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ABSTRACT

The national engineering Laboratory and the Shell research Laboratory have co-operated in
applving the heat pipe to the problem of exhaust emission from petrol engine. In this paper, a
complete design of heat pipe is carried out, taking into account the necessary criteria to decide
various geometrical parameters. The design has been carried out using basic formulas in
thermodynamics, heat transfer and physics. The results of this design have been checked for
various practical limits.
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INTRODUCTION

It is known that the carbon monoxide CO, un-burnt hydrocarbons H,C, and oxides of Nitrogen
NOy content of the exhaust will vary with air to fuel ratio as shown in Figure 1, in a conventional
car engine the maximum efficiency is achieved at 15:1 and maximum power 1s obtained at 12:1.
It’s known that as the air fuel ratio increases, the CO content decreases and HCy, Nox go
through a minimum and maximum respectively. A considerable important in both CO and NOy
content could be achivied by selecting a very weak mixture, but this not possible in a standard
engine carburetor system due to the ignition difficulty, because the fuel is not fully vaporized,
and because the fuel is not distributed equally between the cylinders and the vapor content is not
as high as it should be due to the pressure of liquid fuel.

Applizatisnn of tha Seat Plps

Figure 1. The Vapipe-typical variation of emissions with air/fuel ratio.
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This problem could be solved by designing a heat pipe that can transfer a certain quantities of
heat from the exhaust to the induction manifold at the carburetor outlet as shown in Figure2.
Under this condition a mixture as lean as 22:1 will ignite without difficulty.

Figure 2. The Vapipe installation

The heat pipe is a device of a very high thermal conductance and capable of transferring large
quantities of heat through relatively small cross section area with very small temperature
difference. The heat pipe is a closed tube or chamber of different shapes, whose inner surfaces
are lined with a porous capillary wick and the wick, 1s saturated with liquid phase of working
fluid. The remaining volume of the tube contains the vapor phase. In the heat pipe the heat
applied at the evaporator by an external source vaporizes the working fluid in that section. The
resulting difference in pressure drives vapor from the evaporator to the condenser, which release
the latent heat of evaporation to heat sink in that section of pipe. The main regions of the heat
pipe as shown in Figure 3 are evaporation section, condensers section and adiabatic section.
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Figure 3. Components and principle of operation of heat pipe

Unlike, solid conduction, heat pipe characteristics are not dependent only upon the size, shape,
and material but also upon construction, working fluid and heat transfer rate required.
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The heat pipe consists of the following three basic components:
1. The wick structure
2. The fluid section

3. The container

HEAT PIPE THEORY

During steady state operation of heat pipe, the working fluid in the vapor flows continuously
from the evaporator section to the condenser section, and it returns to the evaporator in the liquid
phase. In order for the heat pipe to operate, it must satisfy the following limitations:

1. The maximum capillary pumping head Ap. _ must be greater than the total pressure

drop in the pipe
(Apc.max >Apl+Apv+Apg) (1)

2. Checking of vapor flow *“sonic limitation”.
Tearing of liquid of the liquid —vapor interface by vapor flowing at high velocity
“entertainment limitation”.

3. Disruption of the liquid flow by nucleate boiling in the “boiling limitations™.

If one of the above conditions is not fulfilled, the wick will dry out in the evaporator region and
the pipe will not operate, these limits are illustrated in Figure 4.
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Figure 4. Heat transport limitation of a heat pipe

PRESSURE BALANCE

For the required balance of pressure it is necessary that along the entire length of the heat pipe,
the pressure at the liquid side of the liquid—vapor interface is different from that at the vapor side,
except at the point where the difference is minimum. This pressure difference is called the
capillary pressure.

The maximum capillary pressure can calculated using Laplace and Young equation in case of
cylinder pore.

20,
pc,max -

(2)

4
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The values of the effective capillary radius (r.) depends on the wire diameter, the space between
wires and the wick structure shape. The pressure drop in wick structure can be calculated by
integrating the liquid pressure gradient.

Ap, —— [P gy 3)
X dx

The liquid pressure drop depends on many parameters such as friction drag, Reynolds Number,
hydraulic radius, axial heat flux, latent heat of vaporization, wick cross section area, inclination
angle and the wick permeability. The final expression of the liquid pressure drop 1s:

d) .
5; =—F, Q0 tp,gsing (4

The values of can be obtamed directly using a special charts. The vapor pressure drop in heat
pipe is calculated by integration the vapor pressure gradient.

