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Heat pipe of one meter length and 0.031 m outer diameter was constructed and
the experiments are conducted to determine the surface and vapour temperature
at steady and transient conditions for two different input power in the evaporator
section and cooling the condenser section by air. A computational fluid dynamics
analysis was also carried and the results under steady-state conditions are com-
pared with the results obtained from the experiments.
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Introduction

Heat pipe is an evaporation-condensation device for transferring heat in which the
latent heat of vaporization is utilised to transport heat over long distances with a
corresponding small temperature difference. The heat transport is realized by means of
evaporating a liquid in the heat input region (called the evaporator) and subsequently
condensing the vapor in a heat rejection region (called the condenser). Closed circulation of
the working fluid is maintained by capillary action and/or bulk forces. Heat pipes are
constructed usually using copper, nickel, stainless steel, molybdenum containers and the
working fluids are usually water, cesium, sodium, lithium, bismuth, etc. The advantage of
using a heat pipe over other conventional heat exchange methods is that large quantities of
heat can be transported through a small cross-sectional area over a considerable distance with
no additional power input to the system. Heat pipes have found applications in a wide variety
of areas such as energy conversion system, cooling of nuclear and isotope reactor, cooling of
electronic equipment, and high performance space application.

Some of the important studies carried out by the researchers on low temperature heat
pipe are summarized in this section.

Faghri et al. [1] studied the effect of axial conduction in the fluid and the pipe wall
of the heat pipe for forced convective laminar flow with blowing and suction at the
impermeable wall. Faghri et al. [2] studied numerically the effect of conjugate heat transfer,
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vapour compressibility and viscous dissipation for compressible and incompressible model.
Chen et al. [3] studied both single and multiple heat sources in a 2-D axisymmetric cylindrical
heat pipe. A coupled analysis of the wall, wick and vapour regions was conducted. Both
sodium and water were considered as the working fluids. The solutions were compared
against the experimental results for the vapour and wall temperature at high and low operating
temperatures for the operating conditions considered. Compressibility effects were found to
be very important. Faghri et al. [4] observed the overall performance of the concentric annular
heat pipe with an emphasis on increase in the heat transport capacity as compared to the
conventional heat pipe and also theoretically predicted the capillary limitation in a concentric
annular heat pipe. Cao et al. [5] mathematically investigated the transient response of heat
pipe to a pulsed heat input. Chang [6] developed the mathematical model to derive the
effective thermal conductivity and porosity of the copper screened wick. The mathematical
results were compared with the previous experimental results and expressions. Pruzan et al.
[7] developed a model for predicting peak steady-state heat flux limit as a function of wick
structure parameters and capillary pumping requirements. Faghri et al. [8] determined
experimentally the capillary limit for single and multiple evaporator operating modes and also
determined the temperature difference between the wall and the vapour on increasing the heat
flux. Cao et al. [9] numerically analysed the transient and steady-state temperature distribution
of leading edge heat pipe with uniform and non-uniform heat distribution. Cao et al. [10]
numerically predicted the dynamics of the heat pipe from the frozen state to steady-state
operation.

Schmalhofer et al. [11], determined the transient and steady-state temperature in the
wall and the vapour region for step heat input of 50 W and 150 W, respectively, and also
analytically predicted the capillary limit for circumferentially and block heated heat pipe. EI-
Genk et al. [12] investigated experimentally the vapour temperature and the effective power
throughput as functions of the electric power input and the water mass flow rate in the cooling
jacket of the condenser section. Tournier et al. [13] theoretically developed a heat pipe
transient analysis model. The calculated transient and steady-state values were compared with
the experimental results. Kim et al. [14] experimentally and analytically investigated the
entrainment phenomenon in the capillary-driven heat pipe and also theoretically investigated
the capillary limitation as a function of vapour temperature for three different mesh numbers.
Harley et al. [15] numerically analysed the transient and steady-state temperature distribution
in the wall and wick with pulsed heat input and studied the vapour dynamics of gas loaded
heat pipe. Ma et al. [16] experimentally investigated the heat transport and maximum unit
effective area heat transport in triangular grooves. Peterson et al. [17] mathematically
predicted the maximum heat transport in micro heat pipes. Ma et al. [18] predicted the
minimum meniscus radius and the maximum capillary heat transport limit in micro heat pipes.
Thomas et al. [19] examined the steady-state performance of a helically grooved copper-
ethanol heat pipe under various heat inputs and transverse body force field.

