le# ¾ X ¾ −"La:Le##
Re �"X"Le:Lc#¦"La:Lc#¦0#Reext\ "09a#

"b# in evaporator section

"9 ¾ X ¾"Lf:Le##
Re �"0−X#Reext\ "09b#

"c# in adiabatic section

"−La:Le ¾ X ¾ 9#
Re � Reext[ "09c#

1[1[ Interfacial shear stress

As indicated earlier\ the CCFL model used in the
present analysis ð5Ł expresses the shear stress at the
liquidÐvapor interface\ t�i "X#\ as the sum of two com!
ponents] "a# the adiabatic shear stress\ based on the adia!
batic friction coe.cient\ fia\ "i[e[ in the absence of evap!
oration:condensation at the interface# ð05\ 06Ł and "b#
the dynamic shear stress\ recommended by Lee and Ban!
ko} ð07Ł and Linehan ð08Ł to account for the e}ect of
evaporation:condensation on the interfacial shear stress[
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Fig[ 1[ E}ect of interfacial shear on the lateral distribution of the liquid _lm velocity[

At high vapor ~ow\ or high Reext\ neglecting the dynamic
shear stress\ predicts CCFL to occur at a much lower
Reynolds number\ or a smaller liquid _lm thickness\ at
the exit of the evaporator\ than in the experiments ð1Ð5Ł[

The interfacial shear stress in the CCFL model ð5Ł is
expressed as

t�i "X# � t�ia "X#2t�id "X#[ "00#

The plus and minus signs of the second term on the right
hand side of equation "00#\ account for the e}ect of
condensation "in the condenser section# and evaporation
"in the evaporator section# on the interfacial shear stress\
respectively[ As this equation indicates\ evaporation
reduces the interfacial shear stress while condensation
increases the interfacial shear in the evaporator and the
condenser section of the CTPT\ respectively[ The adia!
batic and dynamics component of the interfacial shear
stress in the CCFL model were expressed as ð5\ 07\ 08Ł

t�ia "X# � fia "D3:"017"0−D###"rg:rl#

×GrTP"Ug"X#¦Ui "X##1\ "01a#

and

t�id "X# �"D1:"21"0−D###"di:Le#Reext "Ug"X#¦Ui "X##[

"01b#

In equation "01a#\ fia\ is evaluated using one of the fol!
lowing correlations]

"a# Bharathan et al[ ð05Ł

fia � 9[994¦ABob
d\ "02a#

where

log09 A � −9[45¦8[96Bo−0\ b � 0[52¦3[63Bo−0[

"02b#
"b# Grolmes et al[ ð06Ł

fia � 9[995¦Ad1"ml:mR#−[933\ "03#

where A � 1×095 m−1 and mR is a reference liquid vis!
cosity � 0[9 CP[

The interfacial velocity of the falling _lm is obtained
by substituting "Y � 0[9# into equation "7#\ yielding

Ui "X# �"13Re:GrTP#A0¦A1¦A2\ "04#

where

A0 � ðD2"D¦2#Ł−0\ A1 �"D−0#:"D¦2#\

A2 �"rg:Dr#"0−D#:"D¦2#[ "05#

The mean local vapor velocity\ Ug"X#\ is obtained from
the local mass balance of the working ~uid in the ther!
mosyphon\ which gives]

Ug"X# �"7Ref:GrTP#"rl:rg#ðD1"0−D#1Ł−0[ "06#

Substituting Ui"X# and Ug"X#\ from equations "04# and
"06# into equation "00# gives t�i"X# as

t�i "X# � ð9[4fia "rg:rl#GrTP:"0−D#Ł

× ð"Re:GrTP#A3¦"D1:7#"A1¦A2#Ł1

2ðReext "di:Le#:"0−D#Ł

× ð"Re:GrTP#A3¦"D1:7#"A1¦A2#Ł[ "07#
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Equating equations "8# and "07# gives the following tran!
scendental equation for D"X#