Ap. = — %P gy (5)

v
X dx

The principles of conservation of axial momentum can be applied to an elementary control
volume, and the final relation is as following:

dp, dQ’
= FQ-D 6
i Q-Dy ix (6)

The values of the friction coefficient F, and the dynamic pressure coefficient Dy can be obtained USING
special charts. Hence the effective capillary pressure P, . 1s calculated using equation:

o ’] [dPV _dPL)dX )

o oldx  ax

min

The maximum effective capillary pressure P.me will be smaller than the maximum capillary
pressure Pomax, this difference is due to the effect of the gravitational force in direction
perpendicular to the heat pipe axis that:

B e=F..—prgdvcosp

c,me

L, 8
‘o 20, AP, - J‘[dPX —dPL]dX (3)
v, 5 dX

Substitution about from Equations (4), (5) in Equation (6), and solving for yields:
20,

—AP; —p gL, sing
L, r

- C made - : 9
QLL:,M\X ('][Qt-a FL + FV ( )

In case of that heat pipe has a uniform heat flux distributions along its evaporator and condenser
sections, the axial heat flux will has the following final form:
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o QL.maX
Q(:,ma,x - L— (10)

C+Q+£
2 2

The gencral procedurcs to cvaluate the capillary limitation of heat pipc arc described in the
material that follows:
¢ Calculate the required capillary pressure and compare it with the maximum effective
capillary pressurc as follows:
1. TfP.=P.max , the assumed heat load is the required capillary limitation .
2. TP <Pemax » increase the assumed heat load ,and repeat step1.
3. If P, >Pe max, decrasc the assumed heat load ,and repeat stepl.

LIMITATIONS TO HEAT TRANSPORT IN HEAT PIPE

BOILING LIMITATION

The liquid pressure at the evaporator is equal to the saturation pressure at the temperature of the
liquid vapor interface minus the capillary pressure at the temperature of the liquid vapor
interface. Since the difference increase with increase of the radial heat flux of the heat pipe at the
evaporator, vapor bubbles may be formed in the evaporator wick, and this may hot spots of the
liquid and abstract the circulation of the liquid. Hence, there is a heat flux limit for the
evaporation at the heat pipe. This limit is known as the boiling limit which represents the
limitations of the axial heat flux.

The boiling heat transport limit is calculated using the following expression:

) 11

27zL K T (h
B e e v |2N p
- . _

b, max r - c
Ap. . In BLE !
v r
LUy
SONIC LIMITATION

The maximum mass flow rate relates directly to the maximum heat transfer rate. This takes place
when the evaporator exit velocity reaches the local sonic velocity. Increasing the heat rejection
ratc decrcascs the condenscr temperature, induccs the supersonic vapor flow and creates very
large axial temperature gradients along the pipe. The sonic limit is given by the following
expression:

I+ v
_ . v . 0.5 12
Qs,max _Avhpv[ }({VRTV) (12)

2+
W

ENTRAINMENT LIMITATION

Since the vapor and liquid move opposite direction in a heat pipe, a shear force cxists at the
liquid vapor interface. If the vapor velocity 1s sufficiently high, a limit can be reached at which
liquid will be turn from the surface of the wick and entrained in the vapor, once entertainment
begins, there is a sudden substantial incrcase in fluid circulation until the liquid return; system
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cannot accommodate the increased flow. When this occurs, abrupt dry out of the wick at the
evaporator results. This limit will prevent the heat pipe operation and represents one limit to the
performance of the heat pipe. The entertainment heat transport limit can be calculated using the
following formula:

0.5
Qo = Ax[&J (13)

2rh.c

DESIGN CRITERIA
The design criteria of the heat pipe 1s based on the following general points:
1. Selection of the suitable working fluid.
2. Design and selection of the wick structure.
3. Structural design of the container.
4. Heat transfer limits must be checked to ensure the pipe will operate within all
limits.

SELECTING OF WORKING FLUID:
The performance and life of a heat pipe is greatly dependent o working fluid employed. Care
must be exercised in sclecting a suitable fluid for the operating condition. The working fluid
should satisfy the following requirements:
» The working fluid must have a melting point temperature below and critical
temperaturc above the pipe operating temperature beiling.
*  Good thermal stability to prevent the fluid breaking down into different components.
* A high enthalpy of vaporization is desirable in order to transfer a large amount of
heat.
e The thermal conductivity should be high in order to minimize the radial temperature
gradient and to reduce the possibility of nucleate boiling at wick wall interface.
¢ Compatibility with wick and wall matcrial is nccessary to incrcasc the lifc of the heat
pipe.
* High surface tension is desirable in order to enable the heat pipe to operate against the
gravity.
»  Wettability of wick and wall material is necessary so that the working fluid will meet
the wick and container material with very small contact angles.