Hopkins et al. [20] experimentally investigated the steady-state performance
characteristics of three individual copper-water flat miniature heat pipes for horizontal and
vertical orientation. Wang et al. [21] experimentally investigated the thermal performance of
a flat plate heat pipe. Zhu et al. [22] predicted the performance of a disk-shaped heat pipe and
presented the optimum design obtained from the parametric study and the analysis of the
boiling limitation. Zhu et al. [23] analysed the effects of liquid-vapour interfacial hydrody-
namic coupling in the porous wick of the cylindrical heat pipe. The vapour and liquid velocity
and pressure distribution are predicted. In addition the steady-state vapour and wall
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temperature distribution through the heat pipe are also reported by them for a given heat input
in the evaporator section and a convective boundary condition in the condenser section. Wang
et al. [24] analytically predicts the transient performance of a flat plate heat pipe for startup
and shutdown operations. Vadakkan et al. [25] analyzed the transient and steady-state
performance of flat heat pipes under the action of discrete multiple heat sources. Williams et
al. [26] determined the heat transfer limit of a step graded metal felt wick, explained
experimentally and theoretically the cause of the failure and proposed the three hypotheses.
The first one is that the ineffective sealing of the wick results in an exposed pore much greater
in size than the measured effective radius, causing a premature capillary heat transfer limit
failure. The second is that the liquid receding into the graded top layer of the wick results
insignificant vapour flow through this layer causing an unaccounted vapour pressure drop and
a premature capillary heat transfer limit failure. The third one is the nucleate boiling occurring
within the wick resulting in a boiling heat transfer limit failure. Wang et al. [27] experimen-
tally and analytically investigated the maximum heat transport capacity with the effects of
mesh number, wire diameter, number of layers and tilt angle. Mahmood et al. [28] carried out
an experimental investigation on the performance limitation of micro heat pipe of non-circular
cross-section. They have analysed three different cross-sections (circular, semicircular, and
rectangular) having same hydraulic diameter (D = 3 mm ) with 3 different inclination angles
(0°, 45°, 90°) using water as the working fluid. Mwaba et al. [29] studied numerically the
influence of wicking structure on heat pipe performance. Han et al. [30] studied the thermal
characteristics of grooved heat pipe with hybrid nanofluids and analysed for the parameters
such as volume concentration, heat pipe inclination, and cooling water temperature.

In the present work, a water heat pipe is experimentally investigated for two
different values of surface heat flux given in the evaporator section of the heat pipe and
cooling of the condenser section by atmospheric air. The transient surface and vapour
temperature distribution along the length of the heat pipe are studied in detail. A steady
computational fluid dynamics (CFD) analysis was carried out for the configuration used in the
experimental investigation and the results are validated.

Experimental set-up

An experimental set-up as shown in fig. 1 is constructed with the physical
dimensions as given in tab. 1. The heat pipe is of one meter length and is divided in three
main sections hamely evaporator, adiabatic, and condenser sections of 400 mm, 200 mm, and
400 mm, respectively. The heat pipe is made up of copper material and the wrapped copper
screen is used as the wick material. The wick consists of 16 holes per inches. The thickness of
the single wick layer is 0.5 mm and the wire diameter is 0.31 mm. The wrapped copper screen
wick is rolled in a mandrel up to four turns. The porosity of wick structure is 0.74 which is
evaluated using:

7SNd 1)

c=1-

where N is the mesh number, S — the crimping factor (S = 1.05) and d — the wire diameter.
The mandrel is inserted into the inner diameter of copper pipe and then the mandrel is
removed such that the wick is in high contact with the inner surface of the pipe surface
because of the elongation property of the wick material. The physical dimensions of the heat
pipe is given in tab. 1.
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Figure 1. Schematic configuration of heat pipe with condenser section cooled convectively by

atmospheric air

Table 1. Physical dimensions of heat pipe

Description Dimension
Heat pipe total length 1000 mm
Evaporator section length 400 mm
Adiabatic section length 200 mm
Condenser section length 400 mm
Heat pipe inner diameter 27 mm
Heat pipe outer diameter 31 mm
Heat pipe wall thickness 2mm

Mesh number of wick

16 holes per inch

Wick thickness

2 mm

Wick wire diameter

0.31 mm

Working fluid

Distilled water

No circumferential heater
in the evaporator section

2

Insulating material

Glass wool

Stainless steel tube is drilled with very
small holes at equal distances and ten
numbers of copper-constantan thermo-
couple are inserted in the holes. This ar-
rangement is inserted at the centre position
of the copper tube. These thermocouples are
used to measure the vapour temperature.