ð9[4fia "rg:rl#GrTP:"0−D#Ł

× ðRe:GrTP#A3¦"D1:7#"A1¦A2#Ł1

2ðReext "di:Le#:"0−D#Ł

×ð"Re:GrTP#A3¦"D1:7#"A1¦A2#Ł

�"D:"D¦2##ð0−"5Re:D2GrTP#Ł[ "08#

where

A3 �"2:D"D¦2##¦""rl:rg#:"0−D#1#[ "19#

Equation "08# is solved numerically for the axial dis!
tribution of the local liquid _lm thickness along the ther!
mosyphon[ The calculated liquid _lm thickness in the
evaporator\ immediately above the expanded boiling
pool "Fig[ 0b#\ is compared with the critical _lm thick!
ness\ Dcr\ beyond which a _lm dryout could occur ð6Ł]

Dcr � 1d−0
i ð07nlqe "−ds:dT#:"Cpl "rl`#1#Ł9[14\or

Dcr � 07"Dr:rl#"Reext:GrTP#""hfg:"rlCpl`##

×"−ds:dT#:"diLe##[ "10#

In order to solve equation "08#\ however\ the expanded
liquid pool height has to be determined[ This is
accomplished using the semi!empirical correlation
developed in the next section and veri_ed by comparing
its predictions with experimental data for a number of
working ~uids ð01Ł[

1[2[ Expandin` liquid pool hei`ht correlation

The height of the expanding liquid pool in the CTPT
evaporator can simply be expressed as]

Hp � 3mlp:"pLed
1
i rmp#[ "11#

where mlp is determined from equation "0# while the mean
density of the liquid pool is given in terms of its mean
void fraction\ am\ as]

rmp � amrg¦"0−am#rl[ "12#

The pool mean void fraction in equation "12# is calculated
as follows]

am �"0−"Lf:Le##−0g
0

"Lf:Le#

a"X# dX[ "13#

The local void fraction in the pool\ a"X#\ is obtained from
the drift ~ux model ð19Ł after substituting zero for the
liquid ~ux in the pool\ as

a"X# � Jg"X#ðCoJg"X#¦ðVgjŁŁ−0\ "14a#

where

ðVgiŁ � V¦
gj "s`"rl−rg#:r1

l #9[14[ "14b#

The distribution coe.cient\ Co\ for round tubes\ typically
used for CTPT\ is given as ð19Ł]

Co � 0[1Ð9[1zrg:rl[ "15#

The vapor local mass ~ux in equation "14# is given from
the energy balance in the pool

Jg"x# �"3qeLe:"rgdihfg##"0−X#[ "16#

The dimensionless vapor drift velocity in equation "14b#\
V¦

gj \ is given\ in terms of the liquid viscosity number\ Nmf\
and the pool|s hydraulic diameter\ Dh\ as ð19Ł[

"a# at low viscosity number\ Nmf ³ 1[4×09−2]

V¦
gj � 9[9908D9[798

h "rl:rg#9[046N−9[451
mf \ forDh ¾ 29

"17a#

V¦
gj � 9[92"rl:rg#9[046N−9[451

mf \ forDh × 29 "17b#

"b# at high viscosity number\ Nmf × 1[4×09!2

V¦
gj � 9[81"rl:rg#9[046\ forDh − 29 "17c#

The calculated liquid pool height using equation "11#\
in conjunction with equations "12#Ð"17#\ is compared
with the experimental data for acetone "Fig[ 2a#\ ethanol
"Fig[ 2b# and water "Fig[ 2c# at di}erent initial _lling
ratios ð01Ł[ In both the data and the calculations\ the
physical properties of the working ~uids are evaluated at
the average pool temperature[ These _gures indicate the
excellent agreement of equation "11# with the exper!
imental data of all three working ~uids\ to within 27)
"Fig[ 3#[ Fig[ 2aÐc also show that the expanding liquid
pool height increases with increasing either the vapor
velocity "or input power to the evaporator#\ or the initial
_lling ratio of the working ~uid[

2[ Results and discussion

Figure 4 presents the calculated operation envelope for
an ammonia CTPT[ The upper and lower boundaries of
the envelope are in excellent agreement with the exper!
imental observations and data of Unk and Bartsch ð0Ł[
The predictions of the lower boundary by Unk and
Bartsch ð0Ł\ however\ were signi_cantly higher than their
own experimental data[

The upper and lower boundaries of the CTPT oper!
ation envelope intersect at a zero power throughput and
an initial _lling ratio of unity\ j � 0[9 "Figs 0 and 4#[ For
both the upper and lower boundaries of the operation
envelope\ the initial liquid inventory in the pool decreases
with increasing power throughput[ The values of the
initial _lling ratio corresponding to these two boundaries
also diverge as the power throughput increases[ Eventu!
ally\ the CCFL is reached as liquid entrainment occurs
at the exit of the evaporator ð1Ð5Ł[