MATERIAL SELECTION
The selection of the heat pipe material and wick material is based on the following requirements:
¢ Compatibility with working fluid.
e High thermal conductivity.
¢ FEasc of fabrication to dccreasc the cost of heat pipe manufacturing.
¢ High strength to weight ratio.

HEAT PIPE DESIGN PROCEDURES
The procedures of designing a heat pipe are as following:
1. Pipe diameter will first be determined so that the vapor velocity is not high, such
that the maximum Mach number in the vapor flow passage does not greater than
0.2
2. Mechanical design theory will be used to determine the container details.
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3. Wick details will be designed considering the capillary limit.
4. Other heat transfer limits (entertainment, sonic and boiling) should be checked to
ensure that the pipe will operate within all limiting conditions.

DESIGN OF VAPOR CONE DIAMETER
The vapor core diameter (dy) at vapor Mach number Mv = 0.2 is determined by using the
following equation:
e
4 - 200Q (14)

v 1

Tcpvk('}(\:RVTv )E

DESIGN OF HEAT PIPE CONTAINER

The most widely used design technique for heat pipe container that must withstand vapor
pressure is the (ASME) code. The calculations of the maximum stress depend on the geometry of
the tube and the wall thickness, for rounded tube and t/d <10 %

F,, =pdo (15)
=7,
WICK DESIGN

There are many charts which are useful for quick determination of dimension of the heat pipe
wick. The general procedures for designing the wick are as following:

1. Calculate the hydro-static pressure using the following formula:
Py = p, gldicos y + Lt siny) (16)

2. Select the mesh number such that the P, is much smaller than twice hydrostatic pressure

Calculate the wick thickness ¢, = di ;dv (17

3. Calculate the maximum capillary heat transfer using equation
P.—-P.
Qi = (18)
o F, +F,
4. Check the maximum capillary heat transfer rate, which must be greater than that the
required heat transport rate.
5. Chick the entertainment, sonic, viscous and boiling limitation that;

Qrcq < (Q:,mﬂx ’thax’ Qs,l‘cg)

DESIGN PROBLEM
According to NEL/Shel report tests with piston engines, it is required to design a heat pipe for
the following given data:

1. Maximum heat transfer rate Q__ =2.5KW

T

2. Inlet hot gas temperature Tv = 200 C*
3. Average working pressure Pv = 0.09x10° N/m’
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As a first design trail water is chosen as working fluid, while a copper has choose as the material
of the pipe, but the primarily design calculations indicated that the boiling limitation would not
be satisfied. So as a result of different trials the mercury is selected as a working fluid, the
properties of mercury are shown in Table 1.

Property Symbhal Magnitude Uit
Latent heat L 3055 Bz
Liguid therrmal conducttvity ) 10.01 {WirnC
Ligquid density o1 131125 K g’
Ligmd wiscousity H 1.025=10°% Eghnsec
Liguid surface tension m 43107 i
Wapor density P 0.305 Kgim?
Vapor viscousity He 4305=10°" Kafnzec
Vapor pressure P 0.095:10° M’
Vapor specific heat Yy noin4 (B

DESIGN OF CONTAINER PARAMETER:
Assuming vapor cone diameter dy = 2.5 x10™ m, using a specific charts which indicates that for

P,=0.095%10° N/m® dy/d;=1.5,
Letdy = 4.5x107 m, hence d; = 3x10% m

DESIGN OF THE WICK THICKNESS
ty=(di—dy)/2 = 3x10-2 - 2.5x10-2)/2 =0.25x10" m

A, = Z(d? —d?)=2.1598 x 10~ m?

4, =Z(df)= 4.9087x10"m?