The end caps were welded in the copper
tube. One end of the tube is connected to
the vacuum pump and the other end is con-
nected to the vessel containing distilled
water. Control valves are also fixed at both
ends and one vacuum gauge is mounted
before the vacuum pump to measure the
level of vacuum in the heat pipe. The heat
pipe was evacuated to a pressure lower than
atmospheric pressure and the distilled water
from the vessel (250 ml) is sucked to the
heat pipe using the vacuum available in the
heat pipe.

The outer surface of the evaporator section consisted of a circumferential band
heater. This heater assembly is powered by a variable AC transformer allowing the heat input
to be varied. The power input is monitored by a voltmeter and an ampermeter connected to
the variac. The surface temperature of the heat pipe is measured by ten copper constantan
thermocouples equally spaced along the heat pipe. The evaporator and the adiabatic section of
the heat pipe assembly are insulated with 3 inch glass wool insulation material. All the twenty
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thermocouples used for the measurements are calibrated and found a maximum uncertainties
of £0.1°C. These thermocouples are connected to a data acquisition system (model AI8000+,
AG make). The thermocouple locations are shown in fig. 2.
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Figure 2. Heat pipe thermocouple locations

Several experimental runs are performed to find the temperature distribution of the
vapour inside the heat pipe and also the surface temperature along the axial direction. In the
evaporator section of 50 W power is supplied from the heat source, and the temperature
variation at all the selected thermocouple locations are recorded continuously with respect to
time. The observation are made until the condenser surface temperature attains steady-state.
The experiments are repeated several times to confirm the repeatability of the results. The
heater in the evaporator section is then set to 100 W and the same experiments are repeated
several times.

Modeling and CFD analysis

The heat pipe configuration

modeled for the present study is e— / :235125 a‘;‘l‘ odho
shown in fig. 3. The heat pipe LLLLLLLLLY 1111111111
consists of the evaporator section, AITETERIERETRRIVAEARERRREUR RN RN
transport section (adiabatic), and B S, SN S/
condenser section along the axial Vapour regizon—fﬂui o — = VapourTan
direction. There are three regions T—I"T‘o—"—"“’—’ ————— ke i
separated as vapour region, wick R Pu fv A L

region and the wall region along '\°l I Y Bk
the radial direction. The working T TITTTTTTTT T ™
fluid is assumed to be liquid phase —Vaporalor Adiabatic,, Gondsnser |

. . . ength (L,) length (L, length

in the wick region and vapour

phase in the vapour region. When Total length (L)

the evaporator is heated, the
working fluid in the wick region Figure 3. Physical model of the heat pipe
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is vaporized to the vapour space and the vapor flows to the condenser region. In the condenser
region, after the vapour releases its latent heat to the environment through the outer surface of
the condenser, it returns to the wick region as saturated liquid.

The fundamental principles govern the flow and heat transfer in the heat pipe is
expressed in terms of the following partial differential equations.

Vapour flow region

The governing equation for unsteady, compressible, laminar vapour flow with
constant viscosity and viscous dissipation are given in egs. (2)-(5).

Continuity equations:

op, 10 0
Y2 (p V) +—(pW,) =0
el LAl ALY @)

Momentum equations:
— R-momentum

N, ., oV, op A, 4o V,) 10W, 4V
Y4V, —L+W, —L [=—TL+ Vg —— L —L -
'D‘{at Yo Vaz} or V{az2 Brar( 6rj 3aor 31 )
— Z-momentum
W, W, W,
+W, —L+V, —L |=
pv{ o a  Var
4
op, 40°W, 1o0( oW,) 10( aV,) 28[10 )
=-— ti\s—— t-=| T +——|Tr ———|==(rV,)
oz 3 oz ror\ or ror\ oz 3oz|ror

Energy equation:

2
Pvva[ﬂ+V ﬂ+W ﬂ}:k lﬁ(r@}aa;v +V, @+W @ﬂw
r

a Yo Va Vror

where
p=2 8V\,+(V_Vj2+(awvj2 + 6VV+(6W\,T - li(rV )+(6WVJZ
o Ty oz a | or 3l var T ar ®)

Liquid flow region

The liquid flow in the wick is due to capillary action and is usually modeled as flow
through porous medium. Liquid flow is considered as unsteady, incompressible laminar flow
with negligible body forces. The governing equations are given in egs. (6)-10).