In Fig[ 4\ the CCFL for the ammonia thermosyphon
at Tv � 177 K\ occurred at a power throughput of 0449 W
"or Reext � 349#[ Slightly below this value\ the operation
envelope extends from an initial _lling ratio of 9[108Ð
9[404[ A _lling ratio below 9[108 would cause the liquid
_lm in the evaporator to break up into a series of liquid
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Fig[ 2[ E}ect of dimensionless vapor velocity on the expanding liquid pool height for di}erent working ~uid[

rivulets\ separated by dry patches ð3\ 7Ł[ On the other
hand\ for initial _lling ratios higher than 9[404\ the boil!
ing liquid pool would expand\ _lling the entire volume of
the evaporator\ hence\ degrading the performance of the
thermosyphon[

2[0[ Effect of CTPT adiabatic and condenser section
len`th

Figure 5a and b shows the e}ects on the CTPT oper!
ation envelope of the lengths of the adiabatic and the
condenser sections\ respectively[ Increasing either length
increases the initial _lling ratios corresponding to the
upper and lower boundaries of the operation envelope\

but insigni_cantly changes the operation envelope|s area[
Changing the length of either the adiabatic or the con!
denser section does not a}ect the value of power through!
put at the CCFL[

2[1[ Effect of CTPT inner diameter

Increasing the inner diameter of the thermosyphon
increases the initial _lling ratios for the upper and lower
boundaries of the operation envelope "Fig[ 6a and b# At
the same power throughput\ the increase in the _lling
ratio for the former\ however\ is larger than that for the
later\ resulting in a net increase in the envelope|s oper!
ation area[ Figure 6a and b shows that for a given CTPT
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Fig[ 3[ Comparison of experimental and calculated expanded
pool heights[

Fig[ 4[ Comparison of the model prediction of the operation
envelope for an ammonia CTPT with experimental data ð0Ł[

inner diameter\ increasing the power throughput
decreases the values of the initial _lling ratio cor!
responding to the envelope|s upper and lower bound!
aries[ Increasing the inner diameter of the thermosyphon
signi_cantly increases the area of the operation envelope\
because it raises the upper boundary more than the lower
boundary of the envelope and signi_cantly increases the
power throughput corresponding to the CCFL[ Such an
increase in the CCFL power throughput is because
increasing the inner diameter of the thermosyphon
decreases the vapor velocity\ lowering the interfacial
shear stress at the liquidÐvapor interface\ t�i[ Conse!
quently\ as the inner diameter of the thermosyphon
increases\ CCFL occurs at a much higher power through!
put "or higher Reext#[

Fig[ 5[ E}ect of adiabatic and condenser lengths on the operation
envelope of CTPT[

Figure 6c indicates that the lower boundary of the
operation envelope for the acetone CTPT falls below that
for methanol\ but is higher than that for ethanol\ for all
values of the inner diameter shown[ When di ¾ 17[44 mm\
the upper boundary for methanol falls below that for
ethanol\ but is higher than that for acetone[ For the
intermediate values of the CTPT inner diameter "17[44
mm ³ di ¾ 26[17 mm#\ the operation envelope|s upper
boundary for ethanol falls below that for methanol\ but
is higher than that for acetone[ For large CTPT inner
diameters\ di − 26[17 mm\ however\ the operation envel!
ope|s upper boundary for acetone is below that for meth!
anol\ but higher than that for ethanol[ The operation
envelope|s upper boundary for ammonia is signi_cantly
higher than those of the other four working ~uids "meth!
anol\ ethanol\ water and acetone#[