CHECK FOR HOOP STRESS
AP,d,
fhoop - ¢
P

fr =1.379 x10% N /m?
5 )
0.91825x10 x4.5><710 =2,7547x105£2
2x0.2705x10"- m
Hence figop < T
Assume that the number of wip’k layer is n = 25, hence the wire diameter ( d } becomes d,, =
tW/2n=0.25x107/350=5x10"m

f hoop
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CALCULATING OF THE MAXIMUM CAPILLARY PRESSURE:
_ 20, 1

‘Pc!maxf )rg: :1-27><10_4
’ . 2% 3937
-1
L 2xASXI0Y N
o 1.27x10 m

NORMAL HYDROSTATIC PRESSURE:
AP, = p, g L, siny, p =90

Let L, = 20x10% m
= 13112.5%9.81x20x107 = 25726.725 N/m’

CHECK LIMITATION OF THE HEAT PIPE
1. Sonic limit check

v

Qs.max = 4.9087x 10#x0.305x305.5% 10 (2.67/3.67) (1.67x4.1x473.5)"° = 5089.248 W
Since Q smax > Qrequired »  Thus it satisfies the required condition.

2. Entrainment limit check

TPy
Q(e,max = Av A

of 1 _dw
“lov 2
1N\
3/ 0.305x4.35x10

_4 305.5x10 7 —38 W
UNRES 2%1.02x10

Qe,max =4 .9087xI

3. Boiling limit check
2L K T | 20
Qb,max = : : . [ . PCJ

pvkln( I ]
Ly

2

27rx8x]0_“><10.6]x473.15[2><4.3><]0—1
-7

305 .5%x10° x 0.305 In( L5 J 2.54 %10

1.25

Op max = J: 502 .920 KW

Qb,max > Q required

This satisfics the required condition.
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MAXIMUM HEAT RATE

Equation (10) can generally be used to evaluate the capillary limitation for conventional heat
pipe operation is the heat pipe mode. This equation has been solved numerically to calculate the
maximum heat rate Q¢ ma. The result of this solution indicates that:

Qcanax = 1.0493x10° W

Qemax = Qrq  which satisfies the required condition.

CALCULATION OF HEAT PIPE PERFORMANCE

The heat pipe performance is characterized by the overall coefficient of heat transfer which
defined by the cquation:

Q=AUnp(Tee—Trc)

* The thermal resistance at the evaporator (Rp.):
Rpe=r19 tp /(2xLe kp ) ]
=2.25x107%0.75x 107 / ( 2x8x107 x34 ) = 2.6768x10° C/W

* The thermal resistance of the saturation wick at the evaporator:
Rywe="r oty /(2 Letikee) ]
= (( 2.25x107)°x0.25x107 ) / ( 2x8x107%1.5x107 x10.61 ) = 497025x10° m*.C/W

* The thermal resistance of the vapor flow R,

1 1
E, nr; [(: +1 + 6“} T,
R =

‘ P A
R, =1294x10" w*.C//
155

e The thermal resistance of the wick at condenser (Ry;)

g, (225 ><10‘2)X 025x1072 s mQ.CV
Y 2rk, 2x8x107% 2.4795x107 x10.61 w
U= ] =9545.6378 m"C /.

R pe T R ,+R +R pe T R..

¢ Estimation of temperature variation across the pipe wall
The vapor temperature differences
T OR,  2500x1.294x10

" Ap E ] ﬂ ]2
Bk
So vapor temperature of the condenser
T,. =T, - AT, = 200—0.002034 = 199.99C"

—2.034x107°C°
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¢ Temperature difference at wick pipe interface at condenser

-5
AT = QRue _2500x49702x10° oo

S e

T,.=T, —AT, =199.985-78.1266 =121.8525 c"

* Temperature difference across the pipe wall at the condenser
AT - OR,. _2500x2.6768x10"°

P Ap z(ﬂjz
4,100

Hence the condenser surface temperature Tp,c = 121.8585 — 4.2076 = 117.65 C°

=4.2076¢"

e The temperature difference across the surface wick at the evaporator
_OR,. 2500 x4.970 x 10>

Pw.c 2
i Ap pod 4.5}
4 1100

Hence the temperature of pipe wick interface at the evaporator

Tpwe =Tyo+ AT, , =200+78.127 278.127 ¢
¢ The temperature difference across the pipe wall at the evaporator

R -6
_OQR,. 2500 x2.6768 x10 _ 49076 ¢°

Ap z 4.5 :
4 1100

So the pipe temperature at the evaporator is equal to

=78.127 ¢”

TP,(’

Te=Tpw,e + ATpe= 278.127 + 4.2076 = 282.334 ¢°
The final shape of the designed heat pipe is illustrated in Figure 5,
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Figure 5. The designed heat pipe.