10 oW,

FE(N')JFE:O (6)
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Momentum equations:

— R-momentum
14, 1M M) LR s 10 ) U M -
eot g\ or oz Ror PRk PRelroarl or) r? &2
— Z-momentum
LOW L( W W) LR Wy g 10 W) oW, -
g ot g\ or oz ) Baor Pk, Be|ror or o2
Energy equation:
aT, aT, an, 190 aT, 8 aT,
ACH -V W Phett —- Ket —
ot or oz ror or az oz
where
_k [(k| +k) - Q- &)k, _ks)] ©)
¢ =
Tk k) (-8 (k — k)]
Heat pipe wall region
The governing equation for the wall region is:
aT,, | o( oT,) o7,
Cpy—X=Kk +—X 10
Pupw oy {rar( arj azz} (10)

The boundary conditions for evaporator, adiabatic, and condenser region at the
various radii and also at the ends of the heat pipe are given in tab. 2.

The numerical solution to the governing equation of the fluid flow and heat transfer for the
heat pipe is done using CFD software, to obtain the solution of the complete domain of
interest. A commercial CFD package, ANSYS-CFX is used for the present simulations. The
geometry of the computational domain is
modeled in PRO E and the mesh preparation
is done using CFX mesh in design modeler
within ANSYS work bench. The isometric
view of the meshed 3-D heat pipe is shown
in fig. 4. The boundary in the outer pipe
wall is divided into 3 regions. The
evaporator region is provided with heat flux
boundary condition while the condenser is
subjected to convective boundary condition.
The middle of heat pipe, adiabatic zone, is
insulated and hence the heat flux boundary  Figure 4. Isometric view of the meshed 3-D heat
condition with a value of zero is given. pipe
Conduction exists between the wall and
wick. Grid independence test was carried out and it was found that 14,000,000 unstructured
tetrahedral cells were found to be suitable for the analysis with better accuracy. In the CFD
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Table 2. Boundary condition

- - - Evaporator Adiabatic Condenser
Radial/Axial locations 0<z<lL, L<Z<l.+L, L+l <Z<L
W=V=0 —v=
Both ends of pipe oT - WaT V=0
(Z=0,L) —=0 _ —=0
0z 0z
Centre line of the pipe W, V. =0 a, _
— =0 v =0
(r=0) or ar

Liquid vapour inter-

1 R
S

TO hfg

-1
R
Fo

Py and T, reference saturation temperature and pressure

face (r=R,) an, K aT,

_ Mo Mor

" (g +Cu TR

W; =0
Wick — wall interface Ty Ty
(r=Ru) “or  "or
Outer pipe wall aT, 0T, T,
=k Cw w _ Dw _p1 -T

(r=Ry) O = w5y or or (T ~Te)

analysis, the surface convective heat transfer coefficient in the condenser side is given as 8.41

W/m?K which is evaluated using the correlation:

Nu =40.60+0.387

Grp Pr

—0.167

Results and discussion

0.296
l: ( 0.559 jo.sezs }
1+
Pr

(11)

Figure 5 shows the experimental result of the surface temperature distribution along
the length of the heat pipe with power input in the evaporator section as 50 W at various time
interval till the heat pipe attains steady-state. An axial distance of 0.2 m indicates the middle
of the evaporator section. The axial distance between 0.4-0.6 m is the adiabatic zone and
between 0.6-1.0 m is the condenser zone. It is seen from the figure that during the initial
period of approximately 60 minutes, there is a continuous decrease in the temperature along
the length of the heat pipe that shows the heat supplied in the evaporator section is utilised
only to heat the water in the heat pipe. As time increases the process of evaporation and
condensation process are clearly visible by the uniform surface temperature in the respective
zones. The constant temperature of the surface in the evaporator zone is continued along its
length up to adiabatic zone as there is no heat loss in this zone.
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Figure 5. Surface temperature distribution along ~ Figure 6. Vapour temperature distribution along
the axial direction of the heat pipe at various the axial direction of the heat pipe at various
time intervals; P = 50 W time intervals; P = 50 W