2[2[ Effect of CTPT evaporator len`th

Figure 7a indicates that decreasing the length of the
evaporator section generally decreases the useful area of
the operation envelope\ but increases the power through!
put corresponding to CCFL[ Increasing the evaporator
length lowers the upper boundary and\ to a larger extent\
the lower boundary of the operation envelope[ At the
same vapor temperature and evaporator wall heat ~ux\
the critical liquid _lm thickness corresponding to the
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Fig[ 6[ E}ect of inner diameter on the operation envelope of di}erent CTPT working ~uids[

lower boundary of the operation envelope "Fig[ 0b# is
independent on the evaporator length\ equation "10#[
For the same power throughput\ however\ decreasing the
evaporator length increases the evaporator wall heat ~ux
and\ hence\ the critical liquid _lm thickness[ Such an
increase in the critical liquid _lm thickness causes the
liquid _lm length to decrease "or the liquid pool height
to increase#[ Therefore\ for the same power throughput\
decreasing the evaporator length raises the initial work!
ing ~uid _lling ratio corresponding to the lower boundary
of the CTPT operation envelope "Fig[ 7a#[

Figure 7b shows that the initial _lling ratio cor!

responding to the envelope|s upper boundary decreases\
as the pool mean void fraction increases with increasing
the wall heat ~ux in the evaporator[ Also\ for the same
evaporator heat ~ux\ increasing the evaporator length
decreases the initial _lling ratio\ but increases the pool
mean void fraction\ corresponding to the upper boundary
of the operation envelope[ The e}ect of changing the
evaporator length on the upper and lower boundaries of
the CTPT operation envelope depends not only on the
vapor temperature and inner diameter of the ther!
mosyphon\ but also on the type of the working ~uid "Fig[
7c#[
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Fig[ 7[ E}ect of power throughput\ evaporator wall heat ~ux\ and evaporator length on the operation envelope of di}erent CTPT
working ~uids[

Figure 7c shows that the values of the initial _lling
ratio for the upper boundary of the operation envelope
are almost independent of the evaporator length[ Increas!
ing the evaporator length\ however\ signi_cantly
decreases the initial _lling ratios for the lower boundary
of the operation envelope[ For a given evaporator length\
the initial _lling ratios for the upper boundary of the
methanol envelope are below those for ammonia and
ethanol\ but higher than those for acetone and water
"Fig[ 7c#[ Also\ the initial _lling ratios for the lower
boundary for methanol CTPT are below those for

ammonia and water\ but higher than those for acetone
and ethanol[

2[3[ Critical liquid _lm thickness in CTPT evaporator

The results presented in Fig[ 7 show the e}ect of
changing the vapor temperature and the type of working
~uid on the critical liquid _lm thickness in the evaporator
"Fig[ 0b#[ The critical liquid _lm thickness increases with
increasing the power throughput\ or decreasing the vapor
temperature "Fig[ 8a#[ Both parameters result in a higher
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Fig[ 8[ E}ects of power throughput and of "Re:GRTP#
0:3 on the critical liquid _lm thickness in the evaporator section[

evaporation rate from the liquid _lm\ thus requiring that\
unless the liquid _lm thickness increases due to liquid
~ow from the condenser\ it would dry out[ As delineated
in Fig[ 8a\ at power throughput of 1999 W and vapor
temperature of 202 K\ the critical _lm thickness for
ammonia\ methanol and water is 9[025\ 9[015 and 9[008
mm\ respectively[ At this temperature\ the vapor
pressures of these working ~uids are 0423\ 39 and 6 kPa\
respectively[ For generalization of the results\ Fig[ 8b
plots the dimensionless critical liquid _lm thickness in
the evaporator versus "Reext:GrTP#9[14[ The results for all
working ~uids fall on a straight line represented by equa!

tion "10#\ regardless of the vapor temperature of the
working ~uid and the CTPT dimensions[

2[4[ Effect of type of workin` ~uid

Figures 09a and b compares the operation envelops of
acetone\ ethanol and methanol CTPTs at vapor tem!
peratures of 262 and 222 K\ respectively[ Increasing the
vapor temperature increases signi_cantly the area of the
operation envelope\ by shifting the right boundary cor!
responding to the CCFL to a higher power throughput[
The power throughput at CCFL increases with increasing
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Fig[ 09[ E}ect of the type of working ~uid and vapor temperature on the operation envelope of di}erent CTPT working ~uids[

the latent heat of vaporization of the working ~uid ð4\ 5Ł[
For example\ at 262 K\ the latent heat of vaporization
for methanol\ ethanol and acetone are 0900[4\ 709[9 and
369[9 kJ kg−0\ respectively\ and their corresponding
power throughputs at CCFL are 3574[7\ 2132[9 and
1038[3 W\ respectively[ As shown in Fig[ 09b\ these values
decrease as the vapor temperature decreases[ At a vapor
temperature of 222 K\ the power throughput at CCFL
for methanol\ ethanol and acetone decreases to 1141[8\
0659[2 and 0488[4 W\ respectively[ For a given wall heat
~ux\ the high latent heat of vaporization lowers the vapor
~ow rate at the exit of the evaporator\ resulting in a lower