FINAL DESIGN RESULTS

The final results of the designed heat pipe are as following

Work tluid

Container material

Wick material

Outside diameter

Inside diameter

Vapor cone diameter

Pipe wall thickness

Wick thickness

Wick area

Wick diameter

Mesh number

Number of wick lager

Maximum capillary pressure

Axial hydrostatic pressure

Pipe length

Maximum available pumping pressure
Length of heat pipe adiabatic length.
Length of heat pipe condenser section
Length of heat pipe evaporator section

Vapor Reynold number
Vapor Mach number
Sonic limit

Enterainmut limit

28

Mercury

Copper

Copper
dy=4.5%x10" m
d;=3x10"m

d, =2.5x107 m
t,=0.75x10" m
te = 0.25x10% m
Ay =2.1598x0*?

dy=5%10" m
N=3937m
n=25

Pewax = 6771.653 N/m*
P,.=25726.725 N/m?

L. =20x10"m
Pon=32498.378 W/m’
L,=4x10%m
L.=8x10"°m
L.=8x10"m

R, =9681.1942
M, =0.3036

O, .. =5989.248w
O. e = 382434501
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Boiling limit
Vapor temperature o f the condenser

Pipe wick temperature of the condenser section

T,.=199998"¢
T, . =121.8525"

PV

Condenser surface temperature T,.=117.65"¢

Pipe wick temperature of the evaporation section T, =278127"¢

Surface temperature of the evaporator section

T,, =282334"¢

CONCLUSION

1. An effective wick structure requires small surfaces pores for large capillary pressure.

2. Design of the best heat pipe type and size for any given application is however, a
complex process, involving many factors such as heat pipe performance, reliability,
compatibility and ease of manufacturing.

3. The performance and life of a heat pipe i1s greatly dependent on the compatibility
between the working fluid and the material of the heat pipe.

4. Copper suited most as a material for heat pipe container, to resist the stresses developed,
and being compatible with variety of working fluids.

5. Compatibility property of the material of heat with the working fluid is very importance

factor.
NOMENCLATURE
Symbol Definition
dy Pipe outside diameter
d; Pipe inside diameter
d, Vapor core diameter
dy Screen wire diameter
A, Cross-section area based up on pipe ocutside diameter
A, Vapor core cross-section area
D, Dynamic pressure coefficient
oL Surface tension force at liquid -wick interface
F. Frictional coefficient for vapor flow
f, Drag coefficient for liquid flow
f, Drag coefficient for vapor flow
G Gravitational acceleration
| Effective thermal conductivity of liquid saturated wick at condenser
K, Thermal conductivity of liquid
K. Thermal conductivity of wick material
K, Thermal conductivity of pipe material
A Latent heat of vaporization
L, Length of heat pipe adiabatic section
L. Length of pipe condenser
L. Length of pipe evaporator
P, Capillary pressure
P.. Required capillary pressure
P s Maximum capillary pressure
Pe e Effective capillary pressure

Qb,max =502.9297 x 103 Kw

Unit

m
m
m.sec’kg

N
(N/m”yW.m
[ 1]

[ ]

m/sec’
Wim.C’
Wm.C
W/m.C
Wm.C’
Kl/Ka
M

M

M

Pas

Pas

Pas

Pas

[
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Py
P.
AP,
AP,
AP_
Q
Qb,max
QC,max
Qe,max

Qs,max
R,

30

Liquid pressure

Vapor pressure

Pressure drop due to the gravity
Liquid pressure drop

Vapor pressure drop

Normal hydrostatic pressure drop
Heat folw rate

Boiling limit on heat transfer rate
Capillary limit on heat transfer rate
Entraiment limit on heat transfer rate
sonic¢ limit on heat transfer rate
Thermal resistance for vapor flow from evaporator to condenser
Raduis of cylinder

Effective capillary radius

Inside radius of pipe

Vapor core radius

Vapor temperature

Pipe thickness

Wick thickness

Vapor specific heat ratio

Liquid density

Liquid velocity

Friction coefficient for liquid flow
Maximum tensile stress

The ultimate stress

The ultimate design stress

Thermal conductivity of pipe material
Screen mesh number

Hydraulic radius for liquid flow
Hydraulic radius of wick at vapor-wick mterface
Hydraulic radius for vapor flow
Inside raduis of pipe

Vapor core radius

Liquid velocity

Vapor veloeity

Wire spacing

Vapor density

Heat pipe inclination measured from the horizontal position

Pas
Pas
Pas
Pas
Pas

ZTE0ZZEZE5 £ Eg
o
=

Meshes/m
m

m

m

m

m
m/sec
m/sec
m
Kg/m'
degree
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