Figure 6 shows the temperature distribution of the vapour along the length of the
heat pipe. It is seen from the figure that there is a decrease in temperature along the length of
evaporator and condenser zone at all times, while the temperature of the vapour in the
adiabatic zone increases and the increasing magnitude is very high when the heat pipe
attained the steady-state. In the evaporator zone heat is supplied by an electric coil and the
coil surface area density is very high in the middle of the evaporator portion and hence the
temperature of the vapour in the middle of the evaporator is high. In the adiabatic zone the
vapour receives the heat from the wall of the heat pipe which it receives by axial conduction
from the evaporator side of the heat pipe. Since the specific heat of the vapour is very low, the
temperature of the vapour increases at a faster rate and when the system attains steady-state
the vapour is in equilibrium with the surface temperature. In the condenser zone as the vapour
rejects the heat to the atmosphere during the condensation, the vapour pressure decreases and
hence further condensation occurs with reduced vapour pressure and its corresponding
saturation temperature along the length of the condenser side also decreases. However the
uniform surface temperature seen at the condenser section in fig. 5 indicates that there is a
resistance for the heat dissipation to the surrounding due to the lower surface convective heat
transfer coefficient.

Figure 7 shows the results of the average
temperature distribution of the heat pipe with
respect to time. When the heat pipe attained

C
)
S ©

g
steady-state the evaporator surface reaches an é:jﬂ
average temperature of 136 °C and the condenser E o
surface reaches an average temperature of 91 °C " e —+— Evaporator surface temperature
where the average vapour temperature in the m —8—Evaporator vapor temperature
evaporator and condenser are 123 °C and 93 °C, 2 Si=|Condenser sufface lerEsiiiure
. =&~ Condenser vapour temperature

respectively. R

Figure 8 shows the temperature variation of the 1530 45 60 75 i?m‘i?‘m?n“u‘éifs"
vapour and the surface along the length of the heat . .
pipe after it attained the steady-state. The tempera- ~ '9ure 7. Experimental results of

temperature distribution of the heat pipe

ture difference is very minimal or nearing zero at vs. time: P = 50 W

three locations (i. e. evaporator zone with highest

heating intensity, end of the adiabatic zone and at the end of condenser zone). In an ideal heat
pipe for the entire zone the temperature difference between the vapour and the surface should
approach zero since evaporation and condensation are the processes with high heat transfer
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Figure 8. Temperature variation of the
vapour and surface along the length of
the heat pipe under steady-state
condition; P =50 W

coefficient. The increase in temperature difference
in some region shows the reduction in the efficiency
of operation. In the present case, the low surface
convective heat transfer coefficient is the
influencing  resistance  which  affects  the
performance of the condensing process and
sequentially the evaporation process in the heat
pipe.

Figures 9-12 show the experimental results for a
surface heat flux of 100 W in the evaporator section
drawn similar to figs. 5-8 for a surface heat flux of
50 W. The surface temperature variation shown
along the length of the heat pipe in fig. 9 follows
the same pattern as explained for 50 W (fig. 5)
except in the condenser region where there is a
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Figure 10. Vapour temperature distribution

Figure 9. Surface temperature distribution along along the axial direction of the heat pipe at
the axial direction of the heat pipe at various time various time intervals; P = 100 W

intervals; P =100 W

comparatively higher decreases in temperature along the length of the condenser section. This
is due to increase in temperature of the condenser surface at higher surface heat flux due to
the lower outside surface convective heat transfer coefficient associated with the condenser

160

120
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80

Temperature [°C
=
o

80 —e— Evaporator surface temperature
40 —B- Evaporator vapour temperature
20 == Condenser surface temperature

=8~ Condenser vapour temperature

15 30 45 60 75 90 105 120
Time [minutes]

Figure 11. Experimental results of
temperature distribution of the heat pipe
vs. time; P =100 W

section combined with the higher reduction in
vapour pressure due to condensation of vapour
along the length of the condenser section which is
also seen from fig. 10. Further it is seen, from fig.
11, that at steady-state condition, the evaporator
surface reaches an average temperature of 152 °C
and the condenser surface reaches an average
temperature of 117 °C where the average vapour
temperature in the evaporator and condenser are
139 °C and 118 °C, respectively. The steady-state
temperature variation of the vapour and the
surface along the length of the evaporator is
shown in fig. 12. An uniform temperature is seen
in the surface and the vapour along the length of
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[es]
o

the evaporator section and the difference in
temperature between them is also very less unlike
the decrease in temperature of the vapour seen at
the end of evaporator section for the surface heat
flux with 50 W. This shows that the size of the 100
heat pipe is so large for 50 W and the evaporator a0
section could handle higher heat flux if the
condenser section is able to support for the same.
.. R R 40 —#= Surface temperature