interfacial shear stress\ increasing the power throughput
at the CCFL ð4\ 5Ł[

2[5[ Effect of CTPT vapor temperature

Figure 00 shows that increasing the vapor temperature
of the working ~uid also increases the initial _lling ratios
corresponding to the upper and lower boundaries of the
CTPT operation envelope[ Increasing the vapor tem!
perature decreases the mean void fraction in the liquid
pool\ thus increasing the initial working ~uid _lling ratios
for the upper boundary of the operation envelope[ Con!
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Fig[ 00[ E}ect of vapor temperature on the operation envelope
of an ethanol CTPT[

versely\ increasing the vapor temperature decreases the
critical liquid _lm thickness "Fig[ 8a#\ but increases the
length of the liquid _lm in the evaporator\ raising the
initial _lling ratios for the lower boundary of the oper!
ation envelope[

Increasing the vapor temperature also increases the
power throughput for the closing boundary of the oper!
ation envelope\ corresponding to the CCFL[ Such an
increase in CCFL is due to the decrease in the liquid
viscosity\ which lowers the interfacial shear stress at the
exit of the evaporator ð4\ 5Ł[ In summary\ increasing
the vapor temperature of the working ~uid\ increases
signi_cantly the useful area of the CTPT operation envel!
ope\ by raising the upper boundary and\ to a lesser extent\
the lower boundary and shifting the CCFL boundary to
higher power throughput "or higher Reext#[

2[6[ Performance isotherms

For a given wall superheat in the evaporator "tem!
perature di}erence between the inner wall of the evap!
orator and the vapor in thermosyphon#\ the performance
of a CTPT can be quanti_ed in terms of the achievable
operation power throughput\ as]

Q � UeiAei "TÞei−Tv# � UeiAeiDTe\ "18#

where the overall conductance of the CTPT evaporator
is given as]

Uei � 0
"Lp:Le#

hp

¦
"Lf:Le#

hf 1
−0

[ "29#

In equation "29#\ the expanded liquid pool height in the
evaporator\ Lp\ is given by equation "11# and the liquid
_lm length\ Lf �"Le−Lp#[

The heat transfer coe.cients in the liquid _lm and pool
regions in the evaporator depend on the prevailing heat
transfer regime in each region[ Recently\ El!Genk and

Saber ð8\ 09Ł developed heat transfer correlations for
the liquid _lm and pool regions which provided smooth
transition between the various heat transfer regimes in
each region and agreed with experimental data for each
regime to within 204)[ The heat transfer coe.cient in
the liquid pool regime is given as ð09Ł]

hp �"h3
NC¦h3

PNB#9[14\ "20#

where

hNC � 9[364"kl:di#Ra9[24"lm:di#9[47\ "21#

hPNB �"0[9¦3[84c#hKu\ "22#

hKu � 5[84x09−3"kl:lm#Pr9[24
l "qelm:"rghfgnl##9[6"Plm:s#9[6\

"23#

C �"rg:rl#9[3""Pnl:s#ðr1
l :"s`"rl−rg##Ł9[14#9[14[ "24#

Similarly\ the liquid _lm heat transfer coe.cient in the
evaporator is given as ð8Ł]

hf �"h2
x¦h2

FNB#0:2\ "25#

where

hx �"3:2#0:2"kl:ll#Re−0:2\ and "26#

hFNB � 0[044x09−2"kl:ll#N9[22
mf Pr9[24

l

×"qelm:"rghfgnl##9[6"Plm:s#9[6[ "27#

Figure 01 presents the calculated performance iso!
therms of an ethanol CTPT[ It shows that the useful
operation ranges of the power throughput and initial
_lling ratio strongly depend on the wall superheat in the
evaporator\ DTe[ These ranges increase with increasing
wall superheat\ until the CTPT performance isotherms
intersect the CCFL boundary\ where 1[9 K ³ DTe ³ 1[4
K[ Beyond this point\ increasing the wall superheat
decreases the useful operation ranges of both the power
throughput and the initial _lling ratio of working ~uid[