The CFD analysis is restricted with the steady- B~ Vapour temperature
-state condition due to the non-availability of high %
performance computer which is required for the 0 02 04 06 08 1
transient analysis with proper mesh size. The CFD Al distance [m]
analysis is performed for the configuration used in Figure 12. Temperature variation of the
similar to the experimental investigation. The  Vapour and surface along the length of
results obtained from the CFD analysis for the heat ng]gﬁ?;np'ge:u?gg :,\S,teady'smte
pipe with surface heat flux in the evaporator side '
as 50 W and 100 W are presented in figs. 13 and 14, respectively. Figure 13(a) shows the
steady state vapour temperature distribution in the evaporator and condenser section of the
heat pipe for the evaporator side surface heat flux of 50 W. Figures 13(b) and 13(c) show the
steady-state surface temperature distribution within the evaporator and condenser section of
the heat pipe respectively. Similar graphs are shown in figs. 14(a), 14(b), and 14(c) for the
temperature distribution of the vapour in the evaporator and condenser section, surface
temperature of the evaporator and surface temperature of the condenser respectively under
steady state condition when input power in the evaporator section is 100 W. The above results
are in good agreement with the results obtained from the experimental investigation. The

B O
o o

Temperature [°C]
N
o
1

60

Figure 13. Temperature
distribution along the heat pipe
— CFD results; P =50 W

(a) vapour temperature in the
evaporator and condenser
section, (b) evaporator surface
temperature, (c) condenser
surface temperature

(color image see on our web
site)
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average values of the vapour and the surface temperature obtained from the experimental and
CFD analysis are presented in tab. 3 for comparison. It is observed from the table that as heat
flux in the evaporator increases the system attains steady-state at higher temperature.

Figure 14. Temperature
distribution along the heat
pipe — CFD results P = 100 W
(a) vapour temperature in the
evaporator and condenser
section, (b) evaporator surface
temperature, (c) condenser
surface temperature

(color image see on our site)

Table 3. Comparison of steady-state temperature by CFD analysis and experimental investigation

POW[E\;Vl]npUt Section Domain CF CIECI%]results Experlm[e;rg;tl results
50 Evaporator Surface 118 136
50 Evaporator Vapour 118 123
50 Condenser Vapour 99 93
50 Condenser Surface 95 91
100 Evaporator Surface 147 152
100 Evaporator Vapour 145 139
100 Condenser Vapour 124 118
100 Condenser Surface 117 117
Conclusions

The experimental investigation and CFD analysis of a air cooled condenser heat pipe
is carried out and the results are reported. The heat pipe attained near steady-state after 60
minutes of operation in both the cases of 50 W and 100 W heat flux provided in the
evaporation section. The temperature variation along the length of heat pipe at various time
intervals explaines clearly the process of evaporation and condensation that occurs inside the
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heat pipe at varoius stages of operation. As surface heat flux in the evaporator increases the
operating temperature of the heat pipe also increases which is due to the surface convective
resistance of the condenser region. In the present case with air as the cooling medium in the
condenser section, the low surface convective heat transfer coefficient is the influencing
resistance which affects the performance of the condensing process and sequentially the
evaporation process in the heat pipe. For efficient operation of the heat pipe, the condenser
surface should be exposed with circulating water with high h value or higher heat transfer area
is required with addition of fins in the condenser section.

Nomenclature

A — cross-sectional areal, [TZ] Greek symbol

gp - (Sjri):r?’:;ltgrh??rgj [Jkg~K™] a — thermal diffusivity, [m%s™] .
Grp - Grashof number (= g8ATD?), [] B — coefficient of expansion, [K™]
h — heat transfer coefficient, [Wm K™ g _ \tlc;gllzne;rsés[il;n] =

hy - latentheat, [Jkg™] R u - dynar?wic vis)(/:’osity [kgm?s™]
ll( B EZEQ%aI[%)]ndUC“V'ty’ [wm K] v — kinematic viscgsity, [m%7]
m — mass flow rate, [kgs™] P — density, [kgm™]

Nu — Nusselt number (= hD/k), [-] Subscript

P — power, [W] N

AP — pressure gradient, [Nm?] 2 - 2glnadbear?s(;r

Pr — Prandtl number (= uCy/K), [-] e _ evanorator

q ~ radial heat flux, [Wm 2] o eﬁeﬂtive

r — radial co-ordinate i _ inner

T — local or mean temperature, [°C] | _ liquid

AT — temperature gradient, [°C] out oﬁter

t — thickness, [m] v B vanour

v — radial velocity component, [ms™] P

w — wick

w — axial velocity component, [ms™]

z — axial co-ordinate
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