Based on the results in Fig[ 01\ the widest operation

Fig[ 01[ Calculated performance isotherms within the operation
envelope of an ethanol CTPT[
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ranges of the power throughput and the initial _lling
ratio for the ethanol CTPT occur at a wall superheat
of ½ 1[14 K[ This wall superheat changes\ however\ with
the vapor temperature\ the inner diameter of ther!
mosyphon and the type of working ~uid[ The e}ects of
these parameters on the performance isotherms within
the operation envelopes of CTPTs are not investigated in
this paper because of limitation on the total length of the
text[

In practical applications\ however\ calculating the per!
formance isotherms\ such as those shown in Fig[ 01 for
ethanol\ would help the CTPT designer select the proper
values of the initial _lling ratio of the working ~uid\ for
particular ranges of power throughput and wall super!
heat in the evaporator[ For example\ at a power through!
put of 1499 W\ in order for the ethanol CTPT in Fig[ 01\
to operate with its envelope\ 1[9 ³ DTe ³ 6[9 K[ For this
range of the wall superheat\ the initial _lling ratio of
ethanol varies from 9[055 to as much as 9[434\ respect!
ively[

3[ Summary and conclusions

A one!dimensional steady!state model is developed to
predict the operation envelope and performance iso!
therms of CTPTs[ The model calculates the length of the
liquid _lm and expanding liquid pool in the evaporator\
as functions of the power throughput\ type and vapor
temperature of the working ~uid\ and CTPT dimensions[
The model also calculates the local thickness of the liquid
_lm along the thermosyphon\ including the evaporator
wall[

The values of the initial _lling ratio of the working
~uid and the power throughput for when the liquid _lm
thickness in the evaporator\ immediately above the pool
region\ equals a critical thickness ð6Ł\ de_ne the lower
boundary of the CTPT operation envelope "Fig[ 0b#[
Also\ the initial _lling ratios of the working ~uid and the
power throughputs for when the expanding liquid pool
height _lls the entire evaporator section\ de_ne the upper
boundary of the CTPT operation envelope "Fig[ 0c#[ In
order to determine the expanding liquid pool height in
the evaporator section\ a semi!empirical correlation is
developed\ based on the drift ~ux model ð19Ł[ The pre!
dictions of the developed correlation agree with the
experimental data of water\ ethanol and acetone ð01Ł\ to
within 27)[ The model predictions of the operation
envelope|s upper and lower boundaries are also in excel!
lent agreement with the experimental observations and
the data for an ammonia CTPT ð0Ł[ The third and closing
boundary of the CTPT operation envelope "Fig[ 0d#\
corresponding to the power throughput at CCFL\ is
determined using a separate model ð4\ 5Ł[

A parametric analysis is performed to investigate the
e}ects of the type of working ~uid\ vapor temperature\

CTPT inner diameter and the lengths of the condenser\
adiabatic and evaporator sections on the operation envel!
ope[ The most important e}ects are these of the CTPT
inner diameter\ evaporator length and vapor tempera!
ture[ Increasing the inner diameter signi_cantly expands
the operation envelope\ by increasing the power through!
put corresponding to CCFL and raising the upper bound!
ary and\ to a lesser extent\ the lower boundary of the
envelope[ For the same thermosyphon inner diameter\
increasing the length of the condenser or the adiabatic
section slightly changes the area of the CTPT operation
envelope[ The lengths of these sections\ however\ do not
change the value of the power throughput corresponding
to CCFL\ but raise the envelope|s upper and lower
boundaries by almost the same amount[

Results also show that increasing the vapor tem!
perature and:or the evaporator length signi_cantly
increases the area of the CTPT operation envelope[
Higher vapor temperature raises the envelop|s upper
boundary and\ to a lesser extent\ the lower boundary and
shifts the CCFL boundary to a higher power throughput[
The calculations demonstrated that the present model of
the CTPT operation envelope could be used as an e}ec!
tive design tool[ The demonstrated ability of this model
would help selecting the proper CTPT dimensions and
the type\ vapor temperature\ and the initial _lling ratio
of the working ~uid for meeting the power throughput
requirements of a given industrial application\ without
risking a dryout of the liquid _lm in the evaporator
section[